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Abstract

Providing high data rates with good quality of service fomaye number of radio terminals communi-
cating with each other over a wireless channel constitiitesrtajor challenge for the fourth generation
(4G) wireless networks. The basic technologies necessdmgglement the vision of a target data rate
in the order of 1 Gbits/s are the subject of extensive rebeamnd investigation. In this context, the ultra-
wideband (UWB) technology is a strong candidate for 4G wselpersonal area networks (WPANS).
This technology provides the advantage of low cost termitiat can coexist with the existing wireless
communication systems.

In this thesis, we present the construction of UWB transrstand receivers over multi-antenna
channels. The multi-antenna techniques can further eehiduecdata rate, quality and communication
ranges of the existing UWB solutions.

Given the carrier-less nature of the UWB transmissions.twihe existing space-time (ST) coding
schemes (the best known ones in any case) can not be asdoeidtehis nonconventional technique.
While phase rotations can be exploited to achieve the trakvarsity in conventional narrow-band and
wide-band systems, the very large bandwidth occupied biréinsmitted UWB pulses renders the phase
reconstitution at the receiver side practically infeassibl

In our work, we propose novel families of ST codes that cands®@ated with carrier-less UWB
transmissions. At a first time, we adapt the mathematicds fomsed on cyclic division algebras to con-
struct new totally-real coding schemes over the field obrei numbers. At a second time, we show
that additional performance gains can be obtained wheryimgphdditional intra-symbol coding on the
pulses used to convey a given information symbol. Finalig @nlike the classical approach of construct-
ing ST codes over infinite fields, we propose a new approactinéoconstruction of modulation-specific
codes that can be associated with pulse position modulé®Biv)) and with hybrid pulse position and
amplitude modulation (PPAM). The new modulation-specifides show the best known performance
among the existing ST-UWB schemes. In some situationsetbedes satisfy all the construction con-
straints of the perfect codes in addition to the constrdifieing totally real.

We also consider the problem of constructing distributed JSSYB codes that permit to profit from
the spatial diversity in a distributed manner. Novel anygéihd-forward and decode-and-forward strate-
gies are proposed and investigated over the indoor UWB @isiniThroughout our work, we present
analytical, semi-analytical and numerical analysis ofgihgposed solutions over realistic indoor highly
frequency-selective channels. Issues related to thecteares design and decoding strategies of practical
multi-antenna UWB systems are also studied.
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Resumeé en Francais

Introduction

Le plus grand défi des réseaux personnels sans fil de quatgéngeation (4G) est de fournire un trés
haut débit avec une bonne qualité de service a un grand nathliilssateurs qui partagent les mémes
ressources d'un canal radio. Les solutions techniqueseauignt répondre aux besoins trés haut débit
(de I'ordre de 1 Ghits/s) des réseaux personnels sans filata&me génération sont I'objet d’'une intense
activité de recherche a travers le monde. Dans ce contegeyktémes de transmissions a bande ex-
trémement large sont une solution adaptée a ces besoinsctu@due ultra large bande (ULB) consiste
a émettre des impulsions de trés courte durée. Etant domueéka gransmission s’effectue directement
en bande de base, les terminaux baseés sur les transmisiBrsoblt potentiellement bas co(t et capable
de coexister avec les autres systémes de communicatioffilsans

Ce rapport de thése présente des nouvelles méthodes damessle réception basées sur les trans-
missions ULB pour les canaux a antennes multiples. Dans mexte, les techniques multi-antennes
sont capables d’améliorer les performances et d’augméntibit des systémes ULB par impulsion.

Les codes spatio-temporels optimaux permettant d’atteiled meilleures performances sont désor-
mais connus pour un émetteuna 2 antennes et un récepteur ayant au maiastennes. Ces codes,
appelés les codes parfaits, initialement développés ausignaux a bande étroite peuvent étre aussi
appliqués aux systémes a large bande de type OFDM, MC-CDMR®8S-CDMA. Par contre, ces
codes ne peuvent pas étre associés aux signaux ULB impuddsonEn effet, les codes parfaits sont a
coefficients complexes et portent par conséquent une iafiitsmde phase. Or, les systémes ULB ont
pour spécificité de travailler directement en bande de imar. ces formes d’ondes étant donné la bande
passante (de I'ordre de quelques GHz), il devient alorsssxeement difficile de récupérer I'information
de phase.

Dans ce travail, nous proposons la construction de nowviimilles de codes espace-temps pour
les systéemes de communications ULB impulsionnels. Dangemigr temps, les outils mathématiques
basés sur les algébres cycliques de division ont été adaptéda construction d’'un schéma de codage
espace temps totalement réel sur le corps des nombresgsoDans les systemes ULB impulsionnels,
plusieurs impulsions sont utilisées pour la transmiss@rihque symbole d’'information. En profitant
de la présence de ces impulsions, nous avons proposé uadamtite de codes basée sur I'introduction
du codage d'impulsion ainsi que du codage conjoint symbojmilsion. Cette famille de code a permis
d’améliorer les performances.

A cause de leur trés bonne résolution temporelle, les sgstémB sont mieux adaptés aux modula-
tions par position. Dans un deuxieme temps, et contrairemapproche classique de construction des
codes espace-temps sur des corps infinis, nous proposom®uleslles constructions spécifiques aux
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modulations de positions (PPM) ou aux modulations corgaigle position et d’amplitude (PPAM). Ces
constructions profitent des caractéristiques de ces dlatisbes multidimensionnelles et non linéaires,
elles permettent d’obtenir une famille de code présenesteilleures performances parmi tous les
schémas de codage espace-temps ULB existant dans latlitedrddans certains cas, cette famille de
codes totalement réels satisfait toutes les contraintesmgruction des codes parfaits complexes.

Enfin, nous nous sommes intéressés a des nouvelles coiustsude codes distribués pour les sys-
temes ULB coopératifs. En particulier, nous proposonsstfamilles de codes algébriques pour la
stratégie de coopération type “amplify-and-forward”. Lmiere famille introduit un codage entre
les symboles adjacents en se basant sur les algébres egatiqulivision. La deuxieme famille est basée
sur le codage inter-impulsion et elle permet d’atteindre latens niveaux de performance avec une com-
plexité réduite. Ces deux familles de code permettentaifatte un ordre de diversité maximal avec un
gain de codage qui ne s’évanouit pas avec la taille de laetatidn et ce pour n'importe quel nombre
de relais. Ces codes peuvent étre associés avec les catitatsllPAM, PPM et PPAM. La troisieme
famille de code présente I'avantage d’'une énergie moyeniferme par relais et par symbole. Elle est
spécifique aux constellations PPM et PPAM avec lesquellespetsente les meilleures performances
connues. Dans certains cas, cette famille de code peutdittaiin gain de codage qui ne s’évanouit pas
avec la taille de la constellation. Nous présentons aussndevelles techniques de coopération pour la
stratégie type “decode-and-forward” pour les systémes tiai@rents et non cohérents.

Tout le long de notre travail, nous présentons une analyagtajue, semi-analytique et numérique
des solutions proposées sur des canaux ULB sélectifs eneinégq proposés en standardisation (IEEE
802.15.3a). Nous présentons aussi des schémas pratiquansirission, réception et décodage des sys-
téemes multi-antennes ULB et des systémes coopératifs UeB simulations sur des canaux ULB réal-
istes valident les propositions théoriques et montretititéide combiner les techniques multi-antennes
et les techniques coopératives avec les transmissions kpBlsionnelles.

Généralités sur les systemes multi-antennes ULB

Durant ces derniéres années la communauté de la recheracheslagpée des nombreuses solutions
pour les réseaux personnels sans fil de quatrieme génég@@dnParmi les solutions qui promettent des
ameéliorations significatives dans les performances, ohqieu le codage et la modulation adaptative, les
algorithmes de codage itératifs, le codage espace-teaptedhniques multi-antennes, les modulations
multi-porteuses et les systémes radio a bande extrémeargat IPlus particulierement, la technique de
transmission ultra large bande (ULB) par impulsion promes dolutions attirantes et innovantes pour
les systémes de communications sans fil, les applicatiatas, rimagerie médicale et les systémes de
positionnement.

Aujourd’hui les transmissions ULB qui consistent a émettes impulsions de trés courte durée
(bande fréquentielle de plusieurs GHz) sont toujours clémées comme non conventionnelles. Cette
technique, d’abord utilisée pour des applications rad&gwé peu a peu des applications dans le do-
maine des télécommunications. L'ére moderne de 'ULB a cemgé en 1993 quand Robert Scholtz
a présenté une stratégie d’acces multiple adaptée aux coitetions radio de type impulsionnelles.
Associé a un schéma d’accés multiple variable, les techsidiiLB impulsionnelles peuvent permet-
tre d’'une part des applications radar ou des liens point atpoiais aussi des communications plus
complexes mettant en réseaux plusieurs terminaux raditent Honné que la bande occupée par ces
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impulsions peut étre commune avec des bandes allouéesteed’aarvices de radiocommunication, des
contraintes tres rigides ont été adoptées sur le niveauisbéan des terminaux radio ULB. Par exemple,
aux USA la “Federal Communications Commission " (FCC) pdrhéenission des signaux ULB dans
la bande de fréquend8.1 106] GHz avec une densité spectrale de puissance trés faibledd®5
dBm/MHz. Ce faible niveau peut étre trés contraignant sdélgt et sur la portée des systemes ULB.

Dans ce rapport de thése, nous nous intéressons aux sysleBanpulsionnels. Une autre solution
technique qui permet de profiter de la bande ULB est la saiutialti-band OFDM ou la bande passante
est divisée en plusieurs sous bandes de 528 MHz. Chaqueauies &st composée de 128 sous porteuses
modulée en QPSK en générale. La solution OFDM est bien aglapté systéemes haut débit et les sous
porteuses peuvent étre choisis d’une fagon dynamique puitet I'interférence avec les systemes a
bande étroite. En générale, cette technique nécessiteaitegients FFT lourds et la variation du niveau
de puissance sur une bande extrémement large constitueanidh défi pour la conception des circuits
RF. En effet, il y a un grand débat sur les avantages et lesnéoients des solutions multi-bande et
impulsionnelle et les organismes de standardisation rpaattranchés pour une solution ou une autre.
Dans la littérature, beaucoup de travail a été consacré wigrses OFDM (mono-antenne et multi-
antennes). Les systémes multi-antennes impulsionngds p&u exploré constituent a la fois un nouveau
défi, et une solution potentielle pour les systemes tresdehit.

Grace a leur trés bonne résolution temporelle, les systéBsimpulsionnels peuvent étre asso-
ciés avec les modulations par amplitude (PAM), les modutatpar position (PPM) ou les modulations
conjointes d’amplitude et de position (PPAM). Pour les é&ysts ULB haut débit, 'augmentation de
I'efficacité spectrale est obtenue en augmentant les nivdamplitude de la modulation PAM ce qui
introduit des pertes non négligeables au niveau des pexfares du systéme. D’autre part, pour les mod-
ulations PPM l'augmentation de I'efficacité spectrale dgenue en augmentant le nombre de positions
de modulation cependant cette solution augmente la coitéldx récepteur.

Le canal de propagation ULB est un canal sélectif en frécgeielna réponse impulsionnelle du canal
est composée d'un trés grand nombre de multi-trajets efld'étent du canal peut étre cent fois plus
important que la durée de I'impulsion transmise. Cetteatérstique du canal de propagation implique
des conséquences directes sur la conception du réceptemrpidfiter de cette diversité de multi-trajet,
les récepteurs de type Rake sont souvent utilisés. Cesteéicegombinent des versions différentes du
signal émis qui ceux sont propagés par des chemins difiérduais, étant donné I'étalement du canal,
I'énergie du signal émis est étalée sur des centaines detnajdts et par conséquent I'énergie intégrée
par chaque doigt du Rake est faible. D'autre part, la conigledu Rake augment avec son nombre de
doigts, et par conséquent, en pratique les récepteursgmifitune partie limitée de la diversité offerte
par le canal ULB. Une autre catégorie de récepteur ULB edisééaa I'aide de corrélateurs de type
filtres adaptées au canal ou a une partie du canal. La différentre un Rake et un récepteur a base
de corrélations et que la seconde approche ne souffre pastdeérence intra-impulsion. En d’autres
termes, le récepteur a base de corrélations arrive a réséeglmulti-trajets séparés d’'une durée plus
petite que la largeur de I'impulsion. Etant donnée la bod@selution temporelles des récepteurs a base
de corrélations, I'amplitude est souvent quantifié sur umini@ trés limité de niveaux.

D’autre part, les techniques multi-antennes sont capatdaséliorer la qualité des communications
sur un canal radio. Les ressources limitées du systeme, egmamexemple le spectre et la puissance,
peuvent étre exploitées d’'une fagon plus efficace pour anggnéa capacité du canal par rapport & un
canal avec une antenne de transmission et une antenne geagc&n d'autres termes, le degré spatial
additionnels de liberté donne la possibilité de transmetes flux de données indépendants a traverse
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le canal et de les séparer coté réception. De ce point de esdethniques multi-antennes permet-
tent d’augmenter le débit des systémes sans fil. Les teamiouulti-antennes peuvent étre également
employées pour combattre les phénoménes d'évanouissement

Sur les canaux radio sans fil, il est possible d’obtenir un daimultiplexage et un gain de diversité
a la fois. Mais, désormais, il existe un compromis entre eex @ains. Dans ce contexte, le compromis
diversité-multiplexage d’un canal multi-antennes estemaént plus élevé que le compromis atteint par
un canal mono-antenne. D’autre part, des solutions exelsisi 'ULB ont été proposées ou deux im-
pulsions orthogonales destinées a I'estimation du carelatransmission de données sont transmises
simultanément pour améliorer le débit et les performanesssgstémes multi-antennes ULB.

Une diversité de transmission maximale qui est égale au redds antennes de transmissions peut
étre obtenu dans le cas ou le flux de donnée transmis est @earent codé par un schéma de codage
espace-temps approprié, ST pour space-time en Anglais.cadsms ST peuvent étre classés en deux
catégories : les codes ST par treillis et les codes ST en Blans la suite de ce rapport, nous nous in-
téressons aux techniques de codage par bloc parce que léezdide leur décodage est moins élevée
gue celle des codes par treillis. Plusieurs familles de €@ était proposées dans la littérature. Le
premier code est le code d’Alamouti pour les systéemes avex detennes de transmissions. Ce code
permet d’atteindre la diversité maximale de transmissemms géduction en débit par rapport aux sys-
téemes mono-antenne. La derniére génération de codes Silrdimé&orrespond aux codes parfaits qui
permettent d’atteindre la meilleure performance avec pdrte quel nombre d’antennes de transmis-
sion. Dans ce rapport, nous prenons les codes parfaits caéférence avec laquelle nous comparons
nos codes qui sont adaptés aux communications ULB.

Dans le domaine des réseaux de capteur, les contraintesodienement des terminaux radios con-
stituent une limite pratique au nombre d’antennes qui peeti@plémenté sur chacun de ces terminaux.
Dans ce contexte, les différents noceuds peuvent coopérerant pour profiter de la diversité spatiale
d’'une facon distribuée en formant un réseau virtuel d’amen Considérons le cas d'un réseau sans fil
composé d’'un certain nombre de nceuds équipé d’'une seulmantbacun. On considére le cas pratique
des terminaux qui peuvent recevoir ou transmettre a un modaemée (pas d’émission et de réception
en méme temps). Dans ce contexte, les noeuds voisins peldemnimcertain nceud source a transmettre
son message vers sa propre destination. Ces nceuds réagisaere des relais pendant la communica-
tion entre la source et sa destination. Dans ce contextéuiieprs stratégies de coopération permettent
d’obtenir des gains de performances trés importants paprapux systémes non coopératifs.

Les caractéristiques des canaux ULB et I'application delsrigues non conventionnelles des trans-
missions avec des nouvelles modulations nécessitent Istraotion de codes ST et de schémas de
coopération appropriés. L'état de I'art sur les systémekitantennes ULB n’est pas tres fourni. En
générale, les solutions proposées dans la littératurestensa associer des transmissions ULB avec
des codes ST orthogonaux (dont le débit peut étre au mielaégaymbole par utilisation du canal).
Une autre approche basée sur du multiplexage spatial pefeneggmenter le débit mais qui ne permet
pas de tirer profit de la diversité de transmission. L'aralyes performances est basée sur des approx-
imations des propriétés du canal et est souvent limités atilaegies simples de transmission et de
réception. Quelques codes orthogonaux de débits unitaiteité aussi proposés pour les systemes ULB
non-cohérents utilisant des modulations PPM ou la récejetsb basée sur I'intégration de I'énergie.

Dans ce mémoire de thése, nous présentons une applicaidadamiques multi-antennes pour les
systemes ULB impulsionnels. En particulier, nous présenta construction de nouvelles familles de
code ST par bloc adaptées aux transmissions ULB par impulslous présentons aussi la construction
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de nouvelles familles de code ST distribués qui peuventaiseciées aux systemes ULB coopératifs.

Nous nous intéressons aussi a I'architecture des réceptauiti-antennes ULB et au probléeme de dé-

codage avec les constellations multidimensionnelles vtlinéaires utilisées avec ces systémes. Les
systémes proposés dans cette thése sont exploitablesedapplications de réseaux personnels sans fil
a trés haut débit.

Modele et performances des systémes ULB sur des canaux a amtes mul-
tiples

Dans le deuxiéeme chapitre, nous présentons le modéle densysjue nous appliguerons tout le long de
la thése. Nous considérons un systeme multi-antennes ULB aonnaissance du canal est disponible
coté réception uniquement. Nous faisons I'’hypothése detggnisation parfaite entre I'émetteur et le ré-
cepteur. Le schéma d’accés multiple par des sauts temgstaiensidéré et toutes les antennes du méme
utilisateur partagent la méme séquence de saut tempongaretonséquent, le niveau d'interférence
moyen est le méme que dans les réseaux mono antenne.

Le canal est typiquement un canal sélectif en fréquencent Btanné la trés courte durée des im-
pulsions émises, les différences de temps de propagativand@&tre prisent en compte. D’autre part,
les temps d’arrivée des différents trajets multiples somgetement différents d’'une antenne a l'autre.
Nous adoptons trois approches pour générer les canauxantdthnes ULB. Dans une premiére ap-
proche, nous faisons I'hypothése que la distance qui sé&feane antennes du méme réseau d’antennes
est grande par rapport a la longueur d’'onde corresponddatieéguence minimale de la bande fréquen-
tielle occupé. Dans ce cas, les différents sous-canauxrgontorrélés et, par conséquent, ils sont
générés indépendamment utilisant les modéles du canalamtenne ULB proposés par le IEEE (les
modéeles IEEE 802.15.3.a). La deuxieme approche consistdis#r les modéles semi-déterministes du
canal mono-antenne. Ces modéeles qui prennent I'aspedalspat’environnent en considération peu-
vent étre adaptés pour générer des canaux multi-antenadmisiéme approche consiste de simuler les
performances du systéme sur une base de données générés paeslires effectué avec des réseaux
d’antennes dans la bande fréquenti¢lié] GHz.

Les récepteurs considérés sont de type Rake et a base datammsé Pour les Rake, on distingue
entre les Rakes non-sélectifs qui combinent les premieajstér et les Rakes sélectifs qui combinent
uniquement les trajets les plus forts entre une antenneadsnission et une antenne de réception. Les
Rakes sélectifs profitent d’'une meilleure diversité de mitdfets mais au colt d'une complexité beau-
coup plus élevée que celle des Rake non-sélectifs. Lestetzem base de corrélations sont équivalents
aux Rakes qui combinent la totalité des multi-trajets averrésolution temporelle trés élevée. Leur réal-
isation pratique est associée avec un échantillonnagensuwmbre trés limité des niveaux d’amplitude
(typiguement, échantillonnage sur 1 bit).

Dans les systemes ULB impulsionnels, plusieurs impulsgmm utilisées pour la transmission de
chaque symbole d’information. Ces répétitions sont intited pour lutter contre l'interférence multiu-
tilisateur. En d’autres termes, et étant donné le faibleanivde puissance imposé sur les transmissions
ULB, ces répétitions servent aussi a améliorer le niveanettfie capturée au récepteur en performant
des intégrations cohérentes. Pour les systémes a antemitgga®, on peut profiter de ces répétitions
pour introduire un nouveau type de codage inter-impulsiomcodage peut améliorer les performances
et diminuer la complexité par rapport aux schémas de codspggce-temps plus classiques et qui sont



Xiv RESUME DE LA THESE ENFRANCAIS

basés sur le codage inter-symbole. Nous proposons un sciipie de codage ST qui profite a la fois
de la diversité de multi-trajets et d’espace avec un débiesfiegale a 1 symbole par utilisation du canal
pour n'importe quel nombre d’antennes de transmission eédeption. Quand le nombre de répéti-
tions est plus grand que le nombre d’antennes de transmjssiméme symbole d'information peut étre
transmis par les différentes antennes tandis que des sEguerthogonales attribuées aux impulsions de
chaque symbole permettent d'introduire une orthogonalitée les différents flux de données.

Des expressions explicits de la probabilité d’erreur cimanelle sont données quand ce schéma de
codage est utilisé avec les modulations PPM ou les modn&aB&M plus polarité. Pour les modulations
de polarité, une expression approximative de la probéldliérreur est donnée. Dans ce cas, la distribu-
tion statistiqgue de la somme des variables aléatoires quérsune loi lognormale peut étre approximée
par une loi lognormale. Cette approximation permet d'iredédp probabilité d’erreur conditionnelle et
d’obtenir une expression explicite de la probabilité derr

Nous démontrons I'équivalence entre les critéres de aggtiin de codes ST sur un canal de Rayleigh
et leur construction sur les canaux du standard IEEE 8@al®’une fagcon plus explicite, un gain en
diversité plus élevé est équivalent a une variance plugefaitur la loi lognormale qui décrit la variation
globale de I'énergie intégrée provenant des différentetsade propagation entre émetteur et récep-
teur. De la méme facgon, le gain de codage est relié a la moyemiette distribution. Donc le canal
multi-antenne codé par ce schéma de codage est équivalenta@nal mono-antenne ayant la méme
distribution mais avec une variance plus petite et une muy@ius grande que chacun des sous canaux
entre I'émetteur et le récepteur. La variance et la moyemneette distribution équivalente du canal
a antennes multiples varient en fonction du produit entrediebre d’antennes de transmission et le
nombre d'antennes de réception, ce produit qui correspambabre total de canaux entre I'émetteur
et le récepteur. Cette dépendance montre que les codessgsopmfitent de la diversité maximale de
transmission étant donné que la diversité maximale de tiéoegst assurée par ces récepteurs cohérents.

Nous poursuivons ce chapitre par une caractérisatiorstifjae des canaux IEEE 802.15.3a. En
particulier pour les systéemes mono-antenne, I'énergégide dans une fenétre temporelle de n'importe
quelle durée peut étre approximée par une loi lognormalela@eéme fagon pour les canaux multi-
antennes, la valeur maximale entre les valeurs propresrdatiice du canal peut aussi étre approximée
par une loi lognormale. Grace a cette étude statistiques agans proposé des expressions approx-
imatives du compromis diversité-multiplexage pour desacanrmono-antenne et des systéemes multi-
antennes codés par le code ST de débit unitaire. De la méoe fagus proposons des bornes inferieures
et supérieures des compromis diversité-multiplexage aesux multi-antennes.

Cette étude montre que pour les canaux IEEE 802.15.3a, nrdgaliversité infini peut étre obtenu
avec les systémes mono-antennes et multi-antennes powaléegs asymptotiques du rapport signal-
sur-bruit (RSB). Mais pour ces valeurs, les compromis war@mmme le logarithme du RSB et pas
linéairement avec le RSB comme dans le cas des canaux deigkayfear conséquent, le codage ST
présente un avantage majeur pour les valeurs pratiques Bu RSeffet, étant donné cette variation
logarithmique, le régime asymptotique correspondant adivesité infinie est atteint pour des valeurs
trés élevées du RSB. Dans les systémes pratiques, il essgibpod’atteindre ces RSB et il est toujours
possible d’'obtenir un gain de diversité pour les valeurgiquies du RSB. Dans ce cas, les résultats
montrent qu'il est beaucoup plus avantageux (en termes derpance et complexité) d'utiliser des
systemes multi-antennes avec des Rakes ayant un nombré dendoigts que d'utiliser des systemes
mono-antennes avec des Rakes ayant un nombre trés grandgteafim de combiner la totalité des
multi-trajets. Ces améliorations de compromis diversitditiplexage offertes par les techniques multi-
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antennes sont importantes particulierement pour les gaimsultiplexage élevés.

Dans un deuxiéme temps, nous nous intéressons a l'Intectater-Symboles (11S) et a I'lnterférence
Multi-Utilisateurs (IMU). Nous proposons un modeéle quimdeen compte ces interférences pour des
systémes synchrones et asynchrones. Ce modéle est en#isiéepour analyser les performances des
systemes ULB multi-antennes en présence de ces interé&ren@c des récepteurs linéaires de type
MMSE (Minimum Mean Square Error).

En se basant sur le modéle d'interférence, nous proposomsaunvelle technique qui peut étre
appliqué pour la réduction des niveaux d'IMU. Dans ce caeteres études récentes montrent une
réduction des niveaux d'IMU dans le cas ou des séquencewiadSad’étalement en amplitude sont
associées aux séquences de sauts temporels. Nous étedivobleme d’'IMU avec les systemes mono-
antenne et multi-antennes et nous proposons une méthosl@tuiopriée pour la génération de ces
séquences.

L'analyse est basée sur une borne supérieure de la praéadigirreur qui correspond a la réduc-
tion de linterférence entre deux utilisateurs en négligdanterférence des autres utilisateurs. Cette
approche permet de proposer un critére simple pour la cmtistn de ces matrices d’étalement. La pro-
priété de I'inclusion est respectée par cette constructoqui évite la mise a jour des matrices des dif-
férents utilisateurs chaque fois qu’un utilisateur acagalsort du réseau. La construction d’'une famille
de matrices d'étalement qui respecte ce critere de cotistnuest ensuite présentée. Cette technique de
construction qui est inspirée des codes ST non-cohérent£fre appliquée avec n'importe quel nombre
d’antennes de transmission. Les séquences d’'étalemeftégdrsont trés courtes par rapport aux autres
séquences appliguées dans les systéemes CDMA.

La derniére partie de ce chapitre est consacrée aux siongasiur les canaux IEEE 802.15.3a et
sur des canaux multi-antennes issues d'une campagne deentgs nous avons effectuée au CEA-
LETI. Cette analyse numérigue montre l'intérét de I'asation des techniques multi-antennes avec les
systemes ULB impulsionnels. Pour un ordre de diversité denta diversité spatiale peut apporter
beaucoup plus que la diversité de multi-trajets en paréicylour les grandes valeurs de RSB. Limité
par les réalisations pratiques des récepteurs, la digatsimulti-trajets peut étre insuffisante méme si la
diversité du canal est tres élevée.

Les campagnes de mesure montrent que la corrélation spatitiie les réponses des sous-canaux
est faible a cause de l'interaction limitée entre les dififés multi-trajets ceci est du a la faible durée
des impulsions. Dans ce contexte, les récepteurs a baserééations utilisant des filtres adaptés a
la réponse entiére du canal sont attirants parce que fémearce co-canal devient faible et des gains de
multiplexage trés élevés avec des bonnes performancesmeiive obtenus avec des récepteurs MMSE.
D’autre part, les systéemes ayant des Rakes avec un nomliré dies doigts souffrent des niveaux non
négligeables d’'évanouissement. Méme si cet évanouisseraemoins sévere que dans les systéemes a
bande étroite, il introduit des pertes non négligeablesisida contexte, la diversité spatiale peut apporter
des améliorations supplémentaires en termes de taux ardnirgaire.

Finalement, une étude du bilan de liaison avec des impdsiespectant la masque du FCC montre
les gains importantes en termes de I'extension de la podgeaseaux WPANs ULB en appliquant les
techniques multi-antennes. Dans ce contexte, des débisrde de 100 Mbits/s a une distance de 10
m sont envisageables sur le modéle de canal IEEE CM2 aveoteirres a I'émission et a la réception.
Dans les mémes conditions le cas mono antenne permet setileneeportée de 1m. Les simulations
prennent en compte les aspects pratiques des récepteursddiBe, par exemple, I'échantillonnage sur
un bit et I'estimation non parfaite du canal.
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Construction des codes ST pour les systemes multi-antenng&B

Dans le troisiéme chapitre, nous considérons le problénia censtruction des schémas de codage qui
transmettent avec un débit maximal égal au nombre des a#elntransmission. Du fait de I'absence
d’'une fréquence porteuse, les flux de données codées tmpamies différentes antennes doivent étre
totalement réels. Limitant la communication dans la barelbate constitue une contrainte tres forte du
point de vue de construction des codes ST a débit maximalégr&leette contrainte, les transmissions
impulsionnelles présentent un certain nombre de dégréébedtés qui peuvent étre exploités pour la
construction des schémas de codage appropriés.

Le premier dégrée réside dans la possibilité de transmagsdormes impulsionnelles différentes.
Le deuxieme dégrée de liberté est lié a la transmission dguehaymbole d’information a l'aide de
plusieurs impulsions. Enfin, les spécificités des moduiatiePM et PPAM peuvent étre exploitées pour
la construction de schémas de codage adaptés.

Pour profiter du premier dégrée de liberté, nous proposonsouseau schéma de diversité basé
sur l'utilisation des impulsions de Hermite. Les formes depulsions transmises par les différentes
antennes sont constituées de fonctions d’'Hermite d'ordiféérents. D’une maniére équivalente, les
impulsions transmises par les différentes antennes stmdgmmales entre elles. Ce schéma s’applique
sur un bloc contenant un nombre de symboles d’informatiat &g nombre des antennes de transmis-
sion. Dans un premier temps, une rotation réelle appropséappliquée entre les impulsions transmises
dans chacune des positions PPM et correspondantes au blsgrdboles considérés. Cette rotation per-
met d’atteindre un ordre de diversité maximale. Dans un iéeux temps, les versions retournées des
symboles sont transmis par les différents sous-espacéségapar les différentes formes d’ondes.

L'interférence intra-impulsion générée par la propagatians des canaux trés sélectifs en fréquence
réduit le niveau d’'orthogonalité entre les différents aigmrecus. Les simulations sur les canaux IEEE
802.15.3a montrent que I'association des impulsions dititeravec de la diversité de modulation permet
d'atteindre des niveaux de performance élevés avec unelepitdpde décodage qui est une fonction du
nombre d’antennes de transmission. Un autre avantage e$tsjpécepteurs linéaires simples peuvent
atteindre des niveaux des performances plus élevés qudedeas classique a cause de I'orthogonalité
introduite par l'utilisation des impulsions de Hermite. rRxemple, un systéme avec trois antennes
de transmission utilisant des impulsions de Hermite pemhactransmettre trois fois plus rapidement
gu’un systeme mono-antenne avec des meilleures perfoemancutilisant des décodeurs MMSE sim-
ples. Dans ce cas, les systéemes multi-antennes n'utiligastdes impulsions de Hermite permettent
d’atteindre des meilleures performances que les systémes-antennes simplement avec des décodeurs
non-linéaires basées sur le critére de maximum de vraiserod!

Le désavantage est que le nombre des filtres adaptés néegssaiéception augmente avec le nom-
bre d’antennes al'’émission. Les simulations montrent gs@érformances de ce schéma de codage sont
nettement meilleurs que celles des systémes multi-ardemne-codés associés a un récepteur utilisant
un Rake ave® fois plus de doigts o est le nombre d'antennes de transmission.

Les algébres cycliques de division constituent le priricipail mathématique utilisé pour la con-
struction des derniéres familles de code ST qui transmeitdabit maximale et qui profitent d’'un ordre
de diversité maximale. Ces codes sont en général construitdes corps infinis et ils sont associés aux
modulations QAM, PAM ou PSK. La premiere approche adoptéss da chapitre pour la construction
des codes ST a diversité maximale et débit maximal est baséessalgébres cycliques totalement réels
considérés sur le corps des nombres entiers. Les codesspsopeuvent étre associés avec n'importe
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guelle modulation PAM, PPM ou PPAM. Avec ces constellatiaeste premiéere famille de codes permet
d’atteindre un gain de codage qui ne diminue pas avec la t#dlla constellation.

D’autre part, la contrainte d’avoir des mots de code totaleméels implique un désavantage sur les
codes construits des algébres cycliques de division tatlé réels. Pour les systémes équipés de plus
de trois antennes de transmission, il est impossible dercinesdes mots de codes basés sur les algébres
cycliques de division et qui ont un niveau d’énergie moyeifioume par antenne et par temps symbole.
Dans ce cas, les codes proposés sont construits sur le amssmaximal du corps cyclotomique et le
choix approprié d’'une base permet de transmettre une diatisie qui est une simple rotation de la
constellation d'origine (avant codage). Pour les syste@éuespés avec deux antennes de transmission,
nous montrons qu'il existe un compromis entre I'efficacit@@étique et I'efficacité de forme. Dans ce
cas, nous proposons la construction des deux familles aescad premiere famille de codes est associée
avec lI'entier—1 et permet de maximiser le gain de codage parmi tous les eydes un niveau d’énergie
moyen. Par contre, ce code introduit des pertes de formeelrdéme famille est associée avec I'entier 2
et le nombre d’'or. La constellation transmise est une male la constellation d’origine mais I'énergie
n'est pas distribuée d'une facon uniforme entre les diffsreymboles d’information. Malgré le niveau
de performance trés élevé atteint par cette premiére fahdicodes, elle reste moins performante que
les codes parfaits et le gain de codage atteint par la h@ugehstruction est une fraction du meilleur
gain de codage connu et qui est atteint par les codes parfaitds de codes complexes.

Dans un deuxiéme temps, nous avons profité de la présenc@&pitions des impulsions pour
améliorer les performances de cette premiére famille de emddistribuant I'énergie disponible a la
transmission d’'une facon plus équilibré entre les diffeeercouches de chaque mot de code. Ce schéma
de codage conjoint par symbole et par impulsion est obtenapphquant une permutation cyclique
d’ordre P d’une fagon périodique sur le bloc &8 symboles avant d’appliquer les niveaux d’amplitude
sur les différentes impulsions.

Nous proposons aussi une troisieme famille de codes basde sadage inter-impulsion. Nous
montrons que ce schéma de codage est I'extension optimatdes construits a partir des algébres cy-
cliques de division. Cette extension est obtenue dans letcks différents flux de données peuvent étre
séparés coté réception a l'aide de plusieurs séquencesgorthiles associées aux impulsions utilisées
pour la transmission de chague symbole d’information.

Par rapport au codage inter-symbole, le codage inter-isigruprésente I'avantage d’'une complexité
plus réduite avec des meilleures performances. En effepraplexité de décodage optimal des deux
premiéres familles de codes augmente aR&cPar contre, la complexité de décodage de la troisieme
famille de codes est une fonction &e(le nombre d’antennes a la transmission). En plus, le gain de
codage est optimal est ne diminue pas avec la taille de laa@i®n. Le désavantage est que ce
schéma de codage peut étre appligué simplement dans le Eas@ubre d'antenne de transmission est
plus petit que le nombre d’'impulsions transmises par symbol

Dans la derniére partie de ce chapitre, nous introduisonstlan de codages spécifiques aux mod-
ulations. En particulier, nous présentons la construadi@mouvelles familles de codes qui peuvent étre
associées avec les modulations PPM ou les modulations PRAdIuE nombre donné de positions de
modulation. L'avantage par rapport aux codes construitaréirgles algebres cycliques de division est
gue l'efficacité énergétique peut étre obtenue avec n’itepguel nombre d’antennes de transmission.
En générale le gain de codage diminue avec le nombre de midkamplitude. Par contre, dans certains
cas, le gain de codage est constant avec n'importe quel modetmiveaux d’amplitude.

D’une fagon plus explicite, nous présentons la constroaiies deux familles de codes. La premiére
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famille est basée sur la permutation des impulsions ou unplsipermutation cyclique entre les im-
pulsions permet d’atteindre un ordre de diversité maxir®alur cette famille de codes, le nombre des
positions de modulation pour lequel le code atteint la di#émMmaximale est une fonction croissante du
nombre des antennes a I'émission. Plus précisément, ppuotestellationdv-PPM-M’-PAM avecP
antennes de transmission, la premiére construction pettatéindre le niveau maximal de diversité
de transmission pour toutes les valeursMiest pourM > 2P — 1 ou pour les valeurs d#l respectant
¢(M) > Poud(.) est la fonction d’Euler.

La deuxiéme famille des codes spécifiques est basée sur bir@ison des impulsions. Dans ce
cas, une extension additionnelle de la constellation maleée permet d’'atteindre la diversité maximale
avec n'importe quel nombre d’antennes de transmissionwettpates les constellations PPM ou PPAM
ayant un nombre pair de positions de modulation. Comme laipre famille de codes spécifiques, la
deuxiéme construction permet de transmettre une énergienme constante par antenne et par symbole.
Cette famille de code est particulierement intéressarde ks modulations PPM binaires. Dans ce cas,
le gain de codage est le méme que le gain de codage atteinlemveodes parfaits complexes pour
n’'importe quel nombre d’antennes de transmission.

Dans les cas ou les deux familles permettent d’atteindrediveesité maximale, la premiére famille
présente un niveau de performance légérement plus élevte différence en performances est visible
particulierement avec les constellations ayant un gramabne des niveaux de modulation d’amplitude.

D’une fagon générale, les codes construits a partir dedbdgecycliques de divisions permettent
d’atteindre un gain de codage ne s’évanouissant pas afécd@@té spectrale de la constellation trans-
mise. Le désavantage est la perte de I'efficacité énergéti@uautre part, les codes spécifiques per-
mettent d'atteindre cette efficacité énergétiqgue avec imdm codage qui risque de diminuer avec le
nombre des niveaux de modulation d’amplitude. Pour leswaltaEE 802.15.3a, nous pouvons con-
stater que l'efficacité énergétique est plus importante lgumitére d’'un gain de codage fixe pour les
raisons suivantes :

e Sur le canal de Rayleigh, les codes ST ayant un gain de codagstgndépendant de la taille
de la constellation sont capables d'atteindre le comprativisrsité-multiplexage du canal. Par
contre, pour les canaux ULB, il n'y a pas une relation diremté&e la contrainte d’un gain de
codage constant et du compromis diversité-multiplexatgnat En absence de cette relation, le
critere d’avoir un gain de codage ne s'évanouissant paslavadle de la constellation devient
moins important que l'efficacité énergétique.

e D’autre part, pour les constellatiohd-PPM-M’-PAM, I'efficacité spectrale peut étre augmentée
en augmentant la valeur dd. Contrairement a la réduction du gain de codage qui est asso-
cié a 'augmentation de la valeur d&', 'augmentation du nombre des positions de modulation
n'implique pas une réduction du gain de codage.

Les codes spécifiques sont intéressants parce que la strdesicodes est indépendante du nombre
des niveaux de modulation d’amplitude. Cette structursiggtlement dépendante de la dimensionnalité
de la constellation transmise (nombre d’antennes de trigsgm et le nombre des positions PPM). Dans
plusieurs cas, les codes spécifiques totalement réelsdépbaux mémes critéres de construction que
les codes parfaits complexes et les niveaux des performatisnts sont trés semblables. En plus, cette
nouvelle famille de code est a mots de codes entieremesteéqlar conséquent, peut étre associée aux
transmissions ULB dans la bande de base.
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Une analyse numérique effectuée sur des canaux réalisterargure les performances des codes
spécifiques sont meilleurs que celles des codes constrpigstié des algebres cycliques de division.
D’une facon plus générale, les systéemes ULB pratiques sssaic@s avec des modulations PPM ou
des modulations PPAM ayant un nombre limité de niveaux diange car les performances diminuent
trés rapidement lorsque I'ordre de modulation PAM augmeillans ce contexte, I'efficacité énergé-
tique est plus importante que la propriété d’avoir un gaitaage ne s'évanouissant pas avec la taille
de la constellation et les modulations spécifiques sontxriglaptées a la nature impulsionnelle de la
transmission.

Construction des codes ST distribués pour les systemes ca@optifs ULB

Dans le quatrieme chapitre, nous étudions les systemes biyicatifs. Dans ce contexte, les terminaux
radios coopérent pour profiter de la diversité spatiale elfaigon distribuée. En particulier, considérons
la communication entre une source et une destination. Ranwobe coopératif, des terminaux radio
qui se trouvent dans le voisinage d’'une source et de sa dtstinpeuvent aider ces derniers a établir
leur communication d'une facon plus fiable. Dans la suitesraansidérons le cas des terminaux radios
équipés d’'une seule antenne et qui ne peuvent pas transmetecevoir en méme temps.

Dans la suite, nous considérons les réseaux coopératifsrelais peuvent aider la source a trans-
mettre son message vers sa propre destination. Tous lenaslie coopération que nous considérons
permettent d'atteindre un ordre de diversité spatialeetg#l + 1. En plus, cette diversité est atteinte
en transmettant dans une fenétre TDMA de la source uniguerRemdant la phase de coopération, la
source et seK relais partagent la méme séquence de sauts temporels.

Cette technique de coopération non-orthogonale est ttésegsante. Etant donné que les relais
transmettent dans la fenétre TDMA de la source, ces relaiggné se coopérer avec la source méme
dans le cas ou ils ont leurs propres données a transmetsréeuves destinations respectives. De la méme
facon, la source peut devenir un relai pendant la transomis$iun de ses voisins. En d’autres termes,
I'application des stratégies de coopération non-orthafncorrespond a une meilleure utilisation des
ressources du canal radio.

Dans un premier temps, nous considérons la stratégie déiaimm basée sur la technique “Amplify-
and-Forward” (AF) ou chaque relai transmet une version #id@ldu signal qu’il a recu antérieurement.
Pour ces systéemes, la sélectivité en fréquence des canaBinfilique des conséquences directes sur
la structure du récepteur et des différents relais. Pouelass, nous choisissons de combiner un certain
nombre de multi-trajets avant la retransmission du sig@atte solution permet de réduire d’'une fagcon
trés significative I'interférence intra-symbole a la destion et évite I'implémentation des Rakes avec
un nombre excessif de doigts.

D’autre part, les différences de temps de propagation Essaux canaux entre les différents relais
et la destination peuvent étre comparables avec la duréangessions ULB. Alors, étant donnée la
grande résolution temporelle des impulsions ULB, il fadfédencier les systémes avec voie de retour
des systémes sans voie de retour entre la destination eiehalgi. Dans le premier cas, les différents
temps de propagation sont compensés et les premiers trepetespondants aux canaux entre chaque
relai et la destination, sont alignés a la destination. Damguxieme cas, le délai du premier doigt du
Rake a la destination est égal au temps d’arrivée du prerajet entre la source et la destination.

Des simulations sur des canaux ULB réalistes montrent quegder entre la destination et les relais
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permet d’améliorer les performances d’'une facon tres feogiive. Plus précisément, les canaux avec
un trajet direct (les canaux CM1 de la recommandation IEEE1)3a) sont plus sensibles a I'absence
de synchronisation entre les différents relais et la dastin. Dans ce cas, il n'est pas improbable de ne
pas combiner le trajet direct et le plus fort entre un relda etestination. Pour ces canaux, la différence
entre les niveaux des performances des systémes avec otogads retour est plus manifeste. D’autre
part, cette dégradation de performance devient moinsleipitur les systémes utilisant des Rakes avec
un grand nombre des doigts.

Pour la stratégie AF, nous proposons la construction deejnauvelles familles de codes spatio-
temporels distribués et adaptés aux systemes ULB impelsionComme les codes ST proposés en
chapitre 3, les codes ST distribués que nous proposons dartspitre sont des codes a mots de codes
totalement réels. Tous les codes que nous introduisonsceasisapitre n'introduisent pas une réduction
du débit binaire par rapport aux systémes non coopératifs.

La premiére famille de codes est basée sur les algebregugslie division. Cette famille de codes
est basée sur le principe de codage inter-symbole. En datermes, les amplitudes des différentes
impulsions utilisées pour la transmission de chaque syentboiformation sont égales. D’'une maniére
équivalente, cette famille de codes peut étre associée mgateles systemes ULB trés haut débits
n'appliquant aucune répétition d'impulsions. Cette féenile codes peut étre appliquée avec n'importe
guel nombre de relais et avec toutes les constellations AN ou PPAM. Avec ces modulations, le
gain de codage obtenu est indépendant de l'efficacité speate la constellation transmise. Dans ce
cas, la constellation transmise est une simple rotatioma derstellation non codée.

Par contre, du fait de la contrainte des transmissionsetoiaht réelles, I'énergie n'est pas dis-
tribuée d’'une fagcon homogene entre les différents symhbieormation. Plus précisément, les mots
de code sont composés des plusieurs couches ol chaque comtie@t un certain nombre des sym-
boles d'information. Mais, ces couches ne sont pas protedéme fagon égale contre le bruit et les
erreurs de décision sur les symboles contenus dans leseslgshmoins protégées sont plus fréquentes.
En d’autres termes, du fait de la contrainte des transnmisdiotalement réelles, ces codes sont moins
performants que certains codes proposeés pour les systémaesia étroite.

Cet inconvénient a orienté nos recherches vers une deuxXm#e de codes qui profite de la
présence de plusieurs impulsions pour introduire un codagint des symboles et des impulsions.
Dans ce contexte, le code basé sur les algébres cycliquasisierts est appliqué périodiquement sur
des versions permutées du flux de donnée source. Cettedaehtientrelacement permet de distribuer
I'énergie disponible d’une facon plus équilibrée entreshgmboles transmis par la source et les différents
relais. Ce code a énergie moyenne uniforme par symboleodfirdtion et par relai peut étre appliqué
si Nt > 1 ouNs est le nombre d'impulsions utilisées pour la transmissiom dymbole d’information.
Comme la premiere famille de codes, le gain de codage nengléitgpas avec la taille de la constella-
tion transmise. Pour ces deux familles de codes, le décadiaigétre effectué dans un espace réel de
dimension &.

D’autre part, I'entrelacement introduit des gains impattaen performances par rapport aux codes
construits des algébres cycliques de division. Par exempl# les faibles valeurs du rapport signal sur
bruit, la premiére famille de codes introduit une perte erigpmances par rapport aux systémes non-
coopératifs. Etant donné que toutes les constructionsopéms sont des constructions asymptotiques,
le gain de diversité n’est pas visible pour ces RSB. D’autrg, ge bruit additionnel introduit par les
relais rend les décisions prises a la destination plus éesnPar contre, pour ces mémes intervalles de
RSB, les performances de la deuxiéme famille de code saeiment meilleures que celles des systémes
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non-coopératifs. Cette comparaison montre I'importareééduilibre énergétique dans la construction
des codes ST distribués.

La troisieme famille de code est basée sur le codage infamgions ou les impulsions utilisées pour
la transmission de chaque symbole d’'information sont eéesdie facon indépendante des valeurs des
impulsions utilisées pour la transmission d'un autre sylmbGette famille de code présente I'avantage
d'une complexité de décodage plus réduite car dans ce cgselmaot de code contienk2symboles.
Comme les deux premiéres familles de codes, le gain de catagivanouit pas avec la taille de la
constellation transmise. En plus, le codage inter-impuksipeut étre appliqué avec toutes les constel-
lations PAM, PPM et PPAM. Par contre, cette famille de codepeut étre appliquée que si le nombre
d’'impulsions par symbole est strictement plus grand quérguais le nombre de relais.

La deuxiéme et la troisieme famille de codes profitent de fgtiton des impulsions pour aug-
menter I'efficacité énergétique et améliorer les perforrean La quatrieme famille de codes que nous
proposons permet d'atteindre cette efficacité énergétittrme dans les systémes ULB trés haut débit ol
les répétitions des impulsions peuvent étre absentese @etille de codes est spécifique aux constel-
lations multidimensionnelles PPM et PPAM. En d'autres &spes trois premiéres familles de codes
peuvent étre associées avec n'importe quel sous ensemi& dandis que le gain en diversité de la
quatrieme code est atteint a cause de la structure pagtieudes constellations PPM et PPAM.

En particulier, considérons une constellatdAPPM-M’-PAM. La quatrieme famille de code permet
d’atteindre une diversité spatiale de I'ordrelde- 1 pourM > 2 et pour toutes les valeurs 8. Pour
les constellations ayants une dimensionnalité suffisarhgrande (en particulieM > 4K + 1), le gain
de codage est indépendant de la valeuMdePar rapport aux trois premiéeres familles de codes, la qua-
trieme famille présente I'avantage d’'une bonne efficadigrgetique méme en absence des répétitions
des impulsions. Par contre, la quatrieme famille ne peuéfrasassociée avec les modulations PAM.

PourM > 2, la quatriéme famille de codes est basée sur une permutatitique entre les positions
nominales de modulation et par conséquent elle n'introgudune extension additionnelle de la con-
stellation avec les modulations PPM et PPAM. Plgut 2, cette construction introduit une permutation
cyclique et un changement de polarité. Par conségquent,lg@aonstellations bidimensionnelles, cette
famille de codes n’introduit aucune extension additioleneéé la constellation qu’avec les constellations
PPAM.

Des résultats numérigues sont donnés sur des canaux ULB58B2.et sur les canaux obtenus a
partir des techniques de “ray tracing”. Les résultats nemtfimportance de I'efficacité énergétique. La
deuxiéme famille de codes permet d’atteindre les meilleivesaux de performance. La troisiéme famille
de codes permet d'atteindre des niveaux de performancearabrips avec une complexité réduite. Pour
les constellations multidimensionnelles, le schéma dagedpécifique est meilleur que pour la premiére
famille de codes et il permet de se rapprocher des perforesate la deuxieme famille de codes sans
répétitions des impulsions.

Les simulations sur les canaux obtenus a partir des teckbmidg “ray tracing” montrent le gain én-
ergétique additionnel obtenus par la coopération dansidesux sans fil de type “indoor”. Les résultats
montrent aussi I'impact de la position de chaque relaisesiperformances globales du systéeme. Dans
ce contexte, il est préférable de se coopérer avec les naeistsgjdans le voisinage de la source qu'avec
les nceuds qui se trouvent dans le voisinage de la destinddi@autre part, le gain énergétique permet
a la premiére famille de codes, basée sur le codage intdvedgs) d’avoir de meilleures performances
gue les systémes non-coopératifs pour toutes les valeatiguees du RSB.

Dans un deuxiéme temps, nous considérons la stratégie pgération basée sur la technique “Decode-
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and-Forward” (DF). Dans ce cas, chaque relai peut décodkerdele données qu'il recoit et I'encoder
avec un schéma de codage qui peut étre potentiellementedifféNous considérons les techniques DF
avec les systemes ULB cohérents, non cohérents et difiéient

Le schéma cohérent est basé sur le codage conjoint des ®srdialles impulsions et il peut étre
associé avec n'importe quel nombre de relais quand au meims idhpulsions sont utilisées pour la
transmission de chaque symbole de l'information. Ce schesnbasé sur la diversité de modulation. Le
décodage dans chaque relai est effectué symbole par syn@®®kschéma de codage peut étre appliqué
avec toutes les constellations PAM, PPM et PPAM.

Le schéma de codage est périodique de périgde 1)N¢ impulsions oK est le nombre de relais
etN; est le nombre d’'impulsions par symbole. Pendant la premigite de la période de coopération,
la source transmiK + 1 symboles d’informations. Dans ce cé¥,/2 impulsions sont utilisées pour
la transmission de chaque symbole (au lieuNdedans le cas non-coopératif). Pendant la deuxiéme
moitie de la période de coopération, la source transmet desons codées de cé&s+ 1 symboles
d’'information. Le codage est basé sur I'association d’'ubguence d'étalement d’amplitude avec la
premiere ligne d’une matrice de rotation totalement régdielimensiongK + 1) x (K + 1) et qui permet
d’atteindre la diversité maximale de modulation.

Chaque relai recoit les impulsions transmises pendanteiaigre moitie de la période de coopéra-
tion. Pendant la deuxieme moitie de la période de coopéatius les relais transmettent simultané-
ment. Dans ce cas, chaque relai transmet une version cods décisions concernant ks 1 sym-
boles d'information. Le codage duiéme relai est basé sur I'association d’'une séquenceleldéant
d’amplitude avec lgk+ 1)-iéme ligne de la matrice de rotation atteignant la divénsiaximale de mod-
ulation. Les séquences d'étalements associés aux rekis source pendant la deuxieme moitie de la
période de coopération sont orthogonales.

Les études montrent que les performances sont trés dépgeadtmnla fagcon avec laquelle I'énergie
totale disponible est distribuée entre la source et seisréles performances du systéeme basculent entre
deux cas extrémes. Dans le premier cas, les niveaux de tismismdes relais sont trés élevés mais les
décisions prises par les relais sont peu fiables. Dans la&teaxcas, des versions codées des décisions
fiables des symboles d’information sont transmises parelessravec un faible niveau d’énergie. Les
performances optimales correspondent & un compromis @gréeux cas et a une meilleure distribution
énergétique entre la source et les relais d'une part et lestoeux moities de chaque période de coopéra-
tion d’autre part. Ce compromis dépend des caractérigtigas différents canaux de propagation et du
nombre de doigts de Rake utilisé a chaque relai.

Pour les systéemes différentiels et non cohérents, la dig¢esgatiale est atteinte par un codage inter
impulsions. Ces deux systémes ne nécessitent pas I'eistindit canal coté récepteur et sont mieux
adaptés aux réseaux de capteurs simples a bas cout. Le ndebetais toléré par ces schémas de
codage est dépendant du nombre d’'impulsions par symbolgéiérale, le nombre de relais doit étre
plus petit que le nombre de répétitions des impulsions.

Les systemes différentiels peuvent étre associés aveestées modulations a module constante
comme la modulation de polarité, les modulations PPM et ledutations bi-orthogonales PPM avec
polarité. Dans ce cas, I'information est déterminée parifférdnce de phase et/ou le décalage tem-
porel relatif entre deux impulsions consécutives. Cotépton, la comparaison des vecteurs de déci-
sion associées a des impulsions consécutives permet deniéte 'amplitude et la position des sym-
boles d’'information. En d’autres termes, chaque impulsionstitue une référence pour la détection de
impulsion suivante. Pour ces systémes, les performapeesent étres améliorées en améliorant la
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qualité du signal de référence. Dans ce cas, les systemeseatwar de décision permettent d’améliorer
les performances et de se rapprocher des performances siéemeg cohérents pour des valeurs suff-
isamment larges du rapport signal sur bruit.

Les systémes non cohérents sont basés sur I'entrelacesseintjpulsions, utilisées pour la transmis-
sion de chaque symbole, entre la source et ses relais. Gémggspeuvent étre associés avec des mod-
ulations PPM et le récepteur est basé sur l'intégrationatifie. D’autre part, ce schéma non-cohérent
ne nécessite pas une synchronisation trés précise entrertzesla destination et les relais.

Les techniques DF sont associées avec du reliage séleatis €& cas, un relai participe ala commu-
nication entre une source et sa destination uniquemeiss'dapable de décoder correctement un certain
nombre de symboles d’apprentissage. Pour le reliage neatégles performances sont détériorées par
les décisions trés erronées dans un certain nombre de f2hais ce cas, les gains de diversité des sché-
mas DF ne sont visibles que aux valeurs trés élevés et nasaldialk du RSB. D’autres algorithmes de
sélection de relais se basant sur les positions des difféneauds sont aussi envisageables. Dans ce cas,
le systeme proposé profite des potentiels de positionnetreenélevés offerts par les systéemes ULB a
cause de leur trés haute résolution temporelle.

Des simulations sur des canaux réalistes montrent des mapwtants en diversité. En plus du
gain en diversité, des gains énergétiques importants $daehws. Ce dernier point présente un grand
intérét étant donné les trés faibles niveaux de puissat&eéoen ULB. Les simulations montrent que
I'association de la stratégie DF avec des modulationsrdiffielles PPM non orthogonales et récep-
teurs avec retour de décision permet d’atteindre des débi€levés avec des niveaux de performances
importants et une complexité réduite. Dans ce cas, nousa@aalun débit important en utilisant des
constellations PPM de grande efficacité spectrale. La digé@haque symbole est maintenue constante
en utilisant des modulations non-orthogonales. Les pertgmrformances introduites par I'interférence
entre les différentes positions PPM peuvent étre remédides I'implémentation d’'un récepteur avec
retour de décision.

Décodage des constellations multidimensionnelles et nanéaires

Le dernier chapitre de cette thése est consacré au problémmécddage des constellations multidimen-
sionnelles PPM ou PPAM. Considérons une constellatisRPM ouM-PPM-M’-PAM. Ces constel-
lations sont de dimensioll et chaque symbole d’information est représenté par un wedk taille

M dont uniquement une composante prend une valeur non nulutr® part, les techniques de dé-
codage par sphére permettent d’'atteindre les performatesedécodeurs optimaux a base de maximum
de vraisemblance. Par contres, ces décodeurs peuvens§tigés exclusivement avec des lattices des
points ou avec des hyper cubes appartenant a ces latticesxgraple, les constellations PAM ou QAM
finies multidimensionnelles). Par conséquent, méme side spatio-temporel appliqué est linéaire, la
constellation multidimensionnelle transmise est nondirget les techniques de décodage par sphére
ne peuvent pas étre appliquées parce que les différentgzosamtes des vecteurs transmis ne sont pas
indépendantes.

Considérons un systéme multi-antennes non codéReedennes de transmission associé avec une
constellationM-PPM-M’-PAM. Les vecteurs d’'information sont de tailRM et sont composées d&
sous vecteurs de taill chacune et sont multiples entiers des colonnes de la mdtitentité de taille
M x M. Par conséquent, le réseau d’antennes est compd3&algs réseaux ayant chacMhantennes
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virtuelles parmi les quelles une seule antenne peut étikeeactin moment donné. Par contre, a cause de
l'interférence co-canal et de la sélectivité en fréquereeachnaux ULB, chaque antenne peut interférer
avec les autreBM — 1 antennes. D’autre part, I'hyper cube généré de dimeridrontient(M’ 4-1)MP
points parce que I'amplitude de I'impulsion dans chaquetipospeut prendreM’ valeurs non nulles et
une valeur nulle qui signifie 'absence du signal. Par comtaemi ces points seulemefiM’)P points
sont valables. Dans ce cas, la sortie d'un décodeur paresplét étre égale a un point non valable qui
n'appartient pas a la constellation transmise.

Les constellations 2-PPM-2-PAM constituent une exceptidans ce cas, et méme si les différentes
composantes de chaque vecteur d’information ne sont papéndiantes, une rotation adaptée rende ces
composantes indépendantes. Dans ce cas, I'algorithmecdeatge par sphere peut étre appliqué sans
moadifications sur cette version tournée de la constellafimns un deuxiéme temps, une rotation inverse
permet de déterminer la valeur du vecteur de I'informatiangmis.

Dans ce chapitre, nous proposons des modifications noal&svgui permettent I'association des
techniques de décodage par sphére avec les sous ensemikles fian linéaires correspondants aux
modulations PPM ou PPAM. D’autre part, nous considérordafdation des techniques de décodage
sous optimales, tel que V-BLAST et I'algorithme de Fano, s constellations. Pour les codes spatio-
temporels linéaires avdtantennes €f symboles d’'informations par mot de codiegloit étre remplacé
par la valeuPT.

Les décodeurs sous optimaux de type V-BLAST peuvent étextdiment appliqgués avec les con-
stellationsM-PPM-M’-PAM. Dans ce cas, les procédures d’annulation de l'interfée et de décision
doivent étre appliquées aux groupes composédidesionnes consécutives de la matrice du canal et pas
a chaque colonne comme avec les modulations PAM ou QAM. Laevgocédure est appliquée pour
la détermination de I'ordre avec lequel les différents flexddnnées doivent étre décodés.

Pour les techniques de décodage par sphére, nous adapastsatégies d’énumération de Pohst
et de Schnorr-Euchner pour les constellations multidinoamelles. Nous proposons trois algorithmes
basés sur la stratégie de Pohst. Le premier algorithme estalation triviale qui constitue la référence
de temps pour comparer les différentes approches de déxo@ag algorithme est aussi présenté pour
démontrer que cette solution intuitive est largement spisnale motivant la proposition des nouvelles
solutions ayant des temps de convergence nettement pltts.cou

Dans ce cas, la validité de chacunRisous vecteurs est testé d’'une fagon continue sur chackh de
niveaux de ce sous vecteur. Ce test assure qu'une particosémplen composantes d’'un sous vecteur
ne contient plus qu’une valeur non-nulle et que cette padmient exactement une seule valeur non
nulle pourm= M. Dans le cas ol la valeur testée a un certain niveau d'un smsur n'est pas valable,
un nceud adjacent sur le niveau considéré est testé.

Le deuxieme algorithme est basé sur le principe suivantr Boweertain niveau, l'intervalle de va-
lidité (correspondant aux points appartenant a la sphérsidérée) est adapté d’'une fagon continue en
fonction des points testés aux autres niveaux. En d'auémeses, si la valeur testée correspondante
a un certain niveau est différente de zéro, les autres canfess (avec des indices plus petits) corre-
spondantes aux premieres positions nominales de mochgdatio méme sous vecteurs sont forcées de
prendre la valeur zéro indépendamment des intervallesliiit&a ces niveaux. Cette solution consiste
a forcer I'algorithme a tester uniquement les points valabll évite de calculer et de parcourir plusieurs
intervalles de validité correspondants aux plusieursanixe

Le troisieme algorithme consiste a déterminer d’'une fagonainte I'intervalle de validité a chaque
niveau en prenant en compte que dans ce cas, les autresxagaartenant au méme sous vecteur
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doivent prendre des valeurs nulles. En d'autres termegdeations de test d’appartenance a la sphére
sont groupées et résolues conjointement aprés chdguigeaux. Dans ce cas, BiM correspond a la
taille du vecteur de I'information, algorithme 3 consisteédoudreP groupes deM équations au lieu

de résoudre l[ePM équations consécutivement I'une apres l'autre. Cetteisaleonjointe est rendue
possible grace a la structure des symboles PPM ou PPAM tisesm

Une analyse numérique montre que le troisiéeme algorithrésemite le meilleur temps de conver-
gence. Par exemple, pour les systéemes MIM©2non-codés avec un rapport du signal sur bruit de
20 dB, algorithme 3 converge 10 fois plus rapidement queriitgne 0 avec les constellations ayant
16 dimensions avec 8 niveaux d’amplitude dans chaque diorenBar rapport au premier et deuxieme
algorithme, le gain en termes de temps de convergence atg@et les valeurs dd et M’. Dans ce
dernier cas, le pourcentage des points valables dansitlatinsidérée devient trés faible et les deux
premiers algorithmes vont tester beaucoup des points rlablga avant la convergence vers le point
valable le plus proche.

La seconde approche consiste a adapter 'énumération aei$duchner aux modulations PPM et
PPAM. Dans ce cas, le temps de convergence de l'algorithnigcledage peut étre amélioré si I'ordre
avec lequel les points appartenant a l'intervalle de v&jdiéterminé a chaque niveau du vecteur testé,
est déterminé d'une facon efficace. La technique d’énumo@rale Schnorr-Euchner consiste de tester
ces points dans I'ordre croissant de la distance Euclidi€par rapport au point recu). Cette technigue
peut étre appliquée d'une fagon efficace avec les modutaf®M ou QAM. Dans ce chapitre, nous
appliquons le méme principe avec une fagon plus adaptée adulations PPM et PPAM.

Pour les modulationM-PPM, chacun dé& sous vecteurs peut prendik valeurs possibles. Nous
proposons une méthode simple pour arranger ces valeurgqrar @oissant de distance Euclidienne.
Dans ce cas, I'énumération de Schnorr-Euchner est renglzaéune autre technique d’énumération
qui prend en compte la structure des constellations PPM. IBsunodulationgv-PPM-M’-PAM, nous
proposons un algorithme simple qui permet de parcourivlligk points valables sur chacun Beiveaux
d’'une facon itérative par ordre croissant de distance Hieclhe. L'algorithme détermine d’'une fagon
efficace sile prochain test doit étre appliqué sur le mémeaniwvu si I'algorithme doit tester un point ap-
partenant a un niveau différent et qui appartient au méme wecteur. La complexité de cette solution
n‘augmente pas aved’. Par contre, elle augmente avecsimplement parce que les opérations ma-
tricielles sont appliquées a des matrices d’ordres plugéleCes algorithmes associés aux modulations
PPM et PPAM possédent les meilleurs temps de convergenge fmartes les autres versions modifiées
des décodeurs par sphére.

Finalement, I'algorithme de Fano est adaptées aux coaistels PPM et PPAM permettant d’atteindre
plusieurs niveaux de compromis entre performance et coditpleCe variant des algorithmes de dé-
codage par sphére introduit une fonction de cout addititemgi dépende de la variance du bruit et
des normes des valeurs propres de la matrice de Gramm asadeiénatrice du canal. Cette technique
permet de réduire la complexité de décodage en réduisaminkbne des points testés. Cette solution
introduit des pertes en performances tout en gardant le mémau de diversité.

Pour toutes les algorithmes proposés, et comme les tea@mipidécodage par sphére classiques, la
complexité est indépendante ME. Elle dépend uniqguement deet M qui déterminent la dimension-
nalité de la constellation. En d’autres termes, ils sonptaaux systéemes trés hauts débits ayant une
grande efficacité spectrale.
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Chapter 1

Introduction

1.1 Ultra-Wideband communications

1.1.1 Introduction

During the last years, the research community has develapadnber of promising solutions for the
fourth-generation (4G) wireless networks. Among the $ohg that promise significant improvements
in system performance we can mention adaptative coding atliation, iterative (turbo) decoding
algorithms, space-time coding, multi-antenna technigonesti-carrier modulation, multi-user detection
and ultra-wideband (UWB) radio. In particular, UWB is a fasherging technology with uniquely
attractive features inviting major advances in wirelessicmnications, networking, radar, imaging, and
positioning systems.

The history of UWB is as old as that of radio itself. In facte thery first wireless transmission, via
the Marconi Spark Gap Emitter, was essentially an UWB sigDaispite this, UWB is always referred
to as unconventional radio. Early works on UWB systems skictleir interest in radar and military
applications. The modern era in UWB started in 1993 when R&wmholtz wrote a landmark paper that
presented a multiple access technique for UWB communitatystems [1]. With a variable multiple
access scheme, UWB became capable of supporting not ordy aad point-to-point communications
but wireless networks as well. Another important landmaak been the publication in 2002 of the
Federal Communications Commission (FCC) Order and Repgulating the use of UWB systems in the
USA [2]. Very low transmission levels in the order of -41.28rd/MHz were allowed in the bandwidth
[3.1 106] GHz. This resulted in growing research activities in theustdy, academic institutions and
government agencies.

The adoption of the FCC regulations provoked different mebbgical solutions all capable of meet-
ing the FCC emission mask. In particular, we can differeatietween multi-carrier (MC) and impulse
radio (IR) solutions.

The MC-UWB solution is based on the Orthogonal Frequencysiaim Multiplexing (OFDM) tech-
nique using multiple simultaneous carriers. In this apphnoghe UWB spectrum is divided into a num-
ber of sub-bands of 528 MHz each. Each sub-band comprisesat@8rs modulated using QPSK on
OFDM tones. OFDM is suitable for high data rate. It is used symetrical Digital Subscriber Line
(ADSL) services, power line networking (HomePlug), IEEE280.n (high speed 802.11) and IEEE
802.20 (MAN). OFDM is a mature technology and it is well sditfer avoiding interference. At the
expense of an additional layer of control in the physicaktayhe carriers can be chosen to avoid inter-
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ference to (and from) narrow-band systems. However, higledpFT processing is required and the
continuous variation in the power over a very wide bandwidtthallenging for the circuits (especially
for the power amplifiers).

Unlike classical communications, IR-UWB does not use a rtaddd sinusoidal carrier to convey
information. Instead, the transmitted signal is a serieshoft-duration baseband pulses. This results in
simple and cheap digital circuits. On the other hand, higigcise synchronization is required.

The relative advantages and disadvantages of IR-UWB andJW® are controversial issues and
have been debated extensively in the standardization fiodiieJanuary 2006, this debate resulted in
disbanding the IEEE 802.15.3 task-group created threesyazalier to define a standard for short-range
and high data rate (up to 480 Mbits/s) wireless communioati@®n the other hand, the IEEE 802.15.4
task-group adopted IR-UWB for low data rate sensor networks

This work focuses on IR-UWB. While the multi-antenna IR-UWBa new topic, much information
on OFDM (single-antenna and multi-antenna cases) is &kaila the recent technical research. IR-
UWB has a number of appealing advantages:

e The very large bandwidth could potentially offer rates ia trder of Gbits/s.

e Low-complexity and low-cost radio terminals. This arisssentially from the baseband nature
of the transmitted signal. In conventional radio systemsdio frequency (RF) mixing stage is
necessary to translate the baseband signal to a frequeatdyath desirable propagation properties.
In IR-UWB, the generated short pulses occupy a bandwidtistbens frequencies commonly used
as carrier frequencies. In other words, these pulses caagate without the need of additional up-
conversion. At the receiver side, local oscillators can tnéted and the reverse down conversion
process is not required.

e The fine temporal resolution results in very precise loadilin capabilities.

e Immunity against multi-path fading. Due to the narrow temgp@ulses, the interaction between
multi-path components is severely limited as compared tmnaband signals.

e The noise-like signals allow coexistence, low probabibfyinterception and resistance to jam-
ming.

1.1.2 Waveforms

Perhaps the most famous pulse shapes used in UWB commangatie the Gaussian waveform and its
derivatives. The very short pulses occupy a very large batbwin general, the frequency responses of
the RF circuitry and antennas are not flat over these frequamges. In all that followsy(t) is used to
designate the pulse observed at the destination. In othetsyall distortions (if any) introduced by the
RF components, transmit antennas and receive antennaschred inw(t).

Designate byB the -10 dB bandwidth occupied ly(t) and denote by, the center frequency of this
band. A Gaussian pulse occupying a bandwBlttan be expressed as [3]:

BtZ)

w(t) = \/ﬁag cog 2mfgt)el "™ (1.1)

wherea = 0.93 is a normalization factor that is introduced since thedbadth is defined at the -10 dB
points.
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Another popular waveforms in the literature of UWB are thedified Hermite pulses. These pulses
are known for their orthogonality properties and were ugedchieve high data rates in single-antenna
systems by transmitting several pulses during the same ladamiuposition [4, 5].

The modified Hermite polynomial of ordgrcan be expressed as [4]:

Wp(t) = (—l)pexp<%2p> ;—Z (exp<—%>> (1.2)

wherel , regulates the width of the-th order pulse. Multiplying eq. (1.2) by a sinusoidal wabrefi
along with an appropriate choice bf, [5] results in pulses respecting the FCC mask [2]. For a given
center frequency and bandwidth, the best valu€ pthat fits the FCC mask can be only obtained by
computer simulations.

1.1.3 Modulation Schemes

In this section, we provide a brief review of the modulatichemes that are associated with IR-UWB.
Since IR-UWB is a carrier-less technology, it can be assedianiquely with totally-real modulations.

Pulse Amplitude Modulation

In M’-ary Pulse Amplitude Modulations (PAM), the amplitude otledaransmitted pulse can take one of
M’ possible values. In this case, lglyl’) information bits are mapped onto thegeé amplitudes. The
transmitted signal set can be expressed as:

Sw_pam = {2mM —1-M)w(t) ; M =1,..., M’} (1.3)

wherew(t) is the pulse waveform.

Each signal irsy_pam €an be represented by a unique point in a 1-dimensionallsgaae. In this
signal space, th&’-ary PAM signal constellation is the set of points whose dowtes belong to the
set:

cw_pam={2mM -1-M);mM=1,... .M} (1.4)

PAM is a good candidate for IR-UWB [6]. In most cases, IR-UWBtems were associated with
2-PAM. However, high data rate systems must use modulatbhsgher orders (larger values df')
even though this choice results in performance losses [7].

Pulse Position Modulation

While Pulse Position Modulation (PPM) is a classical motiatafor optical communications, it remains
untraditional for wireless communications. The interesPPM increased with IR-UWB that has a very
fine time resolution [8]. IMM-ary PPM, information is conveyed by the temporal shift ofuésp. The
transmitted signal set is given by:

Sm—ppm={W(t —1y); m=0,....M -1} (1.5)

In this case, thenth information symbol corresponds to shifting the positif w(t) by Tty for m=
0,...,M—1. Alinear and non-overlapping PPM constellation corresisao the choice, = md where
0 is the nominal modulation delay.
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The signals ofsy_ppwm are orthogonal to each other. They can be representedvirdanensional
signal space. In this space, thiePPM constellation is defined by the set:

CM-PPM= {€m+1; M=0,... M -1} (1.6)

whereey, is them-th column of theM x M identity matrixly. In other words, each point of the constella-
tion is defined by M-dimensional vector havinlgl — 1 zero components and exactly one component that
equals to 1 and that corresponds to the position of the tridgteshpulse. Unlike PAM, the performance
of PPM is enhanced by increasing the cardinality of the @dlasion [7].

Pulse Position Amplitude Modulation

In hybrid M-ary PPM andW’-ary PAM constellations, the information is mapped ontchkibie ampli-
tudes and the positions of the transmitted pulses. Thelssgh& composed d#lM’ signals and is given
by:

SM_pPM-m—pam = {(2M =1 -M)W(t —1) ;M =1,..., M ; m=0,... M—1} 1.7)

The special case &fl’ = 2 corresponds to the bi-orthogonal constellations that lhaen considered
with UWB systems [9, 10]. Recently, hybrid PPAM constetiat with higher values d¥l’ were consid-
ered in [11]. It was shown that these constellations offeo@dgcompromise between performance and
complexity. In fact, forM’-PAM increasing the value d¥l’ does not increase the complexity of the re-
ceiver (the constellation always has one dimension). Hewdhis increase in the data rate is associated
with performance losses [7]. On the other hand, the perfocm®fM-PPM is enhanced by increasing
M at the expense of an increased receiver complexity.

TheMM'’ information symbols can be representedindimensional vectors that belong to the signal
set:

cm_ppmm—pam = {(2M —1-M)en1 ;M =1...M; m=0...M -1} (1.8)

Among theM components of each element of eq. (1.8), only one value califfieeent from zero. Note
that PPM and PAM follow as special cases of PPAM.

1.1.4 Time Hopping UWB

Different users sharing the same physical channel ineesféth each other. In order to limit the effect
of this harmful interference, different multiple accessht@ques were considered in IR-UWB. Among
these techniques, we can cite the time hopping (TH) and teetdiequence (DS) spread spectrum. UWB
systems are inherently spread spectrum systems. The yseeating codes is solely for accommodating
multiple users.

In DS-UWB, pulses are transmitted continuously. For a givdormation symbol, the amplitudes
of these pulses are determined from a spreading sequencBH-WWB, a pseudo-random sequence
determines the positions of the transmitted pulses. TH istanference avoidance strategy while direct
sequence (DS) is an interference suppression technigugenieral, DS-UWB is associated with PAM
[12]. However, recently DS-UWB was used for multiple acosth PPM [13].

In TH-UWB systems, an additional pseudo-random temporiétl @boids the catastrophic collision
between the pulses transmitted by the different users.idrctise, each information symbol is conveyed
by N¢ consecutive pulses. These pulse repetitions are introdioce¢he following reasons:
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Figure 1.1: Structure of a TH-UWB signal.

e In order to avoid interference in cases where the channeltishared in a TDMA manner.

e Given the very low transmission levels imposed by the regofaorganizations [2], these repeti-
tions enhance the energy capture at the receiver side.

For TH systems, the signal transmitted from khth user can be expressed as [1, 14]:

0 Nf—1
EsE .
sK(t) =,/ Iilfk S aﬁk) > b%t%w(t — jTs—nT; —cﬁ'?ch—dJ(k)é) (1.9)

j=—00 n=0

where:
- w(t) is the pulse waveform of duratioR,. It normalized to have a unit energydTW w(t)[2dt = 1.

- £y is the transmission level of tHeth user. It is determined with respect to the energy of ttse fir
user g = 1).

- Esis the average energy transmitted per information symbol.

- Ns is the number of pulses used to transmit one information symb
- T; is the average separation between two consecutive pulses.

- Ts = N¢T; is the symbol duration.

- T¢ is the chip duration.

- N is the number of chips per time frame (of duratity).

- Tg=T¢ —NcTcis a guard interval introduced at the end of each time framterdfframe interference
can be eliminated by choosifig to be larger than the channel delay spread.



6 1. INTRODUCTION

...lﬂ;.. o W b P ...ln,.. T |
L] L]

n
¢ n ¢

-z
-

[]
n
III|Ii|||_I‘|IIIIl"lllllllllIIIIII|Ii|||_I‘III|I |III
[T 11 1]

o ——p
n ] n
n 1] T i
i W i
n < > n
[ [
[ [
i ]

T

-—

Figure 1.2: TH-UWB signal with polarity randomizatiorNs = 4, N. = 3, Ty = 0, 8 = Ty, and the
TH sequence i§1,0,2,1}. The polarity randomization is given bji,—1,1, —1}. A 4-PPM-4-PAM
constellation is used. The 16 information symbols are mamreo the amplitudea) and the position
(p) of the pulses. The pulses represented by solid and daghesi dorrespond t¢a, p) = (1,0) and
(a,p) = (—3,2) respectively.

- ¢ € {0,...,Ng — 1} is the additional time shift (normalized B) applied on then-th pulse of
the j-th information symbol of thé&-th user.

- dis the separation between two consecutive modulationiposit

- aﬁk) is the amplitude of thg-th information symbol of th&-th user. For PPMaEk) =1 for all
values ofj andk.

- dj(k) is the position of thg-th information symbol of th&-th user. For PAMdJ(k) = 0 for all values
of j andk.

- {bﬁ‘fr)]} is an additional amplitude spreading sequence. This segueEm be exploited for encoding
the different pulses of a given user. In the same way, it camsled in order to introduce different
signatures between the data flows transmitted by the differgers.

The structure of a TH-UWB signal is presented in Fig. 1.1. dihopping also corresponds to
pseudo-random dithering. In fact, without the additiomalket shifts (determined b@ﬁk%) all consecutive
pulses are separated By. This results in spectral lines in the frequency responsietransmitted
signal. This can result in important interference to narlmd systems.

For PAM and for independent and identically distributecbmfation symbols, the mean &y _pawm
in eq. (1.3) is equal to zero. This results in an additionabatining of the power spectrum density. On
the other hand, for PPM, dithering by the TH sequence canddficient. In this case, an additional
polarity randomization of the pulses must be applied [1B]ed. (1.9), this dithering is included in the
sequence{bﬁ'?]}. Fig. 1.2 illustrates an example of a polarity-randomizatse train.

For DS-UWB systems, the transmitted signal is obtained fegm(1.9) by settings = T, Nf = N¢
and by eliminating the TH sequenéeﬁ'fr)]}.

In this work, we focus on TH with PAM, PPM and PPAM constethas. As discussed later, the
extension to DS systems is straightforward since the spamecoding schemes that we propose are
independent from the multiple access scheme.



1.1. ULTRA-WIDEBAND COMMUNICATIONS 7

1.1.5 UWB channel models

The UWB propagation channel is typically a frequency-deleanulti-path channel. However, there are
some differences between these channels and widebandetfiaithe main difference is the very large
number of resolvable multi-path components. The energyatwed in a very short pulse is dispersed
over a duration that can be hundreds of times larger thanutsepvidth. Wideband channels are mod-
eled by tapped-delay lines where the arrivals of the mathgomponents take place at integer multiples
of the pulse-width [16]. Given the high frequency seletyivif UWB channels, modeling these channels
by tapped-delay lines is inappropriate since several rmpalfi components can arrive during the dura-
tion of one pulse [17, 18]. This introduces intra-pulse rifgieence and the impulse response of an UWB
channel is the sum of a very large number of delayed, attedwatd distorted replicas of the transmitted
pulse.

Modeling the single-antenna UWB channel has been the dubfeextensive research (refer to
[17, 18] and the many references therein). However, onlytdidhreferences studied the multi-antenna
channels.

Single-Input-Single-Output UWB channels

Two approaches were adopted for modeling the UWB channe.fif$t approach corresponds to “site-
specific” or “deterministic” modeling [19, 20]. This cormnds to modeling the interaction of the elec-
tromagnetic signal with a known physical environment. Theisults in a good comprehension of the
impact of some propagation phenomena on the system perficendhe second approach is the “statis-
tical” modeling. In this domain, the IEEE society adopted thhannel models for high data rate [17] and
low data rate [18] WPANSs. These recommendations are bas#ukmstatistical model proposed in [21]
where a clustering phenomenon is observed in indoor chenhebther words, the channel is modeled
as the superposition of different clusters each composedceftain number of rays. From [17,18], an
UWB channel can be modeled based on four parameters thatctéaze a given environment. Namely,
the cluster arrival rate, the ray arrival rate within a ahusthe cluster decay factor and the ray decay
factor. Unlike [21] where the amplitudes of the rays follairee Rayleigh distribution, it was found that
these amplitudes can be well approximated by a lognormaitdison [17,18].

Multiple-Input-Multiple-Output UWB channels

For the moment, the IEEE has not adopted an UWB channel modetiMIMO context. In [22,23], a
MIMO-UWB channel model was proposed based on the extendiarspace-variant SISO-UWB chan-
nel model. In this model, the clusters are supposed to berateaeby some reflectors whose positions
are known. Based on the positions of the reflectors, recaitenaas and transmit antennas, the differ-
ent arrival times of the first ray of each cluster can be datercthdeterministically assuming free-space
propagation. At a second time, the remaining rays of eactarare generated randomly. [23] remains
a simplified model. On one hand, it is a quasi-deterministodeh that is highly dependant on the po-
sitions of the reflectors in a certain indoor environment. tBa other hand, in [23], Rayleigh fading
is observed on the different multi-path components. Thiseolation contradicts the results of more
extended channel sounding campaigns that prescribed artoghamplitude distribution [17, 18].
Perhaps the most extensive work on characterizing the MIMM@B channels is the one proposed
in [24,25]. The authors of [24,25] observed that the vasiatf the total received energy over a local area



8 1. INTRODUCTION

is very low. Given the very short duration of the pulses, titeriaction between the different multi-path
components is limited resulting in limited fading. Howeuwke energy collected over a limited part of the
channel delay spread can change significantly over locakameplying high fading margins. Given the
very large number of multi-path components, practicalesyst (for example Rake receivers) combine a
limited number of multi-path components. For these systengsspatial fading is more pronounced. In
this case, exploiting the spatial diversity can be benéficia

Another observation made in [24, 25] is that UWB signals galheexhibit low spatial correlation
despite the low variation in the signal level. Even though ititeraction between the multi-path com-
ponents is limited, the relative positions of these comptsean change substantially from one receive
antenna to another co-located one given the short durafidmeulses. Following from the fact that
there are several directions of arrival, the signals sedtifftgrent antennas can be very different. How-
ever, even though the spatial correlation of the entire isguesponses is low, the correlation among
some portions of these responses can be more pronouncedtrticufar, the portions of the channel
taken around the strongest arriving rays are more corcethn other portions.

Similar results on the spatial correlation were observef2@ and [27]. In [27] it was observed
that only the first bin presents high correlation levels imeof-sight (LOS) situations while the corre-
lations at all of the remaining bins are lower thai3.0 The SIMO-UWB channel measurements and
characterization that we performed are summarized in Agigeh

In [28], a spatial model for UWB systems is proposed basederextension of the 2-cluster SISO
model proposed in [29]. The authors observed a lack of saamificlustering in their channel measure-
ments and proposed a new model in which each channel is ceamdonly two clusters. The first
arriving cluster has strong multi-path components whikeghcond one is slowly decaying with diffuse
multi-path components. While the rays of the first clusteivarfrom approximately the same angle-of-
arrival (AOA), the AOA of the diffuse rays are uniformly dittuted over all directions. Generating the
AOAs of the first cluster from a Laplacian distribution witlsmall variance and the AOAs of the second
cluster from a uniform distribution ovd® 21, the SISO model in [29] can be extended to the SIMO
case.

1.1.6 Receivers
Rake Receivers

A very popular receiver structure that is widely used withitimaath channels is the Rake receiver [7].
Rake receivers capture the energy contained in the sigmapaoents that have propagated through
the channel by different paths. In particular, laith order Rake captures the energylomulti-path
components. The integrated energy and the diversity ondeease with. at the expense of an increased
receiver complexity. In UWB systems, given the very largenbar of multi-path components, an All-
Rake (A-Rake) receiver that combines all of the multi-paimponents is practically infeasible [30]. In
practical systems, Rake receivers with limited number ajéis must be used. Therefore, despite the
very large multi-path diversity offered by the frequenciesave UWB channels, practical UWB systems
only profit from a limited part of this diversity.

We can differentiate between Partial-Rake (PRake) andcBaleRake (SRake) receivers [31]. A
L-th order PRake combines the filstarriving multi-path components while a SRake combines the
strongesL multi-path components. In general, Rake receivers arevieltl by a multi-path combining
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stage. For example in coherent systems, maximum-ratiddtony (MRC) or equal-gain-combining
(EGC) is performed. In-th order PRakes, MRC and EGC necessitate the estimatihnaaiplitude
and polarity values respectively. In addition to these tjtian, SRakes necessitate the estimation of
the arrival times of the strongest multi-path componentsweéler, the energy captured by a SRake can
be much more important than the energy captured by a PRakeiakyp in non-line-of-sight (NLOS)
situations where the magnitudes of the first arriving raystmavery small.

Correlation receivers

In this case, the first stage of the receiver consists of a fifietched to the channel response rather
than the received pulse waveform as with Rake receiverss iSheéquivalent to evaluating the cross-
correlations between the received signal and a referegoalghat is constructed during a training phase.
Given the very large channel delay spreads of the UWB chanoehstructing the reference signal can
be practically infeasible. The practical implementatidihese systems consists of all-digital receivers
based on direct sampling [9, 32]. In this case, the receiigrthband the reference signals are sampled
at a very high sampling rate (20 Gsample/s) and quantizedasgenall number of quantization levels
(typically 3 levels for the reference signal and 2 levelstfer received signal) [9].

Another suboptimal solution corresponds to the transthitéderence (TR) systems [33]. In TR
systems, each information-carrying pulse is preceded tsfeaence pulse. At the receiver side, the
received data signal is correlated with the preceding na@fgrence signal. The disadvantages include
the additional energy transmitted for non data bearinggsutsd performance losses induced by the use
of a noisy reference signal.

1.2 Definitions from algebraic number theory

In this section, we will introduce some notations and deéing that are useful for the remaining parts
of this work. Interested readers are referred to [34, 35hfore detalils.

Definition 1.1 field extension
LetK andL be two fieldsK is called afield extensionof L, denoted byK /L, if L is a subfield ofK.

Definition 1.2 algebraic numbers

If 8 € K is the root of a monic polynomial: (k) = ZTZOanj € L[x] and 6 is not the root of such a
polynomial of degree less than n, th@is calledalgebraicoverL with degree n. 18 is not algebraic,
then it is calledtranscendental If L = Q, 8 is called analgebraic number If f(x) € Z[x], then® is
called analgebraic integer

For example, ther-th root of unity w, = exp(zTT'j) is an algebraic integer whose degree oileis
equal toz (n), the Euler’s function, that corresponds to the number @&gets in the sefl,...,n—1}
that are relatively prime with. For exampleq; is of degree 2 and it is a solution of the quadratic monic
polynomialx? +x+ 1= 0.

Definition 1.3 simple field extension
Let 6 be algebraic oveil. with degree n. The field extensi@r{0) is formed from the adjunction &
to the fieldL and is called asimple field extensionlt is the smallest field containing boilhand 6. A
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synonymous definition of tliegreeoccurs when the fieltl = IL(0) is considered as a vector space over
L. In this case, we can say tha{0) has degree n oveL. Q(0) is called analgebraic number fieldof
degree n ovef) generated by.

For example, le® = 2cos(Z") andn =z (N)/2. Q(6) = {Z?;%ajej © 8g,...,8n1€ Q} is an
algebraic number field with degreeoverQ.

Definition 1.4 field-basis
If a € L(0), then it can be written in the form = z'j‘;cl,cxjej wheredg...an_1 € L are unique. In other
words, the sef1,0,...,0"1} forms afield-basisoverL(8).

Definition 1.5 minimal polynomial

If 8 is algebraic overl, then it has a unique monic irreducible function o\dercalled theminimal
polynomialof 8 overL and denoted bygd,(x). In other words, every polynomial Iin[x] for which8 is a
root must be divisible bygt (x) whose degree is equal to the degre® ofverLL. If the n roots of g, (x)
are distinct, therK = L(0) is called a Galois extension.

For example, the fiel@(v/5) = {a+bv/5; a,b € Q} is generated by the basi&,+/5}. The minimal
polynomial of the primitive elemeny/5 is equal tac® — 5 and it is irreducible ove®. The roots of this
polynomial are equal te-/5 and consequentl)(1/5) is a Galois extension d.

Definition 1.6 Galois group

Let K/L be a field extension. i is an embedding oK in C that fixesL pointwise, namely(l) =

| VI € L, theno is called anlL-isomorphismof K. The set of such-isomorphisms forms a group that
is called theGalois group denoted by G&K/L). If K = L(8) has a minimal polynomialgi (x), then
each element of the Galois group permutes the rootg gty in a fixed way.

Definition 1.7 conjugates of an algebraic number

If K = Q(8) is an algebraic number field of degree n o@rthere exists exactly n embeddings ; j =
0,...,n—1} of Kin C. If a € K, thena’ (a) is called the j-thconjugateof a with 6°(a) = a. Further-
more, the n conjugates Ofare precisely the n roots of the minimal polynomialgéx). When we apply
the embedding' to an arbitrarya € K, the properties of th&-isomorphisms imply that:

n—1 n—1 n-1
o(a)=0d a;6l | = ¥ d'(a))d'(8)) = Y a;6/ (1.10)
(a) (J;) j ) J; (aj)o'(8)) J; j

wherefy, ..., 8,1 are the roots of pig(x) with 6o = 6. If ¢'(a) > 0fori =0,...,n— 1, thena is called
totally-positive

Consider the maximal real subfield of the cyclotomic figig) with 8 = 2cos( &) andn= £ (N) /2.
The j-th conjugate of is given by8; = ol(8) = 2005(2(”T1)T[) forj=0,...,n—1 (with8y = 0). The
j-th element of the Galois grou{mj}T;é is equivalent to applying a cyclic permutation of degjemver
the elements of the s¢6; }7_5.

Definition 1.8 ring of integers and integral basis

LetK = Q(8). The set of algebraic integers Kfis called thering of integersof K and it is denoted by
Ok.- A basis ofox overZ, or simply aZ-basis, is called afntegral basisof K. Any element obk can
be expressed a@’j‘;écxjwj whereqo,...,0n 1 € Z and{1,w,...,w" 1} is the integral basis.
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Forexamplep,, 7 is generated by the integral basis v/2} while Og(vs) = Z(8)={a+bb;abeZ}
wheref = ”Tﬁ’ is the Golden number.

Definition 1.9 norms, traces and discriminants

LetK be an algebraic number field of degree n okeiFor each elemert € K, Trg /1.(a) = 350! (a)
L. is called therelative traceof a in K/LL. In the same wayNg .(a) = ﬂ?;écj (a) € Lis called the
relative normof a in K/L. If a € 0k, thenTrg i (a) € oL andNg i (a) € oL. Trg g(a) andNg g (a)
are called theabsolute traceand absolute normrespectively. Designate l® the nx n matrix whose
(i, j)-th component is equal to'*(w;) where{wy,...,wn} is an integral basis obx. Therelative
discriminant of K as a field extension dt is defined by @/, = det(D)2. dx g is called theabsolute
discriminant of K.

For example, lex=a+by/5 be an element &k = Q(v/5), then N¢ /o (x) = (a+bv/5)(a—by/5) =
a®—5b? and Tk p(X) = (a+bv/5) + (a—bv/5) = 2a. In the same way can be written ag = & +b'0
wheref is the Golden number an@,b’) = (a— b, 2b). In this case:

Ng/o(X) = (@ +0'8)(@ +b8) =a? —b?+ab =a®—5b? € Q

Trg/g(x) = (@ +0'8) + (& +b'8) =24 + b =2a€ Q

where8 = o(6) = 8. Let:

then: detp» ") = dx g = 5.

Definition 1.10 signature

Leta?,...,0" ! be the embeddings & in C. Designate by (resp. 2r,) the number of values of j for
whicha’(K) C R (resp. o/ (K) € R). (r1,r2) is called thesignatureof K. An algebraic field is called
totally real when all its embeddings are reab( 0). In the same way, a field tstally complexwhen
ri =0.

Q(v/5) is totally real with signatur¢2, 0) while Q(i) is totally complex with signaturé0, 1).

Definition 1.11 ideals

Designate by the ring of integers of an algebraic number fiékdof degree n. Amdeal | is a subZ-
module ofok such thatva € |, Vb € ok, abe I. Anideal |5 ok is prime if whenever JAB, a product
of two ideals, then|A or I|B. Thenorm of an ideal | is defined as the cardinality of the quotient ring
ok/l. An ideal isprincipal if it can be written as: |= aox for some algebraic integen. In this case,
Nk () = Ng(a). Any element & | can be expressed as: ﬁZT;éajyj where @,...,a,_1 € Z and
{Yo,-..,Yn-1} is aZ-basis of I.

Definition 1.12 lattices, generator matrix and fundamental parallelotope
Letly,...,Im € R" beR-linearly independent vectors (me N, m < n). If:

m
/\L:{beR”;b:ZZjlj;zl,...,ZmGZ}:LZ (1.11)
=1
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then/\_ is called an m-dimensiondattice of R". The nx m matrix2 = [l;...ly] is called thegenerator
matrix of A_. If n=m,A_ is called afull-rank lattice. The setr defined by:

n
T:{erlj;r,-eR;Ogr,-<l;j:1,...,n} (1.12)
=1
is called thefundamental parallelotopeof A_. An invariant ofA\, is:
VOI(AL) = |det(2)] (1.13)

and it is called thevolumeof the fundamental parallelotope 6f .

Definition 1.13 lattices and ideals
After applying the canonical embeddiogo an ideal |, we obtain the latticd; = o(l). The generator
matrix of \; can be expressed as:

[ a°(yo) a%(y1) 0%(Yn-1)
o'1(yo) o' 1y) o Ly 1)
| R(0(w) R(0"(y1)) R(0"(Yn-1))
O=1 gm0 30" (Yo 1)) (1.14)
R(0H2 Lye)) (O Ay)) e (@2 Ly )
L 3(c"*"27H(yo))  TI(0""2H(yr)) 3(0""2 Hyn-1)) |
where{yo,...,Y¥n-1} is aZ-basis of |I. The volume of the fundamental parallelotopA,ab:
vol(A)) = |det(Gy)| = 27"2/dx Nk (1) (1.15)

For the ring of integerx, the generator matrix G ol = o(0xk) is obtained by applying eq. (1.14)
on the integral basis. In this case:

VO|(OK) =2""2\/dg

For totally real fields, the n-dimensional lattidg has a diversity order of n. Thainimum product
distanceof the generated lattice verifies [36]:

(1.16)

n
. 1
Omin= min

XEN| ;x;véonjljl‘xj| - ,/dK/Q

Moreover, the latticé\, is equivalent td&Z" if the generator matrix Gis unitary.

(1.17)

For example, leiK = Q(8) whereb is the Golden number. If there exits a totally positive elate
1

a € K verifying Ny /o (a) = g7 = £, then the matrix:

G.:diag<\/a \/a_)@:[\éa \%][1 g]

generates a rotated square lattice since’ is a diagonal matrix. We can choose= 3;59 since botha

anda = o(a) are positive and N/g(a) = NK%(ZS*G) =i= dﬂg/lQ.
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Definition 1.14 lattice reduction

The generator matrix Gof a lattice A, in not unique. In particular, any matrié, = G;T generates
the same latticé\, if the matrix T is unimodular, that is, € Z™" and defT) = +1. In the same way,

G, = G T tand T1is unimodular. Sincéde{T)| = 1, then volA,) is independent from the choice
of the generator matrix. The aim of the lattice reductionddransform the basis composed from the
columns of G into a new basis (composed from the column&gfwhose components have shorter
length. In an equivalent manner, the lattice reduction esponds to the best choice of T that enhances
the orthogonality between the columnsGf

Among the different lattice reduction techniques, the ltend.enstra and Lovasz (LLL) algorithm
[37] is appealing because it has a polynomial complexity. itid the QR decomposition of; as
G = OR, thenG, is said to be LLL-reduced with parame®®(1/4 < 5 < 1) if:

{!ﬁj!é%!rm! for 1<i<j<n (1.18)
1

<F+f2,; for i=2...n
where the parametérinfluences the quality of the reduced basis. In some sitogtEmd depending on

the structure of5;, applying the LLL algorithm results in an orthogonal basifie pseudo-code for a
possible implementation of the LLL algorithm can be foundi3g].

Definition 1.15 cyclic division algebras
LetK/L be a Galois extension of degree n with Galois group(®4lL) =< o > with o" = 1. We choose
a non-zero elementin IL and construct a righK-vector space with formal basid, z,...,2"1}:

1=KoZKeo..0" K (1.19)

where the multiplication over satisfies 2=y and kz= zo(k) Vk € K. 2 is acyclic algebradenoted by
4(K/L,0,y). An element k= Z?;é ZIk; € a4 can be associated with the following<m matrix:

ko kq ko Kn—1

yo(kn-1)  o(ko) o(ki)) -+ 0O(kn-2)
Clko,....kn_1) = |V0°(kn-2) YoP(kn-1) ©%(ko) -+ O%(kn-3) (1.20)

Yo' lke) Yot i) yotl(ke) - o™ (ko)

Proposition 1.1 [39]: det(C(ko,...,kn-1)) € L Vko,...,ko-1 € K.

Proposition 1.2 [39]: Let K/LL be a degree-n Galois extension with G&/L) =< o0 > andye L* =
L\ {0}. If there are no elements iK whose norms are equal # fort = 1,...,n— 1, then the cyclic
algebraa (K/L,0,y) is a cyclic division algebra (CDA).

1.3 Multiple-Input-Multiple-Output communications

1.3.1 Introduction

MIMO processing has emerged as a promising technique foravimg the performance of wireless
systems [40,41]. The limited resources of a communicatystesn, such as spectrum and power, can be
efficiently used to provide sufficient quality and capaciiyatwide range of high data rate systems.
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In the literature, the basic MIMO system model consistedmfasi-static and frequency-flat Rayleigh
fading channel. Consider a system withransmit antennas ar@receive antennas. The complex base-
band channel, within a single fading block bisymbol durations, can be expressed as:

SN
YoxT = TmQXPCPXT + NoxT (1.21)

where the subscripts indicate the corresponding matrdiesensions and the ter@NRcorresponds to
the signal-to-noise ratio per receive antenna. Tdg)-th term of the channel matrik corresponds
to the channel between theth transmit and the-th receive antenna and it is modeled as a complex
Gaussian random variable. The matNxcorresponds to the additive white noise whose entigs~
¢ (0,1) (complex normal random variables with zero mean and uniamee). The(p,t)-th entry ofC
corresponds to the symbol transmitted from gatlh antenna during thieth symbol duration.

For this kind of channels, the capacity at high SNRs was fdarstale with migP, Q} [41]:

C(P,Q,SNR ~ min{P,Q}log(SNR (1.22)

In the case of sufficiently-spaced transmit and receivenaiatarrays, th®Q sub-channels are inde-
pendent resulting in a well-conditioned channel matrixotimer words, the additional spatial degrees of
freedom permit to transmit independent data flows througlchtannel and to separate these flows at the
receiver side. Equation (1.22) indicates that there arecappately mi{P,Q} parallel spatial channels
between the transmitter and the receiver. From this poirtesf, MIMO techniques permit to increase
the data rate of wireless systems. Several schemes weresgobfo profit from this spatial multiplexing
phenomenon [42,43].

MIMO techniques can be also used to combat fading. Diffeirtependently faded replicas of the
information symbols that have propagated through diffecbannels are available at the receiver side. In
other words, the signal is lost if all these replicas areilogtying a better immunity against multi-path
fading. A maximum diversity advantage Bf), corresponding to the number of channels between the
transmitter and the receiver, can be achieved. For expipitie diversity at the transmitter side, several
space-time (ST) codes were proposed in the literature [A4-+4 general, we can distinguish between
ST trellis codes and ST block codes (STBC). In this work, veeiaterested in STBCs.

1.3.2 Diversity and Multiplexing Tradeoff

In [48] Zheng and Tse observed that both the diversity andiphexing gains can be achieved simul-
taneously, but there is a fundamental tradeoff between thvamn Rayleigh fading channels. A scheme
{C(SNR} is defined as a family of ST codes, one for each SNR. A schensdd® achieve a spatial
multiplexing gainr and a diversity gaiu if:

R(SNR . log(Pe)

SNRwI0g(SNR ' s, log(SNR —d (1.23)

whereR(SNR is the data rate in bits per channel use (PCU)Rnid the probability of error.

Lemmal.l [48] If T > P+ Q—1, the maximum achievable diversity gain is given by the piese
linear function connecting the points d(r)) for r =0,...,min{P,Q} where:

d(ir)=(P-r)(Q—r) (1.24)



1.3. MULTIPLE-INPUT-MULTIPLE-OUTPUT COMMUNICATIONS 15

Form eq. (1.24), the maximum multiplexing gaip.x= min{P, Q} comes at the expense of sacrific-
ing the diversity gaind = 0). In the same way, the maximal diversity gairtig,x= PQ. In [49], it was
shown that the tradeoff foF = P is the same as in eq. (1.24) for all valuesPodindQ.

1.3.3 Design criteria of Space-Time codes

Designate byc a codebook whose cardinality is equal|td. In [50], Tarokhet al. derived the design
criteria of ST codes over slow flat fading channels. The asreodeword error probability can be
bounded by:

Pe§|i E[P(c—c|H)] (1.25)

| cec cec\{c}
where Rc — c/|H) is the conditional pairwise error probability (PEP) defirsedthe probability of de-
ciding in the favor of the codeword when the codeword was transmitted. From eq. (1.21), it can be
expressed as:

P(c— ¢|H) :Q(—*/E‘H\'jz%_d)”) (1.26)
o M

wherekE; is the average energy per symbol &ds the noise spectral densit@(x) = \/%[f:’ exp(—%)dt
is the Gaussian tail function. After some manipulations,(&éq7) takes the form:

Q P
P(c—dH) < DU ( p\quF) (1.28)

whereByp =51 hgpVpp- hap is the(q, p)-th entry of the channel matrid, A, is the p-th eigenvalue
of the matrixB(c,c’) = (c—¢’)(c—¢) andv j is the (i, j)-th entry of the unitary matri¥ composed
of the eigenvectors of the Hermitian matBxc, c’).

When the channel coefficients are complex Gaussian randoables,3 , is Gaussian. In this case,
integrating eq. (1.28) over a Rayleigh distribution resurtt the following upper bound on the average

pairwise error probability [50]:
Q E _rQ
S

wherer is the rank ofB(c,c’). The design criteria, namely the rank criterion and deteami criterion,
follow from eq. (1.29) as follows [50]:

Definition 1.16 Rank Criterion

The number of non-zero eigenvalues of the matfix &) must be maximized over the set of all distinct
codewords c and’clf the rank of Bc,c') is equal to r, then a diversity gain of rQ is achieved. Note tha
on a log-log plot, rQ corresponds to the slope of the PEP aht#iNRs. A code is said to achieve full
diversity when Bc,c’) has full rank (r= P).
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Definition 1.17 Determinant Criterion
The coding gain is equal t(ﬂrzl)\p)% and it must be maximized. Note that for a given diversity gain
the coding gain corresponds to a simple translation of théRHrve on a log-log scale. Wher=P,
maximizing the coding gain is equivalent to maximizing:
min  |detc—c 1.30
QdEC;C#d‘ ( )| ( )
When the producPQis large, an additional criterion referred to as the traderon was proposed

in [51]:

Definition 1.18 Trace Criterion
Maximize the minimum Euclidean distance between all pdidsstinct codewords. This is equivalent to
maximizing the trace of the matriX&c).

As observed in [52], the previous design criteria congitaih upper bound for different kinds of
channels under the condition of independent fading. If titedes of the channel matriid are indepen-
dent, the average PEP from eq. (1.28) can be expressed as:

Q P . Es
Pc—c)=T]T] / eXp<—4—,\b7\p’Bq7p‘2> P(Ba.p)dBq.p (1.31)

g=1p=1

Applying the Cauchy-Schwartz inequality, eq. (1.31) campper-bounded by:
. Q P 5 3 Es ) 3
Ple—c) <] I_ll {/p (Bq,p)dﬁqp] {/eXp<—2—|\lO7\p\3q,p’ >qu7p] (1.32)
g=1p

o\ 2B 7
k (F!jl)\p> (ﬁN_o> (1.33)
wherek is a constant and the last equation follows from the fact fioaphysical channelspz(Bq,p) is
finite and integrable.

In the literature, the rank and determinant criteria werdelyi used for constructing ST codes over
different kinds of fading channels. In [53], it was showntttiese criteria still hold with Rician-fading
channels in the presence of lognormal shadowing on theolirséght component. In fact, this shadowing
results in multiplying eq. (1.29) by a term that depends uelyg on the parameters of the shadowing.
Similar results were observed with Rician-Nakagami chinjie].

Q
2

IN

1.3.4 Space-Time Block Codes

The literature of ST coding is huge. In this section, we pres®me existing ST codes. A special
attention is paid to the codes constructed from cyclic divisalgebras. In what follows, ST codes that
transmitP symbols PCUR is the number of transmit antennas) are referred to asdtél-codes.

Orthogonal Space-Time codes

A ST block codes is said to be orthogonal if the different infation symbols contained in each code-
word can be decoded separately. In other words, Maximumlibid@d (ML) decoding is possible with
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linear combining at the receiver side. The first ST block cades proposed by Alamouti in [44] for
2 transmit antennas and was later generalized to larger eunfliransmit antennas [45]. Thex22
Alamouti code is given by:

C=
2 9
wheres; ands; are the information symbols that belong to a PSK or QAM cdlaien ands* stands
for the complex conjugate af This code achieves full diversity while transmitting aggerof 1 symbol
PCU. The coding gain is given by:

; 2 2
%—ﬁég&@ﬂa sil*+2—%) >0 (1.35)

It was shown in [49] that the Alamouti code achieves the oglidiversity-multiplexing tradeoff
with Q = 1 receive antenna. However, this optimality is lost @r> 1 and the Alamouti code is not
information-lossless in this case [47].

For larger number of transmit antennas, full diversity caralways achieved. However, this may be
obtained at the expense of a data rate loss @galesymbol PCU). For example, rate-1 real orthogonal
designs exist only witl? = 2, 4 and 8 transmit antennas. For complex orthogonal dedigmsnaximum
achievable data rate dependsPand it is equal to 34 symbols PCU for 3 and 4 transmit antennas.

51 _$] (1.34)

Space-Time codes for PSK modulations

The construction of the majority of ST codes in the literaturas based on the rank criterion (Section
1.16) which applies to the difference between the comphldned baseband versions of the codewords.
In [55], Hammonset al. proposed an equivalent binary rank criterion that dependsh® unmodulated
signals. This approach simplifies the design of the ST codésedates this design to the well understood
results from the coding theory over finite fields. For BPSK, fiinary rank criterion states simply that
the ST code is fully diverse if every non-zero codeword hdlgdimk over the binary field. Denote By

the field of integers modulo 2 and lay the modulo 2 addition. Based on the binary rank criterios, th
authors of [55] proposed a simple stacking constructiorPfarT (T > P) ST block codes given by:

XMz
C(x) = : (1.36)

XMp
wherex denotes &-tuple of information bitsMj, ..., Mp are binaryk x T matrices.C(X) in eq. (1.36)
achieves full diversity ifay, ... ,ap € F, the matrixM = ayM1 & - - - @ apMp is nonsingular unless when
ay=--=ap= 0.

While the orthogonal design [45] results is a rate ¢4 3vith 3 transmit antennas, the authors pro-

posed a new rate-1:33 code that is fully diverse with BPSK and QPSK modulationselobon the

stacked construction. This code is obtained by se®rgT = K =3 in eq. (1.36). Denote by, ..., Ss
the BPSK or QPSK signals, the<33 codewords are given by:

ST S
C=| s s+ (1.37)
S S+ 9+
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Tilted-QAM design

In [56], Yaoet al. proposed a X 2 code that has been referred to as the tilted-QAM in theslitee.
Designate bys, ..., s the information symbols that are taken from a QAM constiellatind define the
two 2-dimensional vectorsandy as follows:

X=Me,[s1 %" ; y=Mg,[ss 4" (1.38)

whereMg, andMg, are two rotation matrices given by:

. COS(ei) —sin(ei)
Me, = [ sin(@) cos6) ] (1.39)

The codeword associated with the symbmls. ., s, is given by:

C= (1.40)

X1 Y
Y1 X

wherex; andy; are thei-th components of vectossandy respectively.

The authors found that there is one pair of rotation anglas tteximizes the coding gain for all
constellation sizes. This pair is given b§f;,6,) = (3arctan(}), 3 arctan(2)) and the corresponding
coding gain is equal t%\l/—g.

A 2 x 2 code based on number theoryB; o)

In [47], Damenet al. proposed the following 2 2 ST code that can be associated with constellations
carved fromZ[i] (QAM or PAM):

1
BZ.((J = —

V2

where@=62. Itis clear thaB, ¢ has a full rate since it transmits 4 information symbols wigi2 symbol
durations.
The determinant of eq. (1.41) is given by:

(1.41)

Si+¢s2  B(S3+ )
O(ss—0s1) sS1—¢

3 ,

dis @ = a¢ (1.42)
,; j

where [ag, ay, 8, 83] = [$7,~ S5, —S3,55] = a € Z[i]* Lets=[s,...,%], it is clear that fors # Oy.a,
d(s,@) # 0 if {1,¢,¢? ¢’} forms a free set oveL[i]. Therefore, choosing to be an algebraic number
of degree> 4 results in a fully-diverse code. In the same wagan be chosen to be any transcendental
number. For this particular construction, any algebragerent of degree 2 ovép[i] achieves full diver-
sity if ¢? € Q][i]. This follows from the fact that the componentsadgdre perfect squares #i] andg can

not be a perfect square @(i] since its degree is greater than 1.

For 4-QAM and 16-QAM constellations, the value @that maximizes the coding gain can be ob-
tained by performing a computer search. This approach caibenadopted for high order constellations
that generate a very large number of codewords. Finallyctlaéng gain ofB; , decreases with the size
of the constellation.
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Threaded Algebraic Space Time (TAST) codes

The approach used for constructiBg, in [47] was extended by EI Gamat al. in [57] for P > 2
transmit antennas. R x P TAST code withL layers ( < P) is denoted byrp, and it achieves a rate of
L symbols PCU. The codewords are given by:

S11 1 Sp1
L= | TEOME (1.43)
: - ' Sp-1
SZ,P e SD‘P Sl,P ]
where: ,
T %Mp[a(p—l)ml e 8pp p=1,...,L
Sp,1 Sp.P] = T - (1.44)
[0 0] p=L+1,...,P

where@, = (pp%l, a,...,ap_ are the information symbols carved frdfii] and #(4,...,Mp areP x P
rotation matrices that achieve full modulation diversig[58].

The TAST code is based on the following principle. lset 4/ a wheres anda are P-dimensional
vectors andv is aP x P matrix. Suppose that the components of are transmitted oveP parallel
channels (for example on theh thread ofrp | that is composed from the entries of th#éh upper diag-
onal and(P —I)-th lower diagonal ofrp) ). If ¢ is aP x P real or complex rotation matrix that achieves
full modulation diversity, then the componentsaotan be recovered unless when all the components of
sare lost (because of deep fades onRhghannels). In eq. (1.43), threads are transmitted simultane-
ously (overP symbol durations). In this case, the scalfs,...,@_ } are introduced in order to render
thelL threads transparent to each other. The code is said to beayimmvhen the same rotation matrix
is applied on the threads 1 = --- = | £ ar).

7p. achieves full diversity ifp is an algebraic integer such that the elements of thé@gt ; are
algebraically independent over the algebraic number fis&tiuo construct the rotation matrix . In
the same way, any transcendental element results in a fullysg code; in particulap = exp(iA) with
A # 0 being any algebraic number.

The authors of [57] related the coding gain of the TAST codéhto Diophantine approximation
of @ by algebraic numbers. Increasing the size of the consmilanhances this approximation and,
consequently, decreases the coding gain. On the other tiand)gebraic numbers are not very well
approximated by other algebraic numbers and choagiiogoe algebraic results in better coding gains.

Space-Time codes from field extensions

This construction was proposed by Sethuraratal. in [39]. Designate byr the number of transmit
antennas. LeK = [F(y) be a field extension with minimal polynomigl —y € F[x]. Designate by, (IF)

the set ofn x n matrices whose entries belonglfo It is simple to show that there exists an embedding
of K into Mp(IF) where an elemerk = z?;é f,-yJﬁ € K is mapped onto the x n matrix given by:

fo fr - fn

Clfoy..., fn1) = VT” .fo Co (1.45)
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SinceK is a field (its non-zero elements are invertible), then tlifeidince between any two distinct
matrices, having the form given in eq. (1.45), has full rarikhis motivates the construction of ST
codes based on field extensions. The problem can be statetioagst Given a certain constellation
designate b¥ the infinite field containing all the elements.of For example, fom-PSK constellations,

F = Q(wm) wherewn, = exp(z—r;“) is them-th root of unity. The construction of the ST code reduces
to finding an elemeny € F such thatx” —y is irreducible ovei[x] (so thatK is an-dimensional field
extension off’).

The authors of [39] proposed the following method for chogsi Form-PSK signals withn transmit
antennas, designate by the integer containing all the primes of bathandn. Then the polynomial
X1 — 0.)|M is irreducible overQ(wy) (and consequently oved(wm)) for any integed that is relatively
prime with M. Note that when all the primes that appear in the prime faton of n appear also
in the factorization ofn, thenM can be chosen to be equalro In this caseys = s and the coding
scheme does not introduce any constellation expansion.eXxample, for 4-PSK constellations with
n= 2 transmit antennas) = 4 andy = w, = v/—1. In this case, the 16 generated codewords turn out to
be the same as those corresponding to the Alamouti code [44].

Full diversity can be also achieved by choosin be transcendental. In this ca&&y) is the set
of quotients of polynomials iy with entries inF. This approach results in constructing ST codes for
any constellation and for an arbitrary number of antennases" — y is irreducible ovei(y)[x] for all
integersn > 1 and for any transcendental numlyer

Space-Time codes from cyclic division algebras

Cyclic division algebras are powerful tools for constrogtfull rate and fully diverse ST codes [39, 49,
59-65]. Suppose that we want to construct a minimal-dalayn ST code for a system equipped with
n transmit antennas. From eq. (1.20), the codebook assdaith a signal constellatioy can be
determined from a cyclic division algebm(K/F,a,y) as follows:

2
CSZ{C(S]_,...,S{]z); (Sl,...,Snz)GSn} (1.46)
where the codeword associated with the symbgls ., s is given by:

30 58j+16! 375 Sn4 416! o > 0Sn(n-1)4j+16]
VZT;é%<n.f1)+j+19'1 >15si+16] ; | (1.47)
C : . ST osni+18h 2

Y3 gSnti+16h 4 e Y3 oSin-n+j+10h 1 3]0Si+16h 4

The procedures of constructing a ST code from cyclic divisiigebras can be summarized by the

following steps:

e In order to construct a ST code over a complex alphabet, thtestiep consists of the choice of a
quadratic field extensioR of Q such thats C F. I constitutes the center of the algebra

e Choose the maximal subfield of degreen overF such thafk is Galois ovef andGal(K/F) is
cyclic.

e Choose a value of that verifies proposition 1.2. Such an element will be reféro as a “non-
norm” element in the sequential.



1.3. MULTIPLE-INPUT-MULTIPLE-OUTPUT COMMUNICATIONS 21

The constructed ST block-code will have the following pties:

e The constructed code has a full rate. From eq. (1.47)ymbols are included in a codeword
occupyingn symbol durations resulting in a rate msymbols PCU.

e The constructed code is fully diverse. This results fromféoe that a non-norm elementesults
in a division algebra and thus the difference between anydistinct codewords (which is always
isomorphic to an element of) has full rank.

In [39,59], a family of ST codes based on transcendentaheidas and respecting the three above
mentioned construction constraints was proposed. In thi&k W was chosen adff = Q(S,t,wy,). The
authors proved that the extensiin= F(t, = t%) is cyclic for any transcendental numberAs for the
choice ofy, any transcendental number can be chosen. The generatue Gfalois group is given by
0 .ty — wnty. The codeB; y in eq. (1.41) follows as a special case of this generic coatitm procedure
whenn = 2. The 2x 2 codewords constructed from [39, 59] can be expressed(gs & —ty):

S+t yI(3+tisy)
Vi(s—tis)  s—tis

1
V2

wherey andt are any transcendental numbers and the equivalence foftowsthe fact that the two
matrix forms have the same determinant. Fixirgy? results inBy o givenin eq. (1.41) (withp= t3 = V.
Among all transcendental numbers, the ones verifyingexp(iA) with A algebraic are appealing since
in this caset| = 1 resulting in the same average energy per transmit antenna.

While all transcendental elements can be associated withcyelic field K, it was pointed out
in [60] that it is more interesting to choogdo be an algebraic integer. In fact,yifand the information
symbols are taken from the ring of integerdrfoffor exampleZli] for QAM constellations and (ws) for
HEX constellations). Then, from proposition 1.1, it follswhat the se{detC) ; C € ¢} is a discrete
set of op. Therefore, mip.q, ,|defC)| > 1. This results in a non-vanishing determinant (NVD). In
other words, the coding gain does not decrease with the $ittee @onstellation. Moreover, since the
information vector[1,0,, 2_1)] € OEZ for different constellation sizes and since for this infatran
vector defC) = 1, then the NVD property implies that:

1| si+tzs,  sgHtis

_ (1.48)
V2| Y(ss—tisy) s —tis

Oc = Cecjr?icr;é o |detC)| =1 Vs C Op (1.49)

The NVD is a very interesting property over Rayleigh fadifguenels. In fact, codes with a NVD
achieve the optimal diversity-multiplexing tradeoff o&thnderlying multi-antenna channel [49].

In some cased can be simply the infinite field containing For exampleF = Q(i) if s is a QAM
constellation and = Q(ws) if S is a HEX constellation.

For example, wit = 2 transmit antennas and QAM constellations [0} Q(i) andK = Q(wg)
is cyclic overFF (with degree 2). Any transcendental numieesults in a fully diverse code. However,
y=2+Ii € or = Z[i] is a non-norm element and it results in a NVD. In fact, the lidea factorizes
as Dk = l1l, wherel; andl, are the principal ideals generated by 2and 2— i respectively showing
that the ideal, is prime and consequently there is no elemeriKiwhose norm is equal tg= 2+ 1.
The same procedure was generalized in [61]rfer 2K and n = 3.2% transmit antennas with QAM
constellations where it was shown that the exten§igmx2)/Q(i) is always cyclic ang/= 2+ is a
non-norm element. In the same way, systems with3* or n = 2.3¢ transmit antennas were associated



22 1. INTRODUCTION

with HEX constellations [60, 61]. In this case, the field eienQ(wsx1)/Q(wy3) is always cyclic and
Y= 3+ wz is a non-norm element.

In other casesF must be obtained by adjoining an algebraic element to theiteffield containing
S in order to have a cyclic extension (this element does nairfgelo the infinite field containing). For
example, fom = 3 transmit antennas with QAM constellationsg must be adjoined t@Q(i) resulting in
F = Q(i,ws). In this caseF(wg)/Q(i) is cyclic [39].

In [49], cyclic extensions of QAM (or HEX) constellations meeproposed for different numbers of
transmit antennas. Moreover, finding a non-norm elementsivagn to be equivalent to finding a prime
ideal of oy that remains inert img. Non-norm elements were found for all valuesof

Perfect Codes

The perfect codes [63, 64] are based on cyclic division algebHowever, two additional constructing
constraints are added to the constraints of codes fromeagislision algebras. Namely:

¢ K/F must be cyclic (refer to the previous subsection).
e ymust be an algebraic non-norm integer (refer to the prevsabsection).
¢ |y| must be equal to 1 in order to have a uniform average traresnéttergy per antenna.

e Good shaping of the constellation. This means that the rindtes entries on each layer of the
codeword must be a rotation of the initial (QAM or HEX) sigseal. In eq. (1.47), the elements of
each layer can be viewed as taken from a lat®Z@]" (or RZ(ws)"). In order not to introduce any
shaping losses, this lattice must be isometri@{d" (or Z(ws)"). In other words, the generator
matrix R must be unitary.

The perfect codes were constructed foe 2,3,4,6 transmit antennas and were associated with
QAM for n= 2,4 and HEX forn = 3,6 [64]. These codes satisfy a large nhumber of hard to achieve
criteria and show the best performance among all the egi§ihblock codes. The 2 2 perfect code is
also known as the Golden code and it is based on the Goldenendaf@ﬁ5 [63].

The codewords of a x n perfect code can be expressed as [64]:

P=DC(s1,...,S2) (1.50)
= diag(a,o(a),...,0" }a)) C(sy,...,Sp) (1.51)

whereD is an x n diagonal matrix an€(s,,...,Sy) is the codeword constructed from cyclic division
algebras in eq. (1.47% € or and the volume of the fundamental parallelotope of theckatti(l = aok)
must verify:

c, for QAM constellations
I(A(1) =27"/|dg /0|Nko(l) = n 1.52
vol(A() 19 /0INk/a (1) { c" (@) , for HEX constellations (152)

wheredy q is the absolute discriminant &. Based on eq. (1.50) and eq. (1.52), the coding gain of the
perfect codes with any QAM or HEX constellation can be exgedsas:

5 = min |detD)detC)| = |detD)| = [Nyx(a)| = N (@) = di (153)

nxn
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Multiplying the codewords constructed from cyclic divisialgebras by the diagonal matiixin
eg. (1.50) is equivalent to limiting the construction in tdeall = aok. In this case, the integral basis
{ej}T;é is replaced by thé-basis ofl given by {aej}?;%. If this basis is not unitary, an appropriate
change of basis is performed in order to construct a new gothal basis{vj}?;é. The new codewords
are obtained by replacinff! }"—g with {v;}1—5 in eq. (1.47).

For example, the Golden code is constructed over the irtbgsis ofQ(i,/5)/Q given by ok =
Z(i,8) where@ is the Golden number. For QAM constellations, the codewardsyiven by [63]:

s+ 0% S3+ O0s4

G
V(s3+01%) s1+61

(1.54)

1 fa O
V5[0 o)

wheref; = 0(8) = 1‘7\@’ anda = 1+i(1—8). The elements of each layer belong to the latfRzi]|
where the generator matriXis given by:

a (o{3]
R= [ o(a) o(a)d; ] (1.55)

SinceRR! = |,, the code has good shaping. The uniform average transneitiedyy per antenna is
assured by choosing= i (which is a non-norm element over). An equivalent version of the Golden
code was proposed in [66]. This code can be related to theeBaldde byD;GD, for two diagonal and
unitary matricedd; andD,. The code in [66] was obtained by numerically optimizing tioeling gain
and it shows the same performance as the Golden code.

Sincey must belong tdZ[i] or Z(w3) with |y| = 1, theny can take one of the values in the set
{—1,4i, 403, +w3}. The authors of [64] observed that non of the element of #isesults in a cyclic
division algebra fon = 5 showing the non-existence of perfect codes with 5 tranant&énnas. More-
over, letx be any element of this set, we hafe= 1 showing the non-existence of perfect codesforé
antennas.

Recently, perfect ST codes with any number of transmit arstemvere proposed by Ekdal. in [65].

In a previous work [49], the authors were able to find appedprcyclic extensions d(i) (or Q(ws))
and appropriate non-norm elements in these fields for allegabfn. Writing this non-norm element as
a+ bi (ora+ wysb). In [65], the authors showed that= %g: (or f}jgg) is also a non-norm element. Since
ly| = 1, this choice along with an appropriate construction of itamy ideal generator matrix results in
perfect codes.

Lattice Space-Time codes

In [67], El Gamalet al. proposed a lattice-based construction for full-rate STlpdes. This construc-
tion is referred to as the generalized mdidgcheme. Unlike the above mentioned coding constructions
that are based on optimizing the coding gain, the mMagtheme has no space-time structure. Designate
by x am = 2PT-dimensional vector obtained from the vertical concaienavf the real and imaginary
parts of the columns of the x T codewords. Lef\. be a lattice inR™ and /s a sublattice of\.. The
transmitted vectors are determined from a dither vectorand from vectorg that belong to the nested
lattice defined by the partition @f.//As and given byc = AcN Vs wheres is the fundamental Voronoi
cell of As. The nested latticAs C /¢ is drawn from an ensemble of lattices that are good for cogeri
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and consequently good for MSE quantization. The encodihgmee is defined by:

X=(c—u) modAg (1.56)
= (c—u)—argmiqus|(c—u)—A| (1.57)

wherec is randomly selected frorg andu is known at the receiver side. The receiver consists of a
MMSE-DFE estimator followed by a lattice decoder where tharuaries of the lattice are disregarded
when determining the closest lattice point to a certainivecepoint. Designate bl andB the forward
and feedback filter matrices respectively, the decodeddsdi the favor ot Such that:

¢=G2 modAs ; 2= argmin,;m|Fy+Bu—BGZ* (1.58)

wherey is the received vector ard is the generator matrix of the lattide.. The authors showed that
the association of the nested-lattice structure, the randither and the MMSE-DFE lattice decoding
permits to achieve the optimal diversity-multiplexingdeaff for T > P+ Q— 1 (Q is the number of
receive antennas). In comparison with the Gaussian codisgnebles (that achieve the D-MG tradeoff
for T > P+ Q—1 as shown in [49]), the mod-scheme has a simple encoding and decoding structure.
Moreover, storing the whole codebook is not required atrdwesimitter side and the exhaustive research
at the receiver is replaced by a lattice decoder.

1.3.5 Cooperative Diversity

In many situations, profiting from the spatial diversity byoying antenna arrays can be infeasible
especially for small mobile or sensor nodes. In such sitnatithe terminals of a wireless network can
cooperate with each other in order to profit from the spatiedrdity in a distributed manner by forming a
virtual antenna array [68—74]. Consider a wireless networkposed of a certain number of half-duplex
terminals that can either transmit or receive at a certaie (lout not both). Moreover, suppose that each
terminal is equipped with a single antenna. In cooperatetvarks, the neighboring nodes can help a
certain source in delivering its message to its correspgndéstination. Such nodes behave as relays for
the communication between the source and the destination.

In general, the cooperation protocols can be classified gdifgrand-forward (AF) or decode-and-
forward (DF). In the first case, the relays simply transméled versions of their corresponding received
signals. In the DF mode, each relay can decode the messatpessolurce and then re-encodes them with
a possibly different codebook. In general, the DF schemgsediorm the AF schemes at the expense
of an increased complexity [73]. In many situations, theliguaf the channel between the source and a
certain relay can be bad. In this case, it might be bettetisburce to continue its direct transmission
with no relaying. This is referred to as selective-relayjni@] where a relay cooperates with the source
only if the quality of the channel between the source andriiesy falls above a certain threshold. The
quality of this channel can be measured by the magnitudesaftiannel coefficient [70] or by the mutual
information between the source and the relay [73].

In [70], AF and DF schemes were proposed where the sourcehanglay transmit on orthogonal
subspaces. These subspaces can be the different timensdoT®IMA network or the orthogonal spread-
ing sequences in a CDMA network. Later this DF strategy wasnaled to the case of more than one
relay in [71]. Another protocol, referred to as a space-tonded protocol, was also proposed in [71].
In this case, all the relays can transmit simultaneousiytheit transmissions take place over a signal
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Relay 1 i
Relay 2 m

Relayx =i

/ symbols
Figure 1.3: The NAF protocol witK relays.

subspace that is orthogonal to the signal subspace of theescthe non-orthogonal AF protocol (NAF)
proposed in [73] outperforms all of the existing AF protacpiO, 71]. The superiority of the NAF proto-
col follows from the fact that the transmissions of the sewand the cooperating relays take place in the
same signal subspace. In this case, the continuous trasismd the source enhances the multiplexing
gain of the NAF protocol while the cooperation enhances thersity advantage [73].

The NAF protocol withK relays is described in Fig. 1.3. The cooperation is periadib a period
of 2KI symbol durations. The cooperation period is divided iffoftames each composedlafymbols.
Thek-th relay retransmits an amplified version of &k — 1)-th frame during the th frame duration
(Fig. 1.3). The diversity-multiplexing tradeoff of the NAFEheme wittK relays is given by [73]:

d(r)=(1—r)+Kmaxo0,(1—2r)} (1.59)

Equation (1.59) shows that the NAF protocol achieves fulediity d(0) = K 4 1 corresponds to
the diversity advantage of an antenna array With 1 antennas). The authors of [73] showed that the
diversity-multiplexing tradeoff in eq. (1.59) can be acltid by using random Gaussian codebooks with
a sufficiently large codeword length.

Block codes for the NAF protocol were proposed in [74] andeveinown to achieve the D-MG
tradeoff given in eq. (1.59). For these minimal-delay cotles length of each frame in the NAF scheme
is| = 2. This construction is based on cyclic division algebrastl = Q(i) andPP = Q( j) for QAM and
HEX constellations respectively. Designate Ry= P(6) a K-dimensional field extension & whose
Galois group isGal(K/P) = (o) with X = 1. In the same way, I€f = K(@) = P(6, @) whose Galois
group is(1). Designate by, ...,Ck the 2x 2 matrices given by:

k-1 le(:_ol(sj + gsx4})6! Z}f:_ol(szKH + @3k })6!

Ck=o0 . .
“ Y3 o (s j F T @318 355 (s)+T(@)sk )8!

(1.60)
wheresy, ..., sk_1 are the information symbols ande K verifies the condition that there are no ele-
ments inF whose norm are equal tfort =1,...,2K — 1 resulting in a cyclic division algebra.

The first and second rows &k in eq. (1.60) correspond to the signals transmitted fronsthece
during the X-th and the(2k — 1)-th frames respectively. Theth relay transmits an amplified version
of the received signal corresponding to the second ro®dbr k =1,...,K. Note that all of the ¥
information symbols must be included@g for all values ok in order to achieve full diversity. Moreover,
4K symbols are transmitted duringZrames each consisting b= 2 symbols resulting in no data rate
loss with respect to non-cooperative systems.

As in [64], sincesj € op for | =0,...,4K — 1 (QAM or HEX symbols), limitingy € ok results in
a non-vanishing determinant. Moreoveiis chosen to verifyy| = 1 resulting in a uniform energy per
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relay. In the same way, the integral baéls...,0% 1, @,..., "1} can be replaced by an orthogonal
basis resulting in no shaping losses. For example, the Galdde [63] can be used with = 1 relay
(K = Q(i) andF = K(v/5)). ForK = 2 relays,P = Q(i), K = P(w6) andF = K(+/5) wherew, is the
mth root of unity. In this casey = wyg results in full diversity. Note that these codes are coogtal
based on the design criteria of ST codes with co-locatechaatarrays. It was shown in [72] that these
criteria still hold for virtual arrays.

1.4 MIMO-UWB communication systems

In the recent years, there was a great interest in beamfgrwiih IR-UWB (refer to [75] and the refer-
ences therein). In such systems, an adaptive antenna amagsult in highly directive beam patterns.
The very fine temporal resolution of the UWB pulses resultgeiry narrow main lobes that are capable
of limiting the interference even from radio terminals that very close to the desired transmitter. For
the positioning and imaging applications, the fine angutdrtamporal resolutions permit to differentiate
between closely spaced targets [76].

Another active research area includes the multi-antenn® ththniques. MIMO techniques can be
a possible solution for overcoming the very low toleratethémission levels [2] resulting in enhanced
data rates, communication ranges and quality of serviceM®HUWB systems profit from SNR im-
provements, higher channel capacities [77] and betterfanance rejection [78]. However, given the
important multi-path diversity of the UWB channels, thditytiof an additional spatial diversity may
be questionable. In fact, the large frequency band occupyettie UWB signals makes them not very
sensitive to deep notches that can occur in any part of thetrsjpe. Deeper discussions on the utility of
the multi-antenna techniques with UWB systems will be thénrsabject of the next chapter.

The absence of a carrier frequency is the very fundamensahcter that differentiates impulse radio
from narrow-band applications, wideband DSSS-CDMA, MCNI®and OFDM. This has a direct im-
pact on the design and the performance of the ST codes thabteused in conjunction with IR-UWB.
Given that IR-UWB transmissions must be totally-real, theplex-valued ST codes can not be applied
with IR-UWB (in particular the Golden code and the perfeaes). This is a very limiting constraint. In
fact, except for [79] (to the author’'s knowledge), fulleatnd fully diverse ST coding with IR-UWB was
never considered elsewhere. In the literature of UWB, manitenna systems were used exclusively to
enhance the overall diversity with no data rate enhance{B8r83]. Another approach was the spatial
multiplexing where independent data flows are transmittedilsaneously from the transmit antennas
resulting in enhanced data-rates with no transmit diweegitvantage [84, 85]. In the remaining parts of
this section, we will briefly discuss the most relevant cbotions in MIMO-UWB communications.

1.4.1 Space-Hopping with IR-UWB

In [79], a space-hopping (SH) scheme was proposed for IReSsst For a system equipped with
transmit antennas, different TH sequences are associateceach one of the transmit antennas. In
order to achieve a rate 8fsymbols PCUP PPM modulated symbols are transmitted during one symbol
duration which is composed ™; time frames (eq. (1.9)). Suppose thadivides N and letP’ =

N—Pf. Designate by, ...,dp € {0,...,M — 1} the positions of thd> symbols takes from #M-ary PPM
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constellation. The coding scheme can be determined frorffotfegving P x P matrix:
w(t—di) w(t—dp) fe w(t —dp)

w(t—dp) W(t—dy) (1.61)

: . W(t — dz)
W(t — dg) oo W(t — dp) W(t — dl)

wherew(t) is the pulse waveform and thg j)-th element ofCy corresponds to the pulse transmitted
from thei-th transmit antenna during tHép’ — 1)P’ + j)-th frame duration fop’ = 1,...,P’. In other
words, the coding scheme is determined from Bhe Nt matrix C = [C; --- Cp]. In order to avoid
the interference between the elements of the same colui@p afifferent TH sequences are associated
with the transmit antennas. Moreover, for a given time frathe time shifts introduced at the different
antennas must be all different. From eq. (1.61), the inféionasymbols are interleaved over the transmit
antennas resulting in a full diversity advantage.

However, SH was considered uniquely over flat fading chan7@l]. The advantages of this scheme
are exclusive to this kind of channels. In fact, for flat-faglichannels, the orthogonality between the
received signals is assured by having at ldaships of durationT; in each time frameT; > PT. in
ed. (1.9)). On the other hand, over frequency selectiverelanwe must havé; > PI" whererl is the
channel delay spread of the UWB channels. Givenfthat> T, the orthogonality over UWB channels
can be achieved at the expense of larger time frames (appatedy P times larger than that of single-
antenna systems). As a conclusion, the proposed systeoripsrivell over flat fading channels while
the diversity advantage can be lost over frequency setectiannels because the multi-path propagation
can break down the orthogonality between the transmittésl steeams.

1.4.2 Coherent Rate-1 Space-Time codes for IR-UWB

In [81], Giannakiset al. introduced a diversity scheme that achieves full spatidlranlti-path diversity
with two transmit antennas while transmitting at a rate ofrhlsol PCU. Unlike the Alamouti code [44]
that encodes two adjacent symbols, the proposed schemdesnit@N; pulses of the same information
symbol.

For a peer-to-peer communication with 2-PAM constellajcdhe transmitted signals corresponding
to the information symbat are given by [81]:

E Nf—1

s(t) = s”z—l\lsfnzo(—l)”w(t—an) (1.62)
E Nf—1

() = 81/2—|\Tfn: w(t—nTy) (1.63)

wheresy(t) corresponds to the signal transmitted from ghit antenna and € {£1} is the information
symbol.

For a system with one receive antenna, designaigyty the impulse response of the channel from
the p-th transmit antenna. Defirlg(t) as the convolution of,(t) with w(t). The conditional bit error
rate using d.-th order Rake receiver can be expressed as:

1 ;
P(el{ax (), 0z()}) =Q [%z (ai(l) +a%<l>)] (1.64)

=1
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wherep is the signal to noise ratioay(1) = [ hp(t)w(t —A(l))dt and {A(1)}-_; are the delays of the
Rake fingers chosen to verifi(I) — A(l — 1)| > 2T, resulting inE [op(ay (I')] = Bid(1 —1")3(p— p').
B =E [a%(l)] and it is independent from for independent and identically distributed channel inspul
responses.

The channel model considered in [81] is the SV model [21] Wtyleigh fading on the multi-path
components. Given the nature of the carrier-less trangmisand the associated homodyne receivers,
only the real parts of the multi-path components (which hay@aussian distribution) are considered.
Based on this model, the impulse responses can be expressgglta = zlL,p:_Ol ap 1 O(t —Tpyr) where
L, is the total number of multi-path componentsgyft). T, anda, are the arrival times and the
amplitudes of the multi-path components of §i¢h channel witha,, having a Gaussian distribution.
Now ap(l) is given by:

Lp—1
ap(l) = Z ap i Ru(A(l) —Tpyr) (1.65)
1"=0

whereR,(t) is the autocorrelation function ei(t).

Being the sum of Gaussian random variabbes(!) is also a Gaussian random variable foe 1,2
andl =1,...,L. Inthis case, the Chernoff bound can be determined fromahditional error probability

in eq. (1.64) as follows [81]:
19 —L
Plee )
Ple)< |E 1.66
(e)L(HB'” (1.66)

L

On the other hand, the BER of a single-antenna system verifiegs< (p (|'||L:1 [31) %) ° Therefore,
the proposed system achieves full diversity since the siityeadvantage is doubled (it passes frérto
L). Note that, for. = 1, the BER with Gaussian fading decayspa§ (for large values op) unlike the
Rayleigh channels where the BER decaypas

Note that the proposed system is equivalent to the Alamaae d44]. While the Alamouti code
is an orthogonal design that encodes adjacent symbolsyshens in [81] takes advantage of the pulse
repetitions in order to introduce orthogonality among tla@s$mitted data streams. A similar encoding
and decoding scheme was proposed in [BOMePPM modulations over flat fading channels.

In an independent work, the authors of [82, 83] determinedottrformance of TH and DSSS multi-
antenna systems using the Alamouti code over Nakagamdfemdti-path channels. It was shown in
[83] that for independent Nakagamifading coefficients withP transmit antenna®Q receive antennas
and aL-finger Rake, the total diversity advantage is equahRBQLwhereni= Pm(Pm—m+ 1)~1. Note
that for Gaussian (resp. Rayleigh) fading channels the mebdliversity order i% PQL (resp.PQL).

1.4.3 Non-coherent Rate-1 Space-Time codes for IR-UWB

As an extension of their coherent rate-1 ST code, Gianretkis. [81] proposed a non-coherent multi-
antenna scheme that can be associated with 2-PPM moduglatibne proposed system is based on
energy integration and does not require any channel estimptocedure. Keeping the same notations
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as in Section 1.4.2, the transmitted signals take the form:

E N¢ — 1
—_— s J— p—
s(t) = ‘/2Nf w(t —nT; — 3) (1.67)
S
f

E N¢—1
S((t) = 2Ne Zow(t—an—sé) (1.68)

wheres € {0,1} indicates the position of the modulated symbol @id chosen to be larger than the
channel delay spread in order to avoid the interference gritenmodulation positions (this interference
can not be mitigated with energy detectors).

Designate by<e ( ) (resp. x0 ( )) the sum over th(%— even (resp. odd) time frames of the outputs
of thel-th Rake finger during thatth position. The corresponding decision vector is given by

(m)
mqy_ | X ()] _ [NiEs | as(l)+ax(l) B
" (')‘[xém><l>]_v g [a1<l>—az<l>]5<s m+

Letz™ =y, (x™(I ))T xM (1), the receiver decides in the favor of the positiaisuch that:

Ne(l)
) ] (1.69)

(m) 1.70
m=arg, max (7) @70

In the absence of noisg™ = NfZES S1(a2(1)+a3(1))d(s— m) has the same value as with coherent

systems implying that the non-coherent ST scheme stillgsrivbm full transmit and multi-path diversity.

1.4.4 Spatial Multiplexing with IR-UWB

For a system equipped wifd transmit antennas, spatial multiplexing (SM) is a simple fieax multi-
plying the data-rate bl without profiting from any transmit diversity. SM for IR-UW®Bas considered
in [84] with 2-PAM constellations and correlation recesérefer to Section 1.1.6). The considered chan-
nel model was the Kunisch-Pamp model [22, 23]. As explaime8dction 1.1.5, the cross-correlations
between the entire channel impulse responses are very. $mather words, correlation receivers using
filters matched to the entire channel response result inlraried co-channel interference. This results
in better performance with respect to narrow band systedis [8

A similar approach was adopted in [85] with 2-PAM constédias, Rake receivers and MMSE de-
tectors. A tapped delay line channel model was adopted. Pox  MIMO system, theéPQ channels
are drawn randomly according to the IEEE channel model rezendation [17]. At a second time,
correlations between the antennas are introduced by agpthie Kronecker model where the MIMO
channel covariance matrix is determined from the Kronepkeduct of the channel covariance matrices
at the transmitter and the receiver sides. Even though adagglay line model is not accurate for UWVB
channels (refer to Section 1.1.5), this formulation giveserninsights on the effect of spatial correla-
tion on the system performance. Results showed that, atdaighrates, TH-UWB systems have better
performance than DSSS-UWB systems that suffer from exeesgsier-chip interference. Moreover, a
spatial correlation factor of.8 (at both the transmitter and the receiver) introduces igdthperformance
loss of about & dB at a BER of 10* with a 2x 2 MIMO-TH-UWB system having a data rate of 788
Mbps.
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1.4.5 MIMO-UWB systems using orthogonal pulses

In IR-UWB, an additional degree of freedom resides in thesiiility of transmitting several orthogonal
pulses simultaneously. An example of a family of orthoggnadses is the modified Hermite pulses (refer
to Section 1.1.2). For single-antenna systems, assagigtigition, amplitude and shape modulations
results in high data rates [86]. For MIMO systems where thenobl estimation is more challenging,
orthogonal pulses were used for enhancing the channelagiimand detection [87,88]. In particular,
two orthogonal pulses (the Gaussian pulse and its firstatar@), destinated for the channel estimation
and data transmissions, are transmitted simultaneously.

1.5 Thesis outline and contributions

The remaining part of this work is organized as follows:

¢ In chapter 2, we present a generic system model for mulérerat TH-UWB systems. This model
takes into account the possibility of having inter symbaéiference (ISI) and multi-user inter-
ference (MUI). Moreover, this system model, that will be siolered throughout the remaining
parts of this work, is associated with different kinds ofqtigal receivers that achieve different
compromises between performance and complexity. We thepope a new rate-1 ST coding
scheme that is based on inter pulse coding and that can beiasslowith any number of transmit
antennas. The performance of this coded system as well asftbacoded MIMO systems is
then determined over the IEEE 802.15.3a channel model memdations [17]. The performance
is measured by the achieved error rates as well as the adhiitwersity-multiplexing tradeoffs.
Finally, we present a new design of the low-dimensional &g spreading matrices that are
associated with the pulses used to transmit a given infeomatymbol. This design permits to
reduce the level of MUI in multiple access channels.

¢ In chapter 3, we present new full rate ST coding construstibiat can be associated with carrier-
less TH-UWB systems. While carrier-less UWB systems werssiciered uniquely with rate -1
totally-real ST codes in the literature, the proposed STesate the first proposed schemes that
have full rate and that satisfy a large nhumber of constrdhmds are difficult to achieve. Differ-
ent families of codes are presented. We discuss the cotistresdrom cyclic division algebras,
intra-symbol coding, joint inter-symbol and intra-symlgolding. We also present novel diversity
schemes that follow from the association of Hermite pulsiéis mrodulation diversity. For the first
time, we introduce new families of ST codes that can are skauo PPM and to PPAM and that
outperform all “classical” constructions based on cyclidsion algebras.

¢ In chapter 4, the principles used in chapter 3 for the coostnu of ST codes are extended to the
cooperative TH-UWB systems. While cooperation was nevgtistl in the UWB context, the pro-
posed schemes turn out to be very beneficial for UWB ad hoc emsbs networks. In particular,
we present new totally-real constructions for the nonagtinal amplify-and-forward scheme. All
of the proposed codes are totally-real and they permit teegeliull rate and full diversity. Because
of the totally-real constraint, some families present tihaatage of having a non-vanishing deter-
minant at the expense of not being information losslesseCtmilies of codes are information
lossless and have a uniform average transmitted energytmre at the expense of having a cod-
ing gain that decreases with the spectral efficiency. Fargoonstellation dimensions (number of
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modulation positions), the non-vanishing determinantthednergy efficiency can be obtained si-
multaneously. We also present novel coherent, non-cohexed differential decode-and-forward

strategies that take advantage of the pulse repetitiongatéantrinsic to TH-UWB systems. Some

practical issues related to timing errors are also disclisse

e In chapter 5, we consider the problem of decoding the mirtiedisional PPM and PPAM con-
stellations. Unlike QAM and PAM constellations where akk tbomponents of the transmitted
information vectors are independent from each other, PP#RIPAM are sparse constellations
where only one position (among tié modulation positions) is occupied. The sphere decoder
as well as other sub-optimal decoders (such as the V-BLAS®dlr) are modified to efficiently
decode these constellations.

Finally, concluding remarks and future work perspectivesgiven. The appendices are dedicated
for the complementary material and for the proof of the déffé lemmas and propositions.
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Chapter 2

Receiver Design and Performance Analysis

In this chapter, we present the system model of MIMO-IR-UWBtems. An accurate model must take
the impulsive nature of time domain UWB systems into consitien. Moreover, the effects of the high
frequency selectivity of the UWB channels must be consilléoe accurate transceiver design. At the
receiver side, practical implementations based on Ralevexs and correlation receivers are considered
(Section 1.1.6). At a second time, we present analyticahi-smalytical as well as numerical analysis
on the performance of MIMO-UWB systems over realistic mphih indoor channels. Throughout the
analysis, we try to answer the question about the utilitypatisl diversity in UWB systems.

Throughout this work, the considered system model is basdatefollowing assumptions that are
commonly used in the wireless communications literature.

e Channel State information: In this work, we consider the case where the CSl is availablg
at the receiver side. In some situations, we also considferefitial systems where the CSl is not
available at the communicating terminals.

e Block Fading: A block fading model is used to characterize the time vagyiature of the wireless
channels. In other words, we assume that the channel isanvasver a block composed of a
certain number of symbol durations and then the channehpeteas change independently from
one fading block to another. In general, indoor channelssetionary and the duration of each
fading block can be very large.

e Perfect synchronization For peer-to-peer links, perfect synchronization is assiiivetween the
communicating terminals. For multiuser systems, the ppedanodel takes the possible asynchro-
nization between the different users into consideration.

e Multi-path channels: In the absence of an accurate and widely approved MIMO-U\W&hael
model, we adopt two different approaches for studying thiopmance of the proposed systems.
The first approach consists of adopting the IEEE 802.15r8fesantenna channel model recom-
mendations [17]. In this case, the different sub-channetsvéen the transmit and the receive
antenna arrays are generated independently according’to [d other words, we assume that
the antenna arrays are sufficiently spaced. In all casesaginroach constitutes an upper bound
that quantifies the maximum performance improvementsexffey multi-antenna techniques. The
second approach consists of providing numerical resuiedan channel measurements. Even
though an analytical analysis is not possible in this cdse approach is beneficial in giving more
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insights on the system performance in realistic situatidmsll cases, highly frequency-selective
channels are considered.

e Additive White Gaussian Noise at the receiver The noise at the receiver side is taken to be real
AWGN with zero mean and double-sided spectral deH%ity

Recent work on the performance analysis of MIMO-UWB systearsbe found in [89, 90]. In [89],
the error rate of spatial multiplexing was evaluated overutimath lognormal-fading channel for the
first time. This approach is interesting because the IEEBrdlanodels [17,18] are based on lognormal
fading. The receiver performed zero-forcing and maximutioreombining in order to separate the
incoming data streams. However, the authors made the aisartipat all the combined paths have the
same average power, and the proposed model is valid onlynfided number of combined multi-path
components. Moreover, the ray arrival times were taken ¢oioat integer multiples of the pulse-width,
and therefore, the proposed calculations can not be apptigite channel models proposed in [17] where
different multi-path components can arrive during the spmise duration.

The performance of PPM constellations over multi-path Ngakai-fading channels was considered
in [90]. The considered system transmits at a rate of 1 syfd) and the transmit diversity is achieved
by antenna switching. For systems wittransmit antennas amdt pulses per symbol, antenna switching
is equivalent to transmittin&é pulses from each transmit antenna where only one antenmeniiis dur-
ing each frame duration. For such systems, the authors shihaethe diversity advantage, in the sense
of having steeper BER-versus-SNR curves, is achievablsyfsiems having a small number of Rake
fingers. However, despite this contribution, the analysigppsed in [90] is exclusive to systems based
on antenna switching (in other words MIMO systems that desnéfer from co-channel interference).

2.1 System Model

Consider a MIMO-TH-UWB system where the transmitter andrdeeiver are equipped with andQ
antennas respectively. We considevlaPPM-M’-PAM constellation that entails1-PPM andM’-PAM
as special cases. Keeping the same notations as in Sectidn the signal transmitted from theth
antenna can be obtained by slightly modifying eq. (1.9):

(k) EsZk < (k) (k)
Sp ( PNfJZ pj Z)bpjn s—NTf —CpjnTc—dy 6) (2.1)

where the multiplying facto% was introduced in order to have the same total transmittetggras

in the case of single-antenna systems. In what follows, thelitude spreading sequen¢bﬁn} and

the TH sequencécgf)j‘n} are taken to be periodic with periddf and therefore the subscriptcan be
dropped down. Moreover, the antennas of a given user witestie same pseudo-random TH sequence
and the subscripp can be dropped down from the TH sequence. The amplitude asitigmoof the
symbol transmitted from thp-th antenna of th&-th user during thg-th symbol duration are given by
a(p‘f} anddgfj) respectively. Let:

Kk Kk Kk
()j’m:a()jé(d()—m) : m=0,... M—1 (2.2)
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Equation (2.1) can now be expressed as [6, 8J:

® . [EsZk < NCIMCL )
Sp (1) = PN, Z z Z a mb AW(t = jTs—nT; — ¢y Te — o) (2.3)
£

=—c Nn=0 m=0

Designate b)ggf,)g(t) the impulse response of the frequency selective channskkeatthep-th trans-

mit antenna of th&-th user and the-th receive antenna. In a system comprigihmterfering users, the
received signal at thg-th receive antenna can be expressed as:

P
k k k
Y 50 (1) * gp(t — 1 — egp) + ng(t) (2.4)

whereny(t) is the noise at the-th antenna and it is assumed to be real AWGN with variavge. T
corresponds to the propagation delay of kit user with respect to the first usefy = 0).

8((';(2) corresponds to the arriving time of the first multi-path comgnt ofggf,)g(t). The spacing be-
tween the antennas of a given array results in differentartimes that are not negligible with respect
to the very short duration of the UWB pulses. These additidetays are calculated with respect to the

first arriving ray of the first user. In other words, rﬁiﬂsé%) = 0. In what follows, we fix:
k K k
hGb() = W) * gip(t —5) (2.5)

implying that the receiver is synchronized to the first mplith component between the transmit and the
receive arrays.

Following these notations and dropping the superséript the desired user and the subscijigor
the desired symbol duration (the period during which thasige variables are collected), eq. (2.3) and
eg. (2.4) can now be combined together resulting in:

Nf—1
EstMl

bpnh Te—md
PNy pzl nzo rrZoapm poflaplt = Gl = mO)

rq(t) =

400 P Nf—=1m-1

+Z\/72 > > Zak MK (¢ To— Ty — ¥ — 9T, — md)

j=—0p=1 n=0 m=0

r§™ 1)

40 P Ni—1M-1

0#]=—00p=1 n=0 m=0

0 1)

In what follows, we ignore the impact of inter symbol intediace (ISI) and multi user interference
(MUI) that will be discussed in Section 2.4. Denotelbyhe maximum delay spread of the underlying
channel [ >> Ty), ISI can be eliminated by choosing:

Tt >T+NTe+(M—1)0+ Ty (2.7)
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2.1.1 Rake receivers

We first consider the case wheré&-ah order Rake is used after each receive antenna. At eachfahm
Rake receiver, a bank ®fl correlators is needed to detect thledimensional signals. Forlath order
Rake, designate b, the delay of thé-th finger associated with the channel from héh transmit

to theg-th receiver antenna fdr=0,...,L — 1. In general, we can differentiate between Partial Rakes
(PRakes) and Selective Rakes (SRakes) (refer to Sectiof).l.Eor PRakes that combine the fitst
arriving multi-path components, we fix; | = A = IMT,, for all values ofp andqg. For SRakes)\q
corresponds to the arrival time of theéh strongest multi-path component between pkt transmit and

the g-th receive antenna. In general, the receiver can not resoldti-path components separated by a
duration less thail,, and thereforey p is always chosen to be a multiple &f. The signal at each
receive antenna is correlated with the following referesigeals:

Wq’Lp.n’m(t) — W(t - an — CnTC - Aqqu - rrﬁ) (28)

This results inQPLM decision variables collected during each frame duratioh (From eq. (2.6)
and eq. (2.8), the output of the correlator matched tdiremulti-path component dfy ,(t) during the
m-th modulation position of the-th frame is given by:

(+1)T
Xg,p,nm = / q(t)Wq pnm(t)dt (2.9)
P M—l
N p/:1m’:
where: .
f
and the noise termg ,nm Is given by:
(n+1)T; _
Ngl,pnm = /nT Ng(t)Wq, pnm(t)dt (2.12)
f

Given that the reference signals are different from zerg omér a limited time interval (of duration
Tw) and are equal to zero elsewhere, the correlation betweemdise samples verifies:

o0 +o0
E[Nq).p.nmng i, pavm] :E{/ nq(t)VT’q,me,m(t)dt/ Ny (T)Wey 1. pr v (T) T
—+o00

Since the noise termg(t) are AWGN,E[ng(t)ng (T)] = 6(q q)o(t — 1) and the double integral in
eg. (2.13) simplifies to a simple integral:

No +o -
ENg,pnmNy 1, p.wm] = 6(q q ) Wo1,p,nm(t) Wy 1 v v (1) it

N
= _OVW ((n/ - n)Tf + (Cn’ - Cn)Tc+ (”{ - m)6+Aq’.I/.p' - Aq,Lp) 6(q - q/) (2-14)

whereyy(t) is the autocorrelation function oi(t).
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Suppose that the time support of each matched filter doesxneté the frame duration. In other
words, may,p; (Aqpi) < T, whereTy is given in given by:

Ty=Tr—=NTe—(M—-1)3—Ty (2.15)

In this case, eq. (2.14) simplifies to:

E[nq,l.p.n,mnq’,l',phn’,rﬁ] = %VW(('T{ —m)d+ Ag p 1 —Dqp )6(q - q’)6(n - n/) (2.16)

For PRakes, we fiY\q ) = A =IMT,, for | =0,...,L —1 and for all values op andqg. From eq.
(2.16), it is easy to show that this choice along with T, result in white noise terms singg(kT,) =0
for k € Z\{0}. For SRakes, the correlation between the noise terms depenitie channel. For thgeth
receive antenna and for a given modulation position if the I-th strongest path diy p(t) coincides
with thel’-th strongest path di,  (t), then the corresponding integrated noise terms are ctedela

From eq. (2.10), designate by the vector of lengtiPNiM whose((p — 1)NtM +nM + m+1)-th
component is equal &y pnm for p=1,...,P,n=0,...,Ns =1 andm=0,...,M —1. Xy can be
expressed as:

Xq1 = Pil\ijql (B@Iv)A+ Ng, (2.17)

where:
¢ Ny, is the noise vector that is constructed in the same wag as

e Ais the PM-dimensional information vector. It can be expressed/as: [A] --- AL]T where
A, is the M-dimensional vector representation of the symbol thataasmitted from thep-th
antenna. For example, fod-PPMM’-PAM constellationsA, € ¢ given in eq. (1.8). For PAM
constellationsA,, is a scalar for all values dd.

e Designate by theP x Nt amplitude spreading matrix whogp, n+ 1)-th entry is equal tdy, , for
p=1...,Pandn=0,...,N;f — 1. Thens is thePN; x P matrix given by:3 = diag(B] --- B})
whereB, designates the-th row of B.

e Ry is aPNtM x PNtM matrix given by:

Ing @Rgi11 - Ing @ Rgip
Ryl = : : (2.18)
Ine @Rgip1 -+ Iy ®Rgipp

whereRy) pp is aM x M toeplitz matrix whosgm, nY)-th element is given by:
Rat.pp (M) =rqp ((M=n)3+Aqp)) (2.19)

and it corresponds to the impact of the pulse (if any) trattsghiby thep’-th antenna at thev-th
modulation position on the filter matched to thth ray ofhg x(t) (the delay of this filter is further
translated by a duration corresponding totiréh position). Note that for PAMRy, v IS a scalar
that corresponds to the amplitude of the multi-path compbogh, v (t) whose arrival coincides
with that of thel-th path ofhg x(t). A schematic representation of a MIMO-UWB SRake receiver
is given in Fig. 2.1.
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From fingers +1 ... L-1
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Figure 2.1: Schematic representation of a MIMO-UWB SRakeiker.

In what follows, and for notational simplicity, the multyphg factor , / PE,jf is removed from eq.

(2.17) since this term can be included in the expressioneohtise variance.

From eq. (2.17), designate b = [X o --- Xj, 4" the vector of length PNtM. The QLPN;M-
dimensional decision vector is given byt = [X{ --- XJ]". In the same way, we denote & the
LPNtM x PN¢M channel matrix corresponding to thith receive antenna and that is given i =
[Rio -~ Ry 4]"- Finally, the QLPNiM x PN¢M channel matrixR is given by: R=[R] --- Rj]".
Following these notations, the input-output relation carekpressed as:

X@LPNMx1) = RQLPNMxPNiM) (ﬂ(PfoP) ® I(M><M)> Apmx1) + NoLpnMx 1) (2.20)

whereN is the noise vector that is constructed in the same waX asd the subscripts in eq. (2.20)
indicate the matrices’ dimensions. Note that the noise tdrim not white. The components of the
covariance matriz,, of N are obtained by multiplying eq. (2.16) tgg'\ii

For PRakes, the matriky in eq. (2.18) will have dimensiorf$sM x PN¢M. In this case, eq. (2.18)
can be written as:

Rgl = [ Ine®@Rgi1 - Ing®Rgip ] (2.21)

whereRy) p is aM x M toeplitz matrix whosgm,nT)-th element is given by the following relation:
Rg,p(M,m) =rqp ((M—n1)3+IMTy).
Equation (2.20) can be written in a more general form as:

XQLPNMx1) = RQLPNiMxPNiM) (3(PfoP) ® |(M><M)> Apmx1) + NoLpnemx 1) (2.22)
whereP’ = P for SRakes an#’ = 1 for PRakes. For PRakes, the noise vettas white with variance
PNt No

75, -

For 2-PPM modulations, the reference signals in eq. (2.8)eareplaced by:
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In this case, thé x M matrix Ry o » in €q. (2.19) reduces to the scalar:

Ryt =Tap (Bapi) —Fap (0+28qp1) (2.24)

In the same way, for PRakes with 2-PPM, the maRjx , reduces to the scalaRy p =rq,p (2 Tw) —

2.1.2 Correlation receivers

For correlation receivers, the signal received atdHh receive antenna is correlated wireference
signals corresponding to the filters matched to the charmggls .., hqp. In the case of perfect channel
estimation, the reference signals are given by:

Rgpnm(t) = hgp(t —nTs — caTe — md) (2.25)
The decision variables at the receiver side are given by:
Ti ~

Xg,p,n,m = /0 rq(t)hg p.nm(t)dt (2.26)

E, P M1 ( |
= ap/,mbp',nrq,p,p/ (m— m)é =+ Ng,p,n,m (2.27)

V PN pzzlrrzo
where: .

raps (0= [ o (Dap(t— ) (2.28)

andT; is the integration time. WheR =T (the maximum channel delay spread), then the above receiver
is equivalent to an All-Rake (ARake) that combines all of thelti-path components. The correlations
between the noise terms verify:

N
E[nq,p,mmnq’,p',n’,m] = ?Orq,p’.p ((n/ — )T+ (Cy — Cn)Tc+(”{ - m)é) 5(q— q/) (2.29)

which simplifies to:

N / /
E [Ng,p.nmNg.p,v,m] = Eorq,php ((rr( - m)é) 3(q—q)d(n—n) (2.30)

whenT; < T;. Equation (2.27) can be expressed in matrix form as:

E
X = > R(B®Im)A+N (2.31)
PNt

whereR = [R] ---R5|" has dimensionQPNiM x PN¢M. In a way similar to eq. (2.18] is given by:
Ry = [(Iny ® Rgpp)] E »—1 Where the(m,n7)-th element of thé/l x M toeplitz matrixRq pp is given by:

Ro.p.p (M, M) =rgpp ((M—nT)3) (2.32)

Finally, as in Section 2.1.1, the multiplying fac PE,\jf is removed from eq. (2.31) and included in

the noise variance.

There is a big similarity between PRakes and correlatioeivecs. In fact, a correlation receiver with
integration timeT; collects the same energy ak-#h order PRake with = ML'TW However, from eq. (2.8)
and eq. (2.25), it can be seen that the correlation reced@rsot suffer from intra-pulse interference
since they can resolve the multi-path components sepdogtadiuration less thah,.
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2.1.3 Despreading

In order to simplify the structure of the receivers, we cleots combine the decision variables cor-
responding to théN; pulses of the same transmitted symbol prior to decoding.s thiresponds to
multiplying by a despreading matri. In this case, the new decision vectrmat the receiver can be
expressed as:

Y =DX =DR(3 @ Iy)A+N (2.33)
N———
H

The length ofY is equal toQLP'M for Rake receivers an@PM for correlation receivers. In particular,
spatial multiplexing follows as a special case of this gen@odel. In this case, independent data flows
are transmitted simultaneously and the same spreadingseg|is associated with all transmit antennas.
In particular, we can choo$®= 1p,y,. The despreading matrR is given byD = lg p ® (B1® Iu) for
Rake receivers anl = Igp ® (B1 ® I ) for correlation receivers whei = 11, is the first row ofB.

For example, when associating spatial multiplexing wittrelation receivers, eq. (2.33) simplifies to:

[ Ri11 -+ Ryip |
Rip1 -+ Rupp
Y=HA+N=| : : i [A+N (2.34)
Ro11 - Roip
| Rop1 -+ Ropp |

where thgm, n)-th element of the matriR, , y is given in eq. (2.32). Sind® is unitary, the covariance

matrix of the zero-mean noise tetverifies: =, = E [NNT] = E—E‘SH.

2.2 Rate-1 coherent ST-coded systems

2.2.1 Transceiver Structure

In this case, the same information symbol is transmittechftoe P antennas and orthogonal amplitude
spreading sequences are associated with the differesttibantennas. While orthogonal codes achieve
a rate of 1 symbol PCU for some specific value®¢P = 2,4, 8) [45], the proposed scheme profits from
the pulse repetitions in order to introduce orthogonalityoag the transmitted data streams. It can be
associated with any number of transmit antennas veriffinig N;. Given thatN¢ can be in the order
of 10 in IR-UWB systems, this approach is feasible with pcattsystems having a limited number
of antennas. The considered scheme can be seen as an exiengie ST code (“STC1") proposed
in [81] for P > 2. While [81] was limited to 2-PAM constellations and PRakbég considered scheme
is generalized for all constellations associated with RRagRakes or correlation receivers.

More explicitly, theP x Ny amplitude-spreading matriB is chosen to verifyBB" = N¢lp. The
despreading matri® in eq. (2.33) is given by = lg p ® (B® Im) for Rake receivers and = lgp ®
(B® Im) for correlation receivers. In what follows, the performaranalysis is limited to correlation
receivers.
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For the rate-1 ST coded systems, it can be easily seen thé2.88) can be written in an equivalent
way as:
diag(Ry1 -+ Rup)

Y =HA+N= A+N (2.35)

diagRq1 -+ Rop)
whereR,p is aM x M matrix forq=1,...,Qandp=1,...,P. Its (mn7)-th element is given by

Fgp ((M—m)3) whererq p(t) = fo' hqp(t)hgp(t — T)dt. Since the same symbol is transmitted from all
antennasA can be written ag& = 1p.1 ® SwhereSdenotes thé-dimensional vector representation of

the transmitted symbol”g =--- = Ap = ). N is a colored noise:
PN .
E [NNT} = fdlag< Rl,l"'Rl,P RQ.]_'-'RQ’p > (236)
S

Since this orthogonal scheme is equivalent to cred®i@parallel channels between the transmitter
and the receiver, the outputs of tR€ matched filters corresponding to a given positiogan be added
up. Therefore, eq. (2.35) can be written in an equivalent agy

Q P
Xm= > > Yg-1)PM+(p-1)M+m
g=1p=1
Q P M-1
=3 5 S rap((m—n)8) s+ (2.37)
g=1p=1n'=0
wheres,, is them-th component of. From eq. (2.36), the correlation betwagpandn,y is given by:
Og.p.m—
A =™ _ Ya.p (z;p,m m (2.38)
EMZJEm]  2apdapo

A
wheredq pm = rqp(Md) = Og p,—m.

2.2.2 Conditional Error probability with bi-orthogonal PP AM

The bi-orthogonal PPAM corresponds to hybNdPPM-2-PAM constellations. Suppose that a pulse
whose amplitude verifies,, € {1} was transmitted at therth position (0O< m<M —1). TheM
decision variables in eq. (2.37) can be expressed as:

X :Srnzaq,p,M—m+ Nny (2.39)
q;p

form=0,...,M—1.
We show in Appendix B that the conditional error probabilrgrifies:

2E Og.p.0 2 M1
Pe < Q (\/ szg&,w) + o Zl (M —m) (zpr%l) P 2a>r$,1>1>r$,2>> (2.40)
m=

whereLPr%l) andgprg]z) are given by:

2 =0 ( \/ EsYqp(Olgpo+ <1>‘10‘q«p*m>) (2.41)

PNo
The error probability of PPM constellations follows as acglecase by setting’,%z) and the first
term of the right hand side of eq. (2.40) to zero.
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2.2.3 Error probability with PAM

For 2-PAM constellationsyq po = [y’ hq p(t)2dt corresponds to the total energy contained in the channel
impulse response fof; = . From [17], aqpo = exp(A’) where( is a zero-mean normal random
variable with standard deviation, = "%g,. o, = 3dB is the standard deviation of the lognormal
shadowing that affects all multi-path components [17]. rEfmre, the average error probability with

2-PAM constellations can be expressed as:

pe/o“’.../omQ(\/?) (rlp )dxl---deQ (2.42)

wherexy, ..., Xpq are independent and identically distributed lognormabican variables that can be
written asx; = exp(A;) wherea is a Gaussian random variables with meaa 0 and variance = of\é
fori=1,...,PQ. p(x) is the probability density function of.

Let x = zr'}'zlxi whereN = PQ. Being a sum of lognormal random variablescan be well ap-
proximated by a lognormal distribution [91, 92]. Designayeu andv the parameters of the lognormal
approximation of the distribution of, then eq. (2.42) can be approximated by:

~ [Tof JEX) L _M>
Pe_/o Q( Pl\b>x\/?wexp< L (2.43)

Several approaches have been proposed for determiningatiesvofu andv from the parameters
of the constituent random variablgg ..., xy. For example, we can cite Wilkinson’s approach, Farley’s
approach and Schleher’s cumulants matching approach If@phrticular, Wilkinson’s method is based
on matching the first two moments of a lognormal random végigako the moments of the sufy x. In
this caseu andv are given by:

u? Up 02
u=In (\/—llj_) ;v:In<u—%> Nexp( >

Uz = Nexp(20%,) + N(N— 1) exp(a?, ) (2.44)

2.2.4 Achieved diversity order over the IEEE 802.15.3a charel models
Using the Chernoff bound, eq. (2.43) can be upper bounded by:

Ll _ Ex 1 (In(x) —u)?
Pe ~ 2/0 exp( PNo> x\/ﬁveXp< — >dx (2.45)

Equation (2.45) corresponds to the moment generating itmaif the lognormal distribution that
doesn’t have a closed form expression. The numerical etiafuaf eq. (2.45) shows that the curvg P
versusESNO‘1 (or versus SNR) becomes steeper when the valueddcreases. This is equivalent to
the rank criterion [50] and therefore the diversity advgetaver the IEEE 802.15.3a channel models
is related to the value of. From eq. (2.44), since is a deceasing function &, then the proposed
orthogonal ST coding scheme is equivalent to transformhedgi SO channel into another channel having
the same distribution but with a lower variation in the captlenergy (and hence lower fading margins).

On the other hand, for a fixed value @fincreasing the value af results in a simple translation of
these curves. This is equivalent to the coding gain achibyeiT codes [50]. The interest of ST coding
over the considered channels is evident simggan increasing function df.
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Figure 2.2: Bounds on the performance of single antenn@msysand of thé4 x 1) orthogonal code
over the IEEE 802.15.3a CM2 channel model.

Note thatP andQ have the same impact on the performance curves since, froif2 &), u andv
depend uniquely on the produdt= PQ (without mentioning the energy capture enhanced by incrgas
Q). Since the receive diversity is assured by this kind of cefhiereceivers, this proves that, in an
equivalent way, the proposed system profits from full traihsiaersity.

In order to determine the achieved diversity order over imsitlered channels (the slope of the
log-log plot of R versusEsNgl), we try to conveniently upper bound eq. (2.45). Since(ex) =
(3 Xn)_1 < X Vne N, then eq. (2.45) can be bounded by:

n=0nl
po< Ty [y L exp(_[In(t)—(u+|n(ES)—In(PNo))]2>dt

~2 Jo tv2nv 2v
|
< :—2Ln!E "] = ke - VNEN (2.46)

- 2 (exp(u) exp(~ 3)Es(PNo) 2

From eqg. (2.46), it can be seen that the considered chanradisfrom an infinite diversity order as
SNR— 4. For example, unlike the Rayleigh fading channels that\oehaaymptotically aéSNR P9,
the slope of B(SNR over the channels in [17] has an infinite value for large SNRsan be also seen
from eq. (2.46) that unlike, v has an impact on the achieved diversity order since it isipligit! by n.

Because of this infinite diversity order at asymptotic valoéthe SNR, the utility of an additional
spatial diversity over the IEEE 802.15.3a channels is queable. However, even though the bound in
eq. (2.46) gives a clear idea on the slope gfSNR asSNR— +oo, it becomes looser with increasing
values ofn especially at practical SNRs. The bound in eq. (2.46) fdedght values of as well as the
error probability in eq. (2.43) are plotted in Fig. 2.2. Thigure shows that despite the infinite diversity
order achieved at infinite SNRs, the diversity advantagebeaenhanced at practical values of the SNR.

Note that the above calculations were limited to the dasel". However, as will be shown later in
Section 2.3.1, the integrated energy can be well approgidhay a lognormal distribution for different
values of the integration time. Therefore, the proposedasmh can be applied with different values of
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T; and an infinite diversity order can be achieved at infinite SNfRowever, since (resp.v) in eq. (2.46)
decreases (resp. increases), this asymptotic regime isvadhfor higher SNRs and the enhancements
introduced by ST coding for practical values of the SNR bezonore pronounced.

In a similar way, the conditional error probability of thensidered coding scheme with Rake re-
ceivers and 2-PAM constellations can be expressed as:

265 3¢ 351510 g
Pe=Q \/ PN, (2.47)
whererg p| = rq.p(Qq,p1) @andrq p(T) is given in eq. (2.11)hg p(t) can be expressed as:
Lap—1
hgp(t) = % Olg,p W(t —Tgp) (2.48)
1=

whereLq  is the number of multi-path componentsg ) andtg ) correspond to the amplitudes and
the arrival times of these multi-path components respelgtieiq 1 = 84,p1Ng,p) Wheredq 1 = £1 with
equal probability and it accounts for the random pulse sieer that can occur due to reflections. The
magnitude termmqp is a lognormally distributed random variable and it coroesjs to the ray, cluster
and overall energy shadowing [17]. From eq. (2.11) and eg8}2it follows that:

Lgp—1
Fo.p) = IZ Bq.p1'Nap1 Yw(Tqp —Bgp) ZrprJ —Tapl (2.49)
=0
where:
ril.p: zi‘VW(Tq,p,l’_Aq,p,l)‘nq,p,l’ (2.50)

I'ea
anda® is the set of values df verifying 6 p 1 Yw(Tq,p)r — Agp1) = O.

Being the sum of lognormal random variable§p7| and Fqp CanN be approximated by lognormal
distributions. Thereforeq ) is equivalent to the difference between two lognormal iistions. To
the author’s knowledge, there are no valid approximatiamgHe distribution ofrg ) and therefore an
analytical analysis of the average probability of errohwRake receivers is not possible.

However, if the receiver uses a very high resolution fraclly-sampled (FS) Rake receivers that
can resolve multi-path components whose temporal separatiess tha,, [93], thenr;pI andr; ol
can be coherently combined angl, can be approximated by a lognormal random variable. Thexefo
these receivers are equivalent to the correlation rece®ed they achieve an infinite diversity order at
large SNRs.

Concerning the construction of ST coding schemes over thd&ldWannels [17] that do not lend
themselves to an analytical characterization, we have acelexcept adopting the design criteria given
in definitions 1.16 and 1.17. In all cases, these criteriatitte an upper bound (even if it may be loose)
for constructing “good” ST codes as shown in eq. (1.33).

2.3 Diversity-Multiplexing Tradeoff over the 802.15.3a clannel models

In this section, we evaluate the diversity-multiplexindngd®-MG) tradeoff of single-antenna and multi-
antenna UWB channels in [17]. This formulation which is aymgowerful tool for evaluating the under-
lying communication channel was never considered in the WtBext. Evaluating the D-MG tradeoff
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gives more insights on the true utility of merging MIMO tedures with UWB independently from
any calculation approximations and receiver structureiefsthe high frequency selectivity of the con-
sidered channels, the entries of the channel matrices (i(284) for example) have no closed form
distributions.

Our approach consists of evaluating the statistical behasfi some significant parameters of the
channels in [17]. At a second time, the distribution of theammeters is used to derive lower and upper
bounds as well as approximate values of the achieved D-M{eoiés.

2.3.1 Statistical characterization

Consider, for simplicity, the case of a correlation receguipped withQ = 1 receive antenna. For
PAM, multiplying eq. (2.34) b)H‘% in order to whiten the noise results in:

Y —=H"2Y =HZA+N (2.51)

whereN is white with varianceg%'\tJ £ Pp~twherep is the signal-to-noise rati¢d is aP x P matrix whose
(p,p')-th element iH, y = Hy p = j'OTi hp(t)hy (t)dt wherehp(t) corresponds to the channel between
the p-th transmit antenna and the receive anteniaas= H, , corresponds to the energy received in an
integration window of duratioff;.

Statistical model of the integrated energy

We suppose that the channel responses are uncorrelatedeaddnate by the random variable de-
scribing the behavior of the independent and identicakiyriiuted random variables, for all values of
p. For example, it was seen in Section 2.2.3 that whea I, A is a lognormal random variable with

_ _ 4ln(10)
parametersi = 0 ando = 3—5~.

In what followsw(t) is taken to be the second derivative of the Gaussian puldeanituration of
0.5 ns. We found thak can be well approximated by a lognormal distribution foriaiegration times
and channel profiles [17]. For CM2 that corresponds to NLO&Iitmns, the complementary density
function (CDF) ofA and that of its lognormal approximation are presented in Zig for different values
of Ti. Similar results are obtained for the other profiles CM1, Givid CM4.

Statistical model of the maximal eigenvalue of the channel atrix

Studying the D-MG tradeoff for any number of transmit anesnecessitates the knowledge of the joint
probability density function of the eigenvalues of the atelrmatrix in eq. (2.51). While this distribution
is known in the case of Gaussian random matrices [48], suemalytical characterization is impossible
for the channel matrices in eq. (2.51). In this section, wesent a statistical approximation of the
distribution of the maximal eigenvalue of the channel madienoted byomax This characterization is
useful in determining lower and upper bounds on the D-MGeodfd over the MIMO-UWB channels.

Omax IS also found to be well approximated by a lognormal distidou The probability density
function (PDF) over CM2 is shown in Fig. 2.4 for different ninen of transmit antennas and integration
times. Similar results are obtained over the other chamuodilgs.
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Figure 2.3: Exact and approximated CDF of the energy intedran a duration ofl; over CM2. I
corresponds to the maximum channel delay spread.
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Figure 2.4: PDF ofihax0ver CM2. Solid and dashed lines correspond to the simutistdbutions and
their lognormal approximations respectively.
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2.3.2 Achieved Tradeoffs

Rather than studying the D-MG tradeoffs at asymptotic \@hfehe SNR as in [48], we choose to apply
the framework proposed in [94] for determining the D-MG #afls at finite values of the SNR).
The multiplexing gairr is defined as the ratio of the spectral efficieltgbps/Hz) to the capacity of an

AWGN channel: R

= log,(1+p)
As in [48], this definition implies that for a constant muldging gain, the spectral efficiency in-
creases with the SNR. The diversity gai(r,p) is the negative slope of the log-log plot of the outage
probability Poyi(r, p) [94]:

(2.52)

P 0Pou(rp)
Pou(r,p)”  0p
At a fixed SNRd(r, p) provides an indication on the additional power requiredderdase the outage
probability by a specified quantity.

d(r,p) = (2.53)

Single-antenna systems

From eq. (2.51), the outage probability at a given SR hultiplexing gainr and channel realization
(determined by) is given by:

Pout(r,p) = PH{l =l0g,(1+pA) < R=rlog,(1+p)} (2.54)

From Section 2.3.1\ can be approximated by a lognormal random variable and eg4)(2an be
written as:

Pout(r,p) = PH{A < p~Y[(1+p) — 1]} (2.55)
A~ futin(e)—In((1+p)' —1)
= Q< S > (2.56)

whereu ando are the mean and the standard deviation Of)Jmespectively.
From eq. (2.53) and eq. (2.56), we obtain:

I SO A b W P ) el
d(r,p)_\/ﬁoQ(X)exp< 2){1 rp(1+p)r_1] (2.57)

whereox = [u+In(p) —In((1+p)" —1)].
Two remarks follow from eq. (2.57):

1. limp_ d(r,p) = . This shows that at very high SNR, the UWB channels in [17]avehin the
same way as the Gaussian channel. In other words, an infinéssity gain can be obtained even
in single antenna situations. This is in coherence with theepvation made in Section 2.2.3. Ata
first glance, this shows that there is no interest in profitmg the spatial diversity at high SNR
by the use of space-time coding techniques.

2. For large values of the SNR, eq. (2.57) behaves(@g I his implies that the asymptotic behavior
(with an infinite diversity gain) is reached at very high SNReese SNRs can not be obtained in
practical systems implying that the asymptotic regime @menbe reached in some situations. For
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examplep = 30 dB results in an asymptotic behavior over the Rayleiglnfachannel. However,
In(p) = 8.3 dB may not be in the asymptotic region (which is the casefactral values ofi and

o as shown later). The interest of using multi-antenna syst@nses from this remark. In other
words, for practical SNRs, MIMO techniques introduce anitiattal diversity advantage.

Rate-1 ST coded systems

In order to avoid redundancy, we introduce the followingations:

/ _ / E
Pret(r,p,u,v,n',n) = Pr{n log, (1+ nA) <rlogy(1+ p)}
/N %_
_0 u+In(p/n') —In((1+p)n —1) (2.58)
VV
whereu andv are the mean and variance of i) respectively ana is a lognormal random variable.
Applying eg. (2.53) on eq. (2.58), we obtain:

dret(r,p,u, v, N) = = .
Q (u+|n(p/n’)fln[(1+p) n 71]>
NAY
1 1 p r 2 rp (l+p>%_1}
—— exp|—Z(u+In(E)—in((1+p)i—1 1—E=TH 1 (259
V2 p{ 5 (urin () ~n(@+p) ))H nrppo1) &9

For the rate-1 coded systems described in Section 2.2, theaimaformation between the input and
the output of the channel defined in eq. (2.35) with PAM andreceive antenna is given by:

P
11 = r¢log, (1+§H%TH%> = rslog, <1+g > Ap> (2.60)
p=1

wherers = 1 is the number of symbols transmitted per channel use.

Sincelq,...,Ap are lognormal random variables= zzzl)\p can be well approximated by a lognor-
mal random process [92]. As in Section 2.2.3, the méand the varianc¥ of In(A\) can be obtained
from the parametens ando of the constituent distributions by applying Wilkinson’sthod:

A N AU W o?
U=In <\/—u_2> :V=In (u?) DU = Pexp<u+ ?>
wp = Pexp(2u+ 0?) (P— 1+ exp(c?)) (2.61)

Finally, the outage probability and the diversity gain af thte-1 coded systems can be expressed as:

Péﬁ)t(ra p) = Pref(r>anaV>Pa1) (262)
d(C)(r7 p) = dref(ra p7U>V7 P> l) (263)

Spatial Multiplexing

The D-MG tradeoff of uncoded systems (spatial multiplexirggequivalent to that of the underlying
multi-antenna channel. The mutual information of eq. (RiShiven by:

P

(M — Plog,det(1p+ 2H) = Plog, <|'| (1+ %ho)) (2.64)
p=1
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wherea, is the p-th eigenvalue oH.
H is a positive semi-definite Hermitian matrix, this implieésta, > 0 for all values ofp. Therefore,
eq. (2.64) verifies:

(SM) P p 2 p
I < Plog (1+ Z0may) | =P {1+ za (2.65)
2 | [10+ fame (1+ Fotmax)

whereomax is the maximum eigenvalue éf. In the same way:
P
(SM) _ Py) > P
| Plelogz (1+ Pap) >p (1+ Pamax) (2.66)

From Section 2.3.1gmax Can be approximated by a lognormal distribution. Therefermpations
(2.65) and (2.66) imply that:

Pt (r,p,U,v, P,P?) < P (1,p) < Peet (r,p,u, v, P, P) (2.67)
dret (r,p, U, v, P,P) < dSM(r,p) < dret (1, p,u, v, P,P?) (2.68)

u andv being the mean and variance ofdm,ax) respectively.
WhenP = 2, better bounds can be obtained without the knowledge dafigtgbution of the maximal
eigenvalue of the channel matrix. In this case, eq. (2.6d besexpressed as:

2
1(SM = 2]0g, <1+ F—Z)M - g?\z - %(sz - H12,2)> (2.69)

From the Cauchy-Schwartz inequality we have:

Aho— HZ, = /OTi hﬁ(t)dt/oTi h2(t)t — (/OT hl(t)hg(t)dt>2 >0

This implies that:

12> 2log, (1+ g (M+22)) (2.70)
In a similar way, eq. (2.69) can be upper bounded by:
5 P PaY<l(p, P 2 P 2
2 < <l—|— 2)\1> (1+ 2>\2> <3 <2+ 2()\1+7\2)) < (1—1- 2()\1—1-?\2)) (2.71)
Finally, eq. (2.70) and eq. (2.71) result in:
Pref(r, p7U>V7 274) S P(gﬁtM)(rv p) é Pref(r7p7U7V> 27 2) (272)
dref(r,p,U,V, 27 2) é d(SM)(r7 p) é dref(rv p7U>V7 274) (273)

whereU andV are obtained by setting = 2 in eq. (2.61). Equations (2.63) and (2.73) show that the
D-MG tradeoff achieved by the orthogonal rate-1 codes is than the maximum achievable tradeoff
over the considered channel. This shows that these codearéhaot optimal over the Rayleigh fading
channels [48] are also not optimal over the UWB channelsTi [1

Fig. 2.5 shows the achieved D-MG tradeoff over CMpat 15 dB andp = 30 dB withT; =5 ns.
Results show that single-antenna and multi-antenna UWRgsachieve an infinite diversity gain at
r = 0. However, the superiority of the multi-antenna systemavident in all cases. This figure also
shows the non-optimality of the simple rate-1 orthogonalilcg schemes.
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Fig. 2.6 shows the achieved D-MG tradeoffs over CM@ at 20 dB withT; = 1 ns. For comparison
reasons, we also show the D-MG tradeoff of the single-amteystems witfT; = I" (which is equivalent
to an All-Rake). The derived bounds permit to have more hisign the D-MG tradeoff especially for
large number of antennas and high SNRs because, in these taseimulation results are not exact
because the outage probability curves are very steep. Retdw that for high data rates, it is more
beneficial to increase the number of transmit antennasrrétha the integration time (or the number
of Rake fingers). For example, a 2-antenna (or 4-antenn&@mysombining only the first 2 arriving
multi-path components has a much better D-MG tradeoff thsingle antenna system that profits from
the full multi-path diversity (for > 1). It is worth noting that this diversity advantage is nat@sated
with an increased complexity because in practice a mutté+ara system with limited number of Rake
fingers is simpler to implement than a single-antenna AlkdRi@ceiver that necessitates the estimation
of the amplitudes of a very large number of multi-path congrus.

2.4 Interference model

2.4.1 Inter Symbol Interference

Each symbol can interfere witkig; symbols such that:

r—T,
N 9
Nisi = { N, w (2.74)

whereTg' is given in eq. (2.15). For Rake receivers, the ISI on thegi@tivariablexy | pnm in €g. (2.10)
is given by:

. (n+1)T¢ .. _
qu'ﬁf)p.n,m = /nT "SSI) (t)Wq,1,pnm(t)dt (2.75)
f

wherewg pnm(t) is given in eq. (2.8) ancf,iSi) (t) is givenin eq. (2.6). Denote by the vector of length
QLP'N¢M constructed fronng:)mm in eqg. (2.75) in the same way as the vecfowas constructed from
the decision variableg,| pnm in €g. (2.22) Xsi can be expressed as:

Xisi = Risi (Ing ® (B @ Im)) Alsi (2.76)
where:

e Ay is aNgiPM vector. For the given symbol duratioA;s; corresponds to the symbols that will
interfere with the considered transmitted vectorA(f) corresponds to thBM-dimensional in-
formation vector transmitted from the antennas during thg@-th symbol duration, ther\g =
[AT(j —Nisi) - AT(j—D)]T.

e Rsiis aQLP'NtM x NisiPNiM given by: Rsi = [R(1) --- R(Nisi)] whereR(j) is aQLP'NiM x
PNfM matrix for j = 1,...,Nisi. R(j) = [R](j) --- R5(j)]" whereRqy(j) is aLP’N{M x PN¢M
matrix forg=1,...,Q. Ry(j) = [Ro(i)--- Ry _1(i)]" whereRg;(j) is aP’NtM x PNfM matrix
forl =0,...,L—1.Ry(j) is given by:

Rgi11(j) -+ Rgiip(i)
Ryi(j) = : . : (2.77)

RqJ,P-/,l(j) RqJ,P.QP(j)
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whereRy .y (]) is aNtM x NfM matrix whose(nM +m+1,n"M + v + 1)-th element is given
by:

rqp (Bgp) +(M—n)8+ (G —Cy)Te+ (N—n'+ jN¢)Ty) (2.78)
forn,n € {0,...,N¢ — 1} andm,m € {0,...,M —1}.

For correlation receivers(j) is obtained by the vertical concatenationRyf j) = [Rgp.p (i)] E 1
The (NM+ m+ 1,’M + T + 1)-th element of théN¢M x N¢M matrix Ry p v (j) is given by:

fopp ((M=1)3+ (Ch—Cy)Te+ (N— 1+ jNp)Ty) (2.79)

2.4.2 Multi User Interference

We suppose that the users are symbol-synchronous. Thiseseadally accepted approximation given
that the symbol duration is very large with respect to thes@ulidth. In other words;® in eq. (2.4)

is written ast®) = 1} )Tf +ré) whereT(lk> is uniformly distributed over{—ﬁ —} andT(2> is uniformly

distributed over{—1 L Then-th frame of the( j — x)-th symbol interferes with the first frame of the
j-th symbol if &, j,n € N):
[Ty >xN;Tr —nT; — 1 (2.80)

We first consider the casé¥) < 0. Given thatn < N; — 1 andt® < 0, the maximum value of in
eq. (2.80) is denoted ky,, ,; and is given by:

M-Ty Ne-1
- 9
Nrpui = { N, + N; _‘ +1 (2.81)
where the first part of the right hand-side of eq. (2.81) @poads to the causal interference caused by
the symbols of thé&-th user that precede theth symbol of the desired usex € N). The coefficient 1
was added since® < 0 results in anti-causal interference. In other words,(jhe 1)-th symbol of the

k-th user always interferes with thjeth symbol of the desired user whetf < 0.
Fort® > 0, given thatt® < M = Ti + ' andn < Nf — 1, the maximum value of the symbol index

in eg. (2.80) is equal to:
r—T, 3Nf—1
Nt = g 2.82
mul |V Nfo + 2Nf -‘ ( )

Note that for synchronous usély,i = Nisi + 1 since thegj-th symbol is interfered on biysi preceding
symbols and by thg¢-th symbol of thek-th user Nisj is given is eq. (2.74)). On the other hand, for systems
that do not suffer from ISINisi = 0 andN,,;; = N, = 2 for asynchronous users. In other words, jth
and the(j 4 1)-th (resp.(j — 1)-th) symbols of thek-th user interfere on th@th symbol of the desired
user fort® < 0 (resp.1®¥ > 0).

The additional multi-user interference can be includedawectorXy,; of lengthQLP'N¢M:

K
Xoi = 3 VEXY (2.83)
k=1
The interference from thieth user is given by:

X = R ('N<k> ® ( )@ |M)) Ak (2.84)

mul

whereN¥. = N-_given in eq. (2.81) for® < 0 andN¥. = Nt . given in eq. (2.82) for® > 0.
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o If AM(j) corresponds to thEM-dimensional vector transmitted from theh user during thg-th
symbol duration, theAﬂf&i is theN’ PM vector given by:

mul
K : _ AT
A= [A¥T (1=29 @) - AT (=% (NG )] (2.85)
wheres ) is the set composed &\~ integers and it is given by:
j(k): {_( F;Ui_z)w"vl}) T(k) <0 (2 86)
{_(N$Ui_1)7"'70}7 T® >0 ’

e For Rake receiver®® is aQLP'N;M x N\ PN¢M matrix given by:R® = [R® (1) - .- RO (NKy]

mui muli
where the constituent matrices are obtained from the @atxtncatenation of the matric%kl)(j)

of dimensions®’N¢M x PN¢M for | =0,...,L—-1,q=1,...,Qand| :1,...,N(k) Rgf,)(j) has

mui

the same structure as in eq. (2.77) but now ghel + m+ 1,n'M + m' + 1)-th element of the
constituent matriRé‘j)’p’F,(j) is given by:

rékz, (Aqm +(m—m)d+ (cn - cgf)) Te+ (n— n — j(k)(j)Nf> Ti — r(k)> (2.87)
forn,n’ € {0,...,Ns — 1} andm,m’ € {0,...,M — 1}.
For synchronous users that do not suffer from ISI:
XK — rK (Q;(k) ® |M> Ak (2.88)

where A = A (j) for the j-th symbol duration. In this cas®® is a QLP'N¢M x PNiM matrix
constructed from the vertical concatenation of the maetrRéé) offor| =0,...,.L—1andg=1,...,Q.

In this caseRg’?.w is aN;iM x N;iM block-diagonal matrix given by:

k . k k
Relps = d""‘g(Ré.l),p,rf,o Rt(q}.p.u.Nf—l) (2.89)

where the(m, n)-th element of the constitueM x M matrix jo).p’m takes the form:

Ryt prn(m) =iy (B + (m—m)3+ (e ch) Te) (2.90)

For correlation receivers, the term corresponding to MU thee same expression as eq. (2.84). In
this caseR¥ = [R¥ (1) --- RO(N®)]. R¥ (j) is obtained from the vertical concatenationRyf'(j) =

mui

00 / i oK) e .
|:Rq.p.p’(1)} o The(nM+m-+1,"M + nt + 1)-th element of the matriR;) (j) is given by:
rt(qlfpﬂ ((m— )8+ (Cn - Cr(:’()) Te+ (n— n—J (k)(j)Nf) Tr — T(k)> (2.92)

Finally, including the effect of ISI and MUI, eq. (2.33) geakzes to:

Y = HA+ DRy (Ing ® (8 ® Iu)) Aisi + HmuBmui + N (2.92)
Hisi
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whereAni is given from the vertical concatenation Aﬁﬁ&i given in eq. (2.84) fok=1,...,K. Hmi
follows from eq. (2.83) and eq. (2.84):

Hrmui = Ddiag(\/?l \/E_K> [R(l) R(K)} diag(',\,u)@(ﬁ(l)@lm) |N<Kq®($(K)®IM))
mul mul (293)
For Rake receivers, the dimensionghfH;sj andHpj are given byQLP'M x PM, QLP'M x NisiPM
andQLP'M x NmuiPM respectively wher®lmy,i = Z||<<:1 Nmi (P’ = P for SRakes an® = 1 for PRakes).
For correlation receivers, the number of rows of these wedrchanges frolLP'M to QPM.

2.4.3 Performance with MMSE receivers

In order to eliminate the effect of ISI and MUI, a simple lineketector based on the minimum-mean-
square-error (MMSE) criterion is implemented at the remeside. A MMSE filter used for detecting
the data vectoA in eq. (2.92) is given by:

=) -1
Cumse=HT (H HT + HisiHik + HmuiHm i + —zn> (2.94)
S

whereZ, is the noise covariance matrix whose elements can be detednfitom eq. (2.14) and eq.
(2.29) for Rake and correlation receivers respectivelgcS&the receiver has no access to the CSI of the
interfering users, the MMSE filter can be determined fiGpse = E [AYT] (E [YYT])*1 where the
average is calculated over a training sequence.

LetZ =CwumseY,V =CumseH, V) = CumseHisi, VMY = CymseHmui andU = CyumseClyuse: For
2-PAM constellations, the conditional probability of detteg the symbols of the-th transmit antenna
erroneously is given by:

o0 _ 1 o Vop +VpA+ VS A+ V™ Ay
&/H ™ oNisiNmuiP?(P—1) Z z - Z _ /U PNy/2E
Ac{E1}P-1 Agie {+1}NisiP Apyyie {1} NmuiP p,p S
(2.95)

whereX; andX; ; correspond to theth row and thei, j)-th element of the matriX respectively.X, is
obtained by removing thp-th element from the-th row of X.

Assuming that after applying the MMSE filter the co-chanmégiference, ISI and MUI are zero-
mean Gaussian, eqg. (2.95) can be approximated by:

Vp«,p
\/Up7pPN)/2Es+\7p\_/; +Vé|SI)Vé|SI>T _’_Vémul)vémm)T

PP, ~Q (2.96)

When it is possible to calculate eq. (2.95), i.e. for smalliga of P, Nisj andNm;, we realized that
there is no difference between the values given by eq. (288)eq. (2.96). This can be explained by
the fact that the MMSE filter succeeds in suppressing cofalanterference, I1SI and MAI [95].

Motivated by the fact that eq. (2.96) is a good indicator anéror performance, we now present
an upper bound on the performance MfPPM-2-PAM constellations. We keep the same notations
as above and we denote BYP the M x M matrix obtained from the element$,_1)v-m (p-1)m-nv
forp,p=1,...,Pandmm =0,...,M — 1 where, for notational simplicity; ; is the (i + 1, j + 1)-th
element of the matriX in what follows. Suppose that a symlsat +1 is transmitted at the-th position
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of the p-th transmit antenna, considering that co-channel intenfge, 1SI and MAI are Gaussian, then
the outputs of thé/ correlators corresponding to this antenna are given by:

Yo' = Vit S+ N (2.97)

form =0,...,M —1. The termn,y includes the effect of noise, co-channel interferenceatsl MAI. It
will be considered as a zero-mean Gaussian random varialtieis case, its variance is given by:

2 _ (P 1 o il (isi) (ishyT (mui) (mui) T
Oty = Upy i PNo/2Es + M{V(p—l)MJrrﬂV(pfl)MHﬂ V- ymrmVip- oMt VoM Vip- v
(2.98)
whereU (P) is constructed in the same way\a¥) andV; (with i = (p— 1)M + n7) stands for removing
the elementgp—1)M +1,..., pM of the (i 4+ 1)-th row of the matrix/.
Applying an approach similar to that used in Appendix B, tbheaditional probability of detecting
the pulse emitted at the-th position of thep-th transmit antenna erroneously can be upper-bounded by:

M-1
1 2 1 2
PR <Rt S Qi+ Qo — 20 Qe (2.99)

m=0; m#m

2
N \/O3+07,

can be calculated from:
1 P M-1 (o)
Pern = 1 Z Z Pe/ti (2.100)

(®) i G AL : iy "
whereQé?% =Q <VLP"‘> a”dQé,lr)n,m =Q <%> fori =1,2. The conditional error probability

For M-PPM, me andeEr%m are set to zero. Since the performance is determined oveEig
channel model [17] that does not lend itself to analyticlitsons, the average error probability is eval-
uated by Monte Carlo simulations. More precisely, the epmbability is determined by averaging
Pe/n over different realizations of the channel, the interfgrisers’ channels, the amplitude spreading
matrices and the TH sequences.

2.4.4 Designing the amplitude-spreading sequences

In [96], Pooret al. observed that randomizing the polarity of the pulses of amgimformation symbol
resulted in a better immunity against MUI even in asynchusrgingle-antenna networks. In this section,
we further investigate this point and propose a simplifiegstwction of the randomizing sequences for
single-antenna as well as multi-antenna systems. In péatjove consider the problem of designing the
amplitude spreading matric&" for k= 0,...,K + 1 whereK is the number of interfering users. In
what follows, these matrices are taken to be unitary.

The adopted approach consists of designing the amplitpidsding sequences and the time-hopping
sequences independently from each other. Without distyssither the benefit nor even the feasibility
of jointly designed sequences, the proposed approachtgaauh simple design criterion that can be
readily exploited for designing interference-reducingpéitnde-spreading sequences. So, the hopping
sequences are designed as if there was no amplitude spyeadirvice versa.

We consider the case of synchronous users. In the absen8éaid TH, combining eq. (2.20), eq.
(2.83) and eq. (2.88) we obtain:

K

X=R(B o)A+ Y VERY (30 21y ) AR+N (2.101)

k=1
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Since no TH is used, the constituent elements of the m&#ikgiven in eg. (2.90) have the same
expression for all values of. Therefore, eq. (2.101) can be written in a more conveniayt as:

K
x =RaB+ Y ERYa,BY +a (2.102)
k=1

where the matrixx (of dimensionsQLP'M x N¢) is obtained by rearranging the components of vector
X whose length is equal QLP'N;M. If Ais written asA= [A] ... AL]", thena = diag(A] --- AL).
ﬂr(nkdi is constructed in the same way.

Despreading the components of eq. (2.102) is equivalenutoplying by BT resulting in:
K
v =xB' =Ra+ Y VERWaBYB + BT (2.103)
K=1

Based on eq. (2.103) and inspired from [97], we propose tstooct the spreading matrices based
on minimizing:
K+1 .
max det(B<'<> B<'>) (2.104)
0<k<K+1 &
1k
This design criterion simply states that the spreading ioestrof the different users must be chosen
to be as orthogonal to each other as possible. Unlike the CHikdAsystems i{; >> 1) where all the
matricesBK are chosen to be orthogonal to each other, the limited vdltg and the potentially large

number of users sharing the channel renders the totallpgotial choice impossible. Equation (2.104)

is equivalent to choosing the sg8(©, ... B®)} that maximizes:
K+1 P gk
d= ' i 6y 2.105
OckeK1 ; Ellsl P ( )
1#k
where (6';' yen ,G'F‘;') are the principal angles (modul) between the two subspaces generated from the

rows of B andB(").

From eq. (2.105), the construction of the spreading maritpends on the number of interfering
users. For example, a family &+ 1 matrices is designed for a network wkh+ 1 users. Now, if a
user leaves the network, the matrices of the remaiKingers must be changed since the optimal set of
matrices forK users is not a subset of the set of optimal matriceKfar1 users. In other words, all
users must update their spreading matrices whenever aaiserof leaves the network. Taking this in
consideration and observing tléht> Kdmin, We propose to maximize:

T P )
Ormin = ok F|;|1sm2 Op (2.106)

In this way, the inclusion property is maintained and theifamf matrices can be designed based
on a single parameter that corresponds to the maximum nuaihesers whose interference must be
rejected. Maximizing eq. (2.106) is equivalent to redudimg interference between two particular users
without taking other users in consideration. This simpdifion is similar to the classical approach of
calculating the pairwise error probability in order to findimion bound on the performance. Another
interpretation of eq. (2.106) is that it is the design undenast-case scenario.
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Equation (2.106) is nothing but the design criterion for te@struction of non-coherent ST codes
[98]. In what follows we fixN; = 2P which, given the number of transmit antennas correspontisto
dimensional spreading. Now, the approach used in [99] ®ctnstruction of such codes can be readily
applied to the design of a family of matrices satisfying é3106).

T
B= |p><2p exp (OPEP Oi P> (2107)
- X

whereC is anyP x P coherent ST code satisfying the design criteria of [50].sTude is scaled in order
to insure that all principal angles in eq. (2.106) are smahantt/2. In particular,C can be any full
rate and fully diverse ST code. In this waydfis constructed from the vectoss= [sy,...,Sp2] whose
elementss € {£1,...,£ny}, then(ZnU)F’2 users can share the same channel. To each one of these users
is given a spreading matrix corresponding to a particuldmevaf the vectors. Moreover, ifC has a
non-vanishing coding gain, thep can have large values without limiting the capability ofueithg the
interference level.

As in [96], when amplitude spreading is combined with TH,bsulting system is expected to suffer
from less interference than systems using TH exclusively.

2.5 Numerical Results

2.5.1 All-digital systems based on direct sampling

We consider uncoded MIMO systems on CM2 with correlatioeners, MMSE decoders and 4-PPM-2-
PAM constellations in the absence of ISI and MUI. WeTiix=I". In particular, we compare simulation
results with a semi-analytical approach based on the upmamdbin eq. (2.99). Results presented in
Fig. 2.7 show that the upper-bound is very close especiallyigh SNRs. The considered receivers
combine the entire channel impulse responses that showrlmsg-correlations (refer to Section 1.1.5).
Results show that a ML receiver shows practically the sammeance as the MMSE linear receiver.
Therefore, even though the fading margin is very lowfece I, the quasi-orthogonality of the constituent
sub-channels results in higher rates with simple transcaitructures.

In Fig. 2.7, we also show the performance of a practical igital implementation of the correlation
receivers. In this case, the reference and the receivedlsigre sampled at 20 Gsample/s and quantized
over 1 bit. Moreover, the reference signal is averaged o®@rsyymbol durations. The advantage of the
MIMO techniques is evident with these practical systems.

2.5.2 Coded systems over realistic indoor channels

In this section we show the performance of PRake receivdlsirieceive antenna over the MIMO-UWB
channel measurements given in Appendix A. We consider 2-RAtii the coded systems presented in
Section 2.2. Fig. 2.8 shows the performance with differamhber of transmit antennas and Rake
fingers. For a given number of transmit antennas, the differdetween the error values at two different
SNRs corresponds to the diversity gain. This differencesiases with the number of transmit antennas
showing the enhanced diversity order.

For a fixed diversity order given by the prodirt, it seems more beneficial to increase the number
of transmit antennad?) rather than the number of Rake fingeks. (For example, for a diversity order
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of 12 at 20 dB, the error rates with= 1, 2 and 4 = 12,6 and 3) are equal to.90 %, 2.10°% and
2.10~7 respectively. Note that this advantage is visible espigcilhigh SNRs where the performance
is dominated by fading. For low SNRs where the performand®iminated by the noise, increasihg
may be more beneficial since this enhances the energy cqptateloes not increase wii).

2.5.3 Coverage extension offered by the MIMO techniques

Given the very low tolerated transmission levels [2], UWBtsyns often suffer from very limited com-
munication ranges (especially for high data rate systerrs}his context, the MIMO techniques can
offer higher data rates at a given communication distancan@n equivalent manner, they can extend
the coverage of WPANS.
Designate bye, andNg the average energy per information bit and the noise spelansity respec-
tively. The ratioEy,/Np can be related to the communication distard)ebfy [17]:
Ep

0

4nfed

> —10l0gy(Ry) — (—17383+F) —1 (2.108)

whereEIRP is the effective isotropic radiated powds,is the —10 dB bandwidth of the transmitted
pulses. G; andG; are the gains of the transmit and receive antennas resglgctiv is the path loss
exponent. Iffmin and fax Stand for the-10 dB edges of the spectrum occupied by the waveforms, then
fo = Vfminfmax F is the noise figure of the receiver ahds the implementation losfR, = %%IM’)
is the transmission rate. In what follows, we consider F@8yaliant Gaussian pulses occupying the
[3.1 5.1] GHz bandwidth (refer to Section 1.1.2). In this cdS&RP= —41.25 dBm/MHz [2]. Moreover,
we fixG; =G, =0dB,F =6 dB,| =5 dB anda = 2 which corresponds to free-space propagation.
Ry(d) is plotted in Fig. 2.9 for the channel models CM1 and CM2 [1A].peer-to-peer spatial
multiplexing system is used with 4-PPM-2-PAM constellatio We fixNs = 4 while T is varied from
2.5 ns to 100 ns. The receiver consists of a PRake equippedLwit!8 fingers followed by a MMSE
equalizer to eliminate the effect of ISI. Equations (2.98)1 2.100) are averaged over#l6hannel
realizations by Monte Carlo simulations. At a second tirhe,ualue ofg, /Ny corresponding to a target
SER of 103 is determined and is calculated from eq. (2.108). Results in Fig. 2.9 show MEO-
UWB systems are strong candidates for very high data ratersgs While a single antenna system can
not deliver more than 10 Mbps at a distance of 10 m on CM1, thé& &ystem achieves the data rate of
about 160 Mbps (without any channel coding or transmit drgrtechniques). In general, data rates in
the order of 1 Gbps are possible for communications rangesithnot exceed 3 m.
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Chapter 3

Full-Rate ST codes

In this chapter, we consider the construction of ST codifgestes withP transmit antennas. All of the
considered codes will have a transmission rate symbols PCU. Since UWB is a baseband carrier-less
technique, it can not be associated with any one of the ftdl aad fully diverse ST codes presented
in Section 1.3.4 (except for the titled-QAM design which i2 & 2 totally-real construction). This
necessitates the construction of new totally-real ST codéswvever, despite this limiting constraint,
there is a number of additional degrees of freedom that caexpleited in designing full-rate coding
schemes for IR-UWB systems:

e The first degree of freedom follows from the possibility ofngsdifferent pulse shapes resulting
in enhanced multiplexing gains.

e Another degree of freedom is the pulse repetitions thatrdarmsic to TH-IR-UWB. While these
repetitions mainly enhance the energy capture and thdentece avoidance capabilities of TH-
UWB systems, their presence is very beneficial in introdyiciew and simple transmit diversity
schemes.

e Unlike the existing ST codes that were constructed for cotweal QAM, PAM, PSK or HEX
constellations, we can take advantage of the structureed?BM and PPM-PAM constellations in
order to propose new adapted coding schemes.

In this chapter, we first present a new partial-diversityesed based on modified Hermite pulses
associated with modulation diversity [36]. Then we proptbsee families of ST codes for TH-IR-UWB.
The first family is based on the adaptation of the constradgohniques based on cyclic division algebras
[39, 62] to real-valued situations. At a second time, we t@theantage of the pulse repetitions in order
to propose a new coding scheme that encodes the pulses useaviry the same information symbol.
Unlike the first families of codes that can be associated R#iv, PAM and PPM-PAM constellations,
we propose a third family of codes that is exclusive to PPMPKMFPAM constellations for some fixed
values of the constellations’ dimensions.

3.1 Partial Transmit Diversity Using Modified Hermite Pulses

In this case, the independent data streams transmittedtfremifferent transmit antennas are rendered
orthogonal by the use of modified Hermite pulses with diffitrerders at each transmitter. More pre-
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Figure 3.1: The orthogonality induced by the use of modifiedriite pulses over CM1.

cisely, the pulse waveform transmitted from ftx¢h antenna will consist of the modified Hermite poly-
nomial of orderp given in eq. (1.2). This waveform is denoted\y(t) in what follows. At the receiver
side, each antenna is followed Byfilters matched tavy(t) for p=1,...,P. For Rake receivers, the
reference signal in eq. (2.8) will take the following form:

Wa,pnm(t) = Wp(t —nTi —CnTe — Ag p) — Md) (3.1)

In this case the input-output relation in eq. (2.33) can h@essed as:

YoLpmx1 = HoLpmxPmMSPMx 1+ NoLpmx1 (3.2)

whereH is the vertical concatenation by forg=1,...,Qandl =0,...,L—1. Hy| = [Ry,p.,p ] Z o
The expression of thém, nT)-th element oRy , y given in eq. (2.19) is now modified to:

Rq7|7p7W(m7 n-() = rq7p7p, ((m_ n.()6+Aq.p.|) (3.3)

whererg , y (1) = [ hg p (t)Wp(t —T)dt and in this caséy (1) is the convolution of the physical channel
0q,p () with wy (t). Note that when using modified Hermite pulses as signaturdsedransmitted data
streams, eqg. (3.2) will have the same dimensionality witlal&R as well as PRakes. An expression
similar to eq. (3.2) can be obtained with correlation reeesy

The vectorSin eq. (3.2) is related to the information vector by:

S— (9 @ Iy)A (3.4)

whereas can be any full-diversity? x P rotation matrix [58, 100].

In eq. (3.4), a rotation is applied on timeth components of th& information symbols fom =
1,...,M. After that, the rotated components are transmitted ovwePtsignal subspaces determined
by the different pulse forms. This strategy is similar to trme applied in [57]. In [57], rotations are
applied between the components of each layer of the codewords. At a second timeetlayers are
rendered orthogonal to each other by an appropriate chdiaa algebraic or transcendental element.
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In this section, we take advantage of the impulsive natutbetransmitted signal in order to introduce
orthogonality by the use of modified Hermite pulses.

Because of the highly frequency selective UWB channel, irpalth components can arrive within
the same pulse duration. This implies that the orthoggnaitonly partial at the receiver side. The
orthogonality loss over CML1 is presented in Fig. 3.1 for alRRa&ithL = 2,5 and 12 fingers. We fix
P =2 andQ = 1 and the shown results correspond to the CDF of the sine qirtheiple angle between
the columns of the channel matrix. Fig. 3.1 shows that cowbhinterference is reduced despite the
intra-pulse interference. We show later through simutetithat the better conditioned channel matrix
results in better performance. Moreover, the modulatiorerdity turns out to be robust against the
mixing, caused by the channel, between the coordinateseafdtied symbols that are mapped onto the
different signal subspaces.

3.2 Inter-Symbol Coding (ISC)

In this case, th&l; pulses used to convey a given information symbol will allénéive same amplitudes
and positions. In other words, as with spatial multiplexing fix B = 1p.\, (refer to Section 2.1.3).
Extending eq. (2.33) ovér symbol durations results in:

Yo xT = Hq xPMCpMmxT + NoyxT (3.5)

whereQ = {QLPM, QLM, QPM} for SRakes, PRakes and correlation receivers respecti@ely the
number of receive antennas alldis the number of modulation positions of thePPM-M’-PAM con-
stellation. C is the ST codeword whosgp— 1)M + m+ 1,t)-th entry corresponds to the amplitude of
the pulse (if any) transmitted at tlme-th position of thep-th transmit antenna during thigh symbol
duration forp=1,...,P,m=0,.... M—landt=1,...,T.

In what follows, we limit ourselves to PAM constellatiorid & 1). The extension to the cases where
M > 1 will be discussed at the end of this section. Moreover, wesicier minimal-delay codes and we
fix P=T =n.

ISC is the construction based on totally-real cyclic dtisalgebras (Definition 1.15). Since, we are
limited to totally-real CDAs with PAM constellations, themerF of the cyclic algebraz (K/F,0,y)
must be equal t@). In this caseK can be any cyclic field extension §f with degreen and with Galois
groupGal(K/Q) = (o) with ¢" = 1. Limiting the construction to the ring of integerx of K, then x n
codewords follow from eq. (1.20) as:

ko k1 ko Kn—1

Volko1) Oko) o) - O(kn2)
e V020 2) ¥o2(kn1)  OPke) o OP(Kno) 3.6)

Yo'k Yo lke) youlks) - o™ L(ko)

wherek; € o fori =0,...,n—1. ninformation symbols are contained in each value;afesulting

in a full rate code. In other wordg; = z?;éaniﬂ-“ej fori=0,...,n—1where{1,6,...,0" 1} is an

integral basis obk anday,...,a, are the information symbols that belong to a PAM consteltati
Consider then information symbolsn . 1,. . .,841)n for a given value of € {0,1,...,n—1}. From
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eg. (3.6), these symbols are contained uniguely in the gaitgs ok; according to:

5 18 o lawm
o™ (k) 1 o"%e) --- o"He" ] [agian
T
210 [an | 3.7)

Therefore, a modified version of the initimddimensional PAM constellation is transmitted. In order
not to introduce any distortions on the PAM constellatidris iinteresting that the transmitted and the
original signal sets keep the same shape. This can be donelbplying I (6) by a diagonal matrixD
such that the matrifo’ = DI (8) is unitary. In this case, the transmitted constellationnstated version
of the initial signal set and no shaping losses are introdluteD’ is unitary, then d€D) = ﬁ since
detT(8)r'(8)T) £ dx (the absolute discriminant @f).

Whendy is a perfect square, we fi® = diag(a,...,c"(a)) wherea € K verifying de{D) =
Nk g(a) = ﬁ In this case, the codewords are given by:

C =diag(a,0(a),...,a" *(a)) Co (3.8)

Whendx is not a perfect square, we choose a totally positive elemenk such that the diagonal
matrix D is given by:D = diag(x/a,...,\/cr“—l(a)) and Ny /g(a) = i In this case the codewords
take the form:

C =diagva,/0 o 1(a (3.9)
The above cases correspond to choosmg an elemsuth that:
vol (aog) =1 (3.10)

where/(aox) is the lattice generated by the principal ideak and vol(aok) stands for the volume
of the fundamental parallelotope &fa 0k ).
If y € Z andyis a hon-norm element, then proposition 1.1 and propostti@rimply that:
d(C) £ min  |detC)| (3.12)

2
aezZ™ , a#0, 2

1
=detD min detCo)| = — (3.12)
(©)_mn ldetCo)l =
since detCp) € Z wheny € Z and detCop) # 0 for a # 0, whenyis a non-norm element.
Equations (3.8) and (3.9) can be also expressed as:
> g | e
C= ) diag| ™ |ani1,---,&ir1 Q (3.13)
i; n &i+1)n

wherea/ is anx nmatrix. LetBy = 0 and6; = o' (8) for i =1,...,n—1. Whend is a perfect square, the
(i, j)-th element ofv is given bya'1(a8i~1) = o'~ 1(a)8/ "} . Otherwisea (i, ) = /o 1(a)8/ ;.
Q is then x n matrix given by:

o= | : (3.14)
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As a conclusion, ISC is based on eg. (3.13) and the designepnab reduced to the correct choice
of the extension field, of a non-norm integey and ofa € K verifying eq. (3.10). ST codes constructed
from eq. (3.13) will achieve full rate and full diversity Wit non-vanishing minimum determinant and
with no shaping losses.

As indicated in [63, 64], the choicg| = 1 results in important performance gains. For totally-real
codewords, transmitting a uniform average energy per aatean be realized uniquely gy= +1. This
implies that the constraint of having totally-real codesresults in energy non-efficient codesrior 3
sincey? = 1 is always a norm ifK (Ng/o(1) = 1). Therefore, energy-efficient codes from CDAs are
possible fom = 2 transmit antennas uniquely. We will now present the canitn of totally-real ST
codes based on CDAs far= 2, ..., 6.

3.2.1 2x2codes

Since there are no 2-dimensional field extensions havingfegiesquare discriminant, the code is con-
structed from eq. (3.9). The matrif in eq. (3.13) takes the form:

fva o 1 e
M= [ 0 0(0()] [1 0(9)] (3.15)

It is possible to have a rotated version of the initial siggetlif 2/ is unitary resulting in:
(3.16)

The second condition is verified if there exists an elenfesiich thato(6) = N (8) = —1 and
so K must have an element whose norm is equal 1o Therefore, for 2 2 codes from CDAs energy
efficiency comes at the expense of shaping losses and visa.vémn other words, totally-real perfect
codes are not possible even with 2 transmit antennas. Tnerdbrn = 2 a compromise must be made
between energy-efficient codes and shaping-lossless.codes

2 x 2 energy-efficient code

The energy-efficient 2 2 codewords can be expressed as:

a; + a0 as+a40

3.17
y(az+a461) a1+ a6 (3.17)

1

\/ 1462
with y= +1. The first approach is to find numerically the valugyp®, 61) that maximizes the coding
gain over the seA = {—1,0,1}. By a computer search, varying the value®aind6; from —4 to 4 with
a step size of @01, we find that the choice= —1,0=1+ v/3 andB; = 1— /3 maximizes the value
of the minimum determinant of eq. (3.17) over theA&tThis maximum value is equal to:

1 1
\(1+02) (1+63) V13

The interest of the above approach would have ended heret ffiondhe following observation.
Interestingly,® = 1+ /3 andB; = 1 — /3 are the roots of the equatio — 2x —2 = 0. Therefore,

L 0
2
C2,eq — [ V1+6 ]

(3.18)

doo (CZ, eq) ==
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eq. (3.17) corresponds to the matrix representation of kments of the cyclic algebra = (K =
Q(8),0,y= —1). In Appendix C, we show that= —1 is not a norm irQ(1+ v/3) resulting in a cyclic
division algebra and therefore the coding gainﬁg can be achieved with all constellations carved from
Z.

2 x 2 shaping-lossless code

In this case, we construct a rotated constellation by chgosifield having units whose norms are equal
to —1. For example, we can chooke= Q(1/5) whose ring of integers is given hyx = Z(8) where
8= (1++/5)/2. Using KANT software [101], we find that the ideab? is prime. This proves that there
is no element irkK having a norm equal to 2. Therefore, choosyng 2 verifies Proposition 1.2. In this
case, the codewords take the form:

Va(a+a6)  a(ag+aub)

2,/01(ag+a401) \/a1(ay+a6) (3.19)

C27 rot =

The choicen = 15 = 328 results in a unitary matria/ in eq. (3.15). Since verifies eq. (3.10),

thende (Corot) = \/%T( with dg = 5.

3.2.2 3x3code

The construction is performed K = Q(8) with 8 = 2005{27”) having a discriminant ofly = 72. The
ideal 20k is prime. This proves that the first power of 2 which is a nornsahe elements i is 2".
Therefore, choosing = 2 results in a division algebra. Choosiag= /7 with = 1— 8+ 262 verifies

eq. (3.10) since N/g(B) = 7% and so N g(a) = NKQ%(B) = ﬁ Let a/1 be the 3x 3 matrix whose

(i, j)-th element is given by'~1(a81~1), the Gramm matrix is defined as= M1 :

2 -3 6
G=|-3 6 -10 (3.20)
6 -10 19

The basis{a, 08,062} is not unitary. Applying the change of basis:

-1 1 1
T=(3 0 -1 (3.21)
2 -1 -1

we obtain the new unitary basi§Va, vz, va} = {u,o(u),0?(u) } with u= —2+ 26382 and Ti o (ViV}) =
& j fori,j =1,2,3. The 3x 3 code can be constructed from eq. (3.13) where(ithg-th element of
o is given bya'~1(vj) = 6" (0)(u)) = (—2+ 26 +362)/7 with k = (i + j — 2) mod 3,80 = 8 and
6 = ZCOS{M) fori=1,2.

3.2.3 4x4code

Let K = Q(2cog3%)) which has a discriminant afx = 3°5°. y = 2 verifies Proposition 1.2 since the
ideal 20 is prime. Sincealk is not a perfect square, the code is constructed from eq. (3hg KANT
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software [101], we find that the prime factorizations of ttiedls ®k and Bk are given by:

30k = (B3Ok)? ; PBs=-2+30+6°-6°
50k = (BsOk)* ; Ps=1+6

ChoosingpB = B3Bs/15 verifies eq. (3.10) sincelo(B) = i but a problem arises since the first and
second conjugates @fare negative. Using KANT, we find the umit= —1+ 46 — 82 whose conjugates
have the same sign as those3aind whose norm is equal to 1. Therefore, choosing fe= (5+ 66 —

82 +26%) /15 results in a totally positive element verifying eq. (3.1@nce again, the rotation matrix
M whose(i, j)-th element is given by,/o'~1(a)a'~%(811) is not unitary and a change of basis must be
performed. Denote by = 2 & T the Gramm matrix ofv , it is easy to find that thé, j)-th element of

G is given by Tg o (a6 ~261-1).

30 3 0
03 0 9

6=54 4 o _s (3.22)
0 9 -3 30

Now, an orthogonal basis can be obtained by applying thettaahenstra-Lovasz (LLL) reduction
algorithm [37] ong . This basis is given by X% }* ; = {1,-1-30+6%+6% -1-20+62+6% —1+
30— 03}. Itis easy to verify that thé, j)-th element of the new Gramm matrix is equal tIg(avivy) =
g j fori,j=1,...,4. Finally, the codewords are constructed from eq. (3.13revtthe(i, j)-th element
of a is given by/0" X(a)o'1(v;) with 0'(8) = 2cog T4 for i = 1,2,3.

3.2.4 5x5code

This code is built fromK = Q(Zcos{%‘)) whose integral basis and discriminant are given{By=
Zcos(%)}f‘zo anddg = 11 respectively. Once again we can chogse 2 since the ideal @k is
prime. So there are no elementsinhaving norms equal t¢ fort = 1,...,4. The code is constructed
according to eq. (3.13) where tlie j)-th element of thg5 x 5) matrix 4/ is given byo‘*l(vj) with
11{vi}?_; = {u,0(u),0*(u), —0?(u), —0>(u) } whereu = 4+ 26+ 262 — 8* whose norm is equal to #1
which verifies eq. (3.10) since V@\(uok)) = 12°.

3.2.5 6x6code

LetK=Q(2 cos{i—g‘)) which has a discriminant afi = 13°. Once again, we can chooge- 2 since the
ideal 20k is prime. Using KANT, we find that: 13k = (BOx)® wherep = 2+ 86 — 682, The conjugates
of the unite = [0,2,2,—3,—1,1] have the same sign as those®fthereforea = Be/13 is a totally
positive element verifying eq. (3.10) since () = Nic/o(P)Nw/o(®) _ 12— & - An orthogonal basis

. 1%
is obtained from{6'}>_, by using the matrix:

-2 1 1 0 O

-1 6 1 -5 O

3 -5-1 5 0 -1
1 -8 0 6 O (3.23)
0O 6 -3 -5 1

-1 -3 3 4 -1 -1
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Figure 3.2: A schematic representation of error-balanwiitg 3 transmit antennas.

The new basis is given by, Vs, ..., ve]" = T[1,6,...,6%]T. The code is constructed from eq. (3.13)
where the(i, j)-th element o is given by/a"(a)a'(v;) with o'(6) = 2 cog 2L,

3.2.6 Balanced codes

The transmitted energy of eq. (3.6) (and consequently thatjo (3.13)) can be distributed in a more
balanced way among the different transmit antennas andaydubations resulting in a balanced version
Cp [60]. Cy is constructed in the same way as in eq. (3.6) by remoyiingm the lower triangular part
of Cp and by replacing the constituent elemektdy yik; for i = 0,...,n— 1. This will be referred to
as “energy” balancing and the properties of eq. (3.6) and243) are conserved sin€ andC; have
the same determinant. Even when “energy” balancing is pegd and sincegy| > 1, the amplitudes
attributed to each value & (and its conjugates) are not the same and, consequentlyy sienbols
contained in the conjugates &f are not equally protected against error events. For examgien
ly| > 1, the symbolsy,...,a, are the most vulnerable while the biggest portion of the ggnés used
to transmit symbol®,,_y),- - .,az. An additional kind of balancing (referred to as “error” &ating
hereafter) can be performed whiip is a multiple ofn according to:

) n-1 .
cll = .ngiag(M [ (-1t A i) QR (3.24)
i=

Cbal:[(;u) c(n)] (3.25)

where[x], = (Xx—1) modn+ 1. In other words, when including the pulse repetitionsteiad of trans-
mitting C ® 11, error-balancing corresponds to transmittygy © 11, /n- In What follows, energy
balancing will be applied systematically to all constractodes, while the subscript “bal” will be re-
served to “error” balancing. For example, the error-bataneersion of eq. (3.19) is given by:

Va(ar+a0)  V2a(ag+a0) o(az+a0)  V20(ap+a20) (3.26)
V2ai(ag+as01) Or(ar+a201) 201(ap+a201) /O1(az+asb1)

Writing Cp in eq. (3.6) a£y(ko, ki, ko), a schematic representation of error-balancing with the33
code is given in Fig. 3.2.
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3.2.7 Relation with the TAST codes

For n £ 4, the procedure used to choose an elenemtrifying eq. (3.10) coincides with that used to
construct the fully-diverse rotation matrices in [58]. Shanatrices were used to construct the Threaded
Algebraic Space-Time (TAST) codes in [57]. Taking this fat well as the structure 6% into account,
we conclude that the constructed codes have the same strastthe TAST codes but now real Diophan-
tine numbers (in contrast to complex ones in [57]) are usadrder the different layers transparent to
each other. The utility of following the design procedureganted in this section resides in the fact that
we showed thaf1, yr*lm,...,yn;nl; y= 2} is in fact the best possible choice of the Diophantine nusber
for all M’-ary PAM constellations since the minimum of the coding gzfieq. (3.6) is equal to 1. For

n = 4, the matrixar used for constructing the ST code from eq. (3.13) is diffefesm the rotation
matrix given in [58]. While usingy with y= 2 results in a ST code with non-vanishing determinant,
full diversity is lost when using the rotation matrix given[b8] withy = 2.

3.2.8 Coding Gain

Sincely| # 1, eq. (3.13) must be multiplied by a normallzatlon fa n(Y) in order to insure the same
transmitted energy as in uncoded systems whgt® = n/3 yn. The coding gain of eq. (3.13) is
given by [50]:

1

= Cn(Y)dy " = dao(Y) (3.27)

eI (eUCCT)) = r(1)(6(C)

=11V}

whered. (y) is defined ove. The coding gain of finite code-books constructed ddePAM constel-
lations is denoted by (y) for a given value ofy. Since the constructed codes have a non-vanishing
determinant, then for finite values bf:

dwi (Y) = 40 (y) = 4cn(y)dg

The multiplying factor 4 follows from the fact thda—b; a,b e cm_pam} =2{—M,..., M} C 2Z
wherecyv_pawm is theM-PAM signal set given in eq. (1.4).

A good question arises: what if there exists a TAST code @ssotwith a certaity ¢ Z and which,
for a particular value oM, results in a coding gain that is greater tltgn Forn= 2 andn = 3 transmit
antennas, we can show that this can never happen since:

Sl

(3.28)

dm(y) < da(y) < d2(2) = du(2) (3.29)

The first inequality follows from the inclusion of 2-PAM M-PAM for M > 2 and the last equality
follows from the NVD property that is satisfied lyy= 2. In order to prove the second inequality, we first
consider the case of= 2. ForCy o given in eq. (3.19), the coding gain verifies:

dm (y) = 4d, IX — VY| (3.30)

< 1—|—VXY622\{ 00)}
where X = b? — b3+ Iyb, and & = b — b2 + bgby whereb; = g — & with &,a € cm_pam for i =
1,...,4. ltis evident from eq. (3.30) thatand 1y give the same coding gain. So, without loss of
generality, we will limit ourselves to the cage> 1. For 2-PAM constellationsg = {0,£1}. For
1<y<2,the minimum of the right hand side of eq. (3.30) is obtaifedX =Y = +1 and sod,(y)

varies asfi(y) = y+1 Fory > 2, the minimum is obtained fok = £1 andY = 0 andd,(y) varies as
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fa(y) = yTll in this interval. Following the variations df (y) and f,(y), we find that the maximum value
of eq. (3.30) is obtained foy = 2 resulting indy(2) = %g. This proves the second inequality in eq.
(3.29) showing thay = 2 is the optimal choice. Choosing<dy < 2, can be a good compromise for a
given tolerated value of the peak to average power ratio BAfecause the code can still achieve full
diversity with a NVD (for example witly= 3/2 since 2 and 3 are non-norm element®ii®)). However,
choosingy > 2 is a bad choice because this increases the PAPR and redeaasding gain.

For 4-PAM, 52 = {0,+1,+4,+5,+9,+11} where the factor 5 corresponds to the average energy of
the constellation. Following a similar approach as for 2v/RAt can be shown that starting from 1 and
increasing the valug the coding gain will vary following the set of curvei&/(y+1)){y—1, |9y— 11
[4y—5[, y—1,[5y—9], [5y—11], [4y—9|, [4y— 11|, ly— 4|, [y— 5], y—1,ly— 9], [y— 11|, y—1}. Once
again, the coding gain attains its maximum valueyfer 2. Equation (3.30) is plotted in Fig. 3.3 for
M-PAM with M = 2,4, 8,16.

Forn = 3 antennas, the second inequality in eq. (3.29) can be ctiemkethrough computer sim-
ulations. Fig. 3.4 shows the coding gain of the 3 code constructed in Section 3.2.2 with 2-PAM
constellations. The maximal coding gain is obtainedyfer 2 and is equal to (4;,(2)7*% = 0.65. For
n > 3, the second inequality in eg. (3.29) can not be verified byrapuiter search given the very large
number of codewords. In this cage= 2 is the best possible choice since the validity of anotheiceh
can not be verified.

Note that a relation similar to eq. (3.29) can be also appheQ;¢q given in eq. (3.17) since this
code was constructed to maximize the coding gain with 2-PANktellations.

3.2.9 ISC with hybrid PPM-PAM constellations

Consider a hybridi-PPM-M’-PAM constellation withM > 1. In this case, the scalaks, ...,k 1 in eq.
(3.6) are replaced byl-dimensional vectors given by = z’j‘;% ani+j+1ej whereay, ..., a, are the vector
representations of the information symbols. Extending(8dL3) toM-dimensional constellations, the
nM x n codewords can be expressed as:

C= i i (diag (9 [@nsam- - 8s1nm] ") Q') ©em (3.31)

whereey, is them-th column of theM x M identity matrixly anda; m is them-th component of the vector
g fori=1,...,n°andm=1,..., M.

Designate byC(™ the n x n matrix composed of the rowi$1 + m of C fori =0,...,n—1 and
m=1,...,M. Denote byC' the matrix obtained from the vertical concatenatiorC6¥,...,CM. C’
is obtained fronC by performing row permutations and theref@eandC have the same rank. Now,
each matrixC(™ has the same structure as the n codes in eqg. (3.13). As this code was constructed
to be fully-diverseC(™ is rank deficient only if then-th components oy, ... ,a, are all equal to zero.
In other words, for non-zero information vectors, theretieast one value ahe {1,...,M} such that
C(™ has full rank. Thereforel’ (and consequentl) have full rank and the code given in eq. (3.31) is
fully diverse with allM-PPM-M’-PAM constellations.

Designate by the number of values ah e {1,...,M} for which the matrixC(™ is different from
the all-zero matrix. We then rearrange the superscripte@tonstituent matrices so th@t™ # Op.n
form=1,...,r andC™ = O, form=r+1,...,M. The following relation holds:

T n ; mTe~(m
det(CTC) = 1" min {det(c™Tc™)} (3.32)

m=1...,
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Forr =1, eq. (3.13) and eq. (3.31) have the same determinant andriezero symbols: d¢€'C) >
22(dw (y))" Where d(y) is give in eq. (3.27). For > 1 and for non-zero symbols, d@'C) >
r"(d»(y))" since the difference between two components of the mat@t®Bsnow belongs tdZ rather
than Z as for PAM constellations (or whem= 1). Therefore, the minimum determinant is obtained
for symbols that occupy exactly 2 positions among Khenodulation positionsr(= 2). Designate by
dm,m (Y) the coding gain of ISC wittM-PPM-M’-PAM constellations for a given non-norm elemgnt
then the value of that maximizes the coding gain is the same for all valueldl ofFrom eq. (3.28) and
eg. (3.32), we obtain:

- M=1YM
26 (Y)de" ;5 M >1,YM’

(3.33)

Sl Sk

O mr(Y) = { Aen ()

3.3 Inter-Pulse Coding (IPC)

3.3.1 Code Construction

When IPC is performed, orthogonal sequences are assodcidtiedhe pulses transmitted from each
antenna. In other words, the spreading ma®ix Section 2.1.3 is chosen to veriBB" = N¢l, (n=P

is the number of transmit antennas). In this case, the dadimge matrix in eq. (2.33) is given by

D =lg,® (B®Iu) whereQo = {QLP,QL, QP} for SRakes, PRakes and correlation receivers respectively
In this case, eq. (2.33) can be expressed as:

YopxT = HopxPmMCPmxT + NopxT (3.34)

whereQ = {QLM,QM} for Rake and correlation receivers respectively. For RakeiversH is the
vertical concatenation dfg forg=1,...,Qandl =0,...,L —1 whereHy, is aPM x PM matrix given

by:
Hq) = diag(Rg,1.1- - Rglpp) (3.35)

where the entries of thiel x M matrix Ry pp are given in eq. (2.19) fop=1,...,P. In the same way,
for correlation receiverd is the vertical concatenation bfy forg=1,...,Q with:

Hq = diag(Rq7171~-~Rq7p7p) (336)

where the entries of thigl x M matrix Ry p p are given in eq. (2.32).
By rearranging the entries of eq. (3.34), it can be expreased

Yo «p1 = HoyxpmApmxpT + Noypr (3.37)

In this case the constituent matrices in eq. (3.35) and e86)are transformed ﬂdé, = [Rq7|7171 e Rq7|7p’p]
and H(; = [Rq1,1- - Rgpp| respectively. We limit ourselves to PAM for the momentCltorresponds to
the energy-balanced ISC, then for a given valug, & can be written as:

A(y) = v/ca(y)diag(ao,. .., 0n-1)F(Y) (3.38)
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wherea; = ¢' (a) for n odd anda; = /o' (a) for n even wherax is chosen to verify eq. (3.10F (y) is
ann x n? matrix given by:

f(()) o - 0 ff o .- 0 fr?il o -- 0
1 : : 1. : 1 :
F(y) = O frg : 0 fa . : O fio : (3.39)
. 0 s 0 e .0
o - 0 f{'*l 0O --- 0 f;“l 0 0 f(’)"*l

wheref/] = yrol (k) fori,j=0,...,n—1.
The matrixF (y)F (y)" admitsn eigenvalues. These eigenvalues are giver py- al(\) for j =
0,...,n—1andA = zi";oly% k?. Therefore, whem verifies eq. (3.10), the coding gain Afy) verifies:

1 1,
Smin(Y) = dH;ﬁCn(V) min (NK/Q (; yn k|2>>

n

1 n-1 _
> d " cn(y) min (;f' NK/@W) (3.40)

Sl

Consider the casg> 1. The minimum of the right hand side of eq. (3.40) is obtaind@énk; = 0
fori=1,...,n—1and N /g(ko) = £1. The value ofy that maximizes the coding gain ys= 1 since
cn(y) is a decreasing function gffor y > 1.

Fory < 1, the minimum of the right hand side of eq. (3.40) is obtaifeedy = --- = k,_» = 0 and
Nk /g (kn-1) = £1. Maximizing overy results iny = 1 since nomcn(y)yaniﬁl) is an increasing function of
y. The optimal choicg = 1 shows that since the transmitted streams are separatedirateiver side (by
the use of orthogonal spreading sequences), the besgstaiasists of evenly distributing the available
energy among the different data streams. For IPC, the aathievding gain oveF. is equal todﬂg%. For

1

finite PAM constellation, the coding gain is equal th4.
Arranging the columns of eq. (3.38), we obtain:

A:diag(ao,...,an,l)[diag(ko,...,o“—l(ko)) diag(kn,l,...,o“—l(kn,l))] (3.41)

Equation (3.41) shows that encoding adjacent symbols ise@ied since each information symbol
is contained in the conjugates of only one vakutor i =0,...,n— 1. Therefore, the temporal length )
of the codewords can be chosen to be equal to 1. In this casantplitudes of the pulses transmitted
from then antennas during each symbol duration are given byithdl; matrix:

cC= diag(M [al,...,an]T) B (3.42)

whereB/\/N_f is any unitaryn x N¢ matrix anda/ is calculated in the same way as in Section 3.2. Since
the transmitted date streams are decoupiéd;an be any one of the rotation matrix constructed in [36]
or [58].

IPC presents the following advantages over ISC:

e ISC achieves a coding ga@(2) times smaller than that of IPC systentg(@) < 1 for all values
of n).
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e IPC has a lower decoding complexity since each codewordats rather tham? symbols.

e IPC has a lower peak-to-average-power-ratios (PAPR). Mane IPC transmits a uniform average
energy per antenna.

¢ IPC has a lower decoding delay which is equal to 1 symbol éiraather tham symbol durations
for ISC.

However, unlike ISC that can be applied with any IR-UWB sgstéPC can be applied only when
Nt > n.

3.3.2 IPC with hybrid PPM-PAM constellations
For hybridM-PPM-M’-PAM constellations, eq. (3.42) can be expressed in a malcaxform as:

'5171 o .- 0 ]
Sl,M 0 0
C@=|: -~ . i |B=SaB (3.43)
0 0 S’Ll
i 0 0 ShM |

wheresy m stands for thé(n’ —1)M +m)-th component of theM-dimensional vectosforn'=1,...,n
andm=1,... M. sis related to the information vectarby:

s= (2 ©lw)a (3.44)

Let x = a— & be the difference between two information vectors. From €8.43), we have
C(X)CT (x) = S(x)BBTST (x) = NtS(x)S' (x) sinceB//Nt is unitary. Therefore, the matri2(x)CT (x)
hasn eigenvalues\,y that are given byr( = 1,...,n):

M
M= Yam (3.45)
m=1

wherey = (M & Iy)X.

Aw is equal to zero if and only iffiy m =0 for m=1,...,M. For a given value ofn, we have
Yovm = My [X1m,---,Xam|" Whereasy stands for thev-th row of #. Sinceas is chosen to achieve
full modulation diversity [36]yy m = 0 implies thatxy m = 0 for n = 1,...,n. Therefore Ay can not
be equal to zero unless whep,,=0forn =1,....nandm=1,...,M, in other words whema = &.
ThereforeC(x) hasn non-zero eigenvalues and thus it achieves the maximunmtiadiversity order of
n.

The coding gain of eq. (3.43) can be expressed as:

n

1 1
n n M n

Omin=Min Av ] = min ) 3.46

T # Onmix1 (nljl " > X # Onmx1 (nl_ll (nZ]_Yﬁ ,m) ) ( )
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For one dimensional constellation® & 1), the sum in eq. (3.45) contains only one summand and
eg. (3.46) reduces yin = 4d§1/,2 The factor 4 comes from the fact that the coding gain is défower
the PAM constellationdn, is the minimum product distance achieveddsythat is defined as [36]:

n
dmin=min  — 3.47
min ot I:!’S 81 ( )

ade zh I

wheres= a2 aands = ar . From [36, 58],dmin = dﬂgl/z wheredg is the discriminant of the field over
which the rotation matrix is constructed.

For multi-dimensional constellations, suppose that thea Bueq. (3.45) contains non zero sum-
mands. For =1 we obtaimmin = 4dr2n/,2 If r > 1,3y, is increased times but it will be further reduced 4
times since the difference between 2 data symbols now belar{gn }M rather than{2nm'} as in the case
of PAM symbols fom' € {—M’,...;M’}. So, the minimum value of the coding gain will be obtained for

r =2 and itis equal t@nyn = deq/i,'] = 2dﬂgl/”.

3.4 Modulation-specific ST codes

In Section 3.2, we showed the non-existence of totally-eea energy-efficient (the magnitude of the
non-norm element is equal to 1) ST codes based on cycliaaivedgebras fon > 3 transmit antennas.
In the same way, fon = 2 antennas, energy efficiency comes at the expense of shapses (refer to
Section 3.2.1).

In this section, instead of adopting the classical apprazfctonstructing ST codes over infinite
fields @ in the totally-real case), we profit from the particular stcwe of the PPM-PAM constellations
in order to construct new coding schemes suitable for thes#uhations. The proposed schemes are
energy-efficient, information-lossless and they intraduno shaping losses. Unlike balanced-ISC (Sec-
tion 3.2.6) and IPC (Section 3.3) that profit from the pulggetiions to achieve energy-efficiency and
shaping-efficiency, the codes that we propose in this secém be applied even in the absence of pulse
repetitions. However, unlike ISC and IPC that can be astmtiaith any PPM, PAM or hybrid PPM-
PAM constellation, the new codes are exclusivét@PM-M’-PAM constellations for specific values of
M. Finally, we show that for certain values M, it is possible to construct ST codes that satisfy all the
construction constraints of the perfect codes in the amdi the constraint of being totally-real.

3.4.1 Construction 1: Achieving full transmit diversity via position permutation
Code Construction

For M-PPM-M’-PAM with n transmit antennas, the minimal-delay codewords are giyen b

ko ki ka Kn-1
Qolke 1) o) ofk) - olk o)

C_ |Q0%(ki2) Q0%(kn1) O2(ko) 02(kn—3) (3.48)
Qo-nf'l(kl) Qo.n;l(kz) . Qo”*l('kn,l) O-nfil..(ko)

where: .
n7 .
ki = %aniﬂﬂej € O]I’\g (3.49)
=
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Oxk Is the ring of integers of a-dimensional totally-real field extensidf a, ..., 8, areM-dimensional
vectors that belong to th®l-PPM-M’-PAM constellation given in eq. (1.8)C is a nM x n matrix
whose((p—1)M + m,t)-th element corresponds to the amplitude of the pulse trateshfrom thep-th
transmit antenna during te-th modulation position of theth symbol duration fop,t € {1,...,n} and
me {1,...,M}.

In comparison with eq. (3.6), the non-norm scal#s replaced by thé x M permutation matrix
given by:

0 - 0 1]
1 0 0 0
Q=0 1 (3.50)
o o0
0 ... 0 10

It can be directly seen that the code in eq. (3.48) is notfdiNserse with PAM constellationd = 1)
since in this case eq. (3.48) corresponds to the code cotestrirom cyclic algebras with =y=1
which is not a non-norm element.

Diversity Order

Proposition 3.1 For n transmit antennas, the association of the codewordergin eq. (3.48) with the
permutation matrix given in eq. (3.50) permits to achieuktfansmit diversity with M-PPM-N+PAM
constellations for all values of Mand for M> 2n— 1 or for the values of M verifying (M) > n where
£ (.) stands for Euler’s function.

For example, the proposed scheme achieves full diversity MiPPM-M’-PAM constellations for
all values ofM” and forM > 3,M >5,{M =5M > 7}, {M =7,M > 9} and{M = 7,9, M > 11} with
n=2, 3,4, 5 and 6 transmit antennas respectively.

In order to get more insights on the properties of the propasele, we next present the proof of
Proposition 3.1 witm = 2. The proof fom > 2 is given in Appendix D.1.

Designate byAC(Xy, X2) the difference between any two codewords given in eq. (3.48)

AC(Xy,Xp) =C—C' = (3.51)

Qo(Xz) o(Xq)

X4 Xo ]

whereC andC’ are the codewords associated with the vector g&ag;) and(ky, k) respectively where
ko, kg, ki1, k; areM-dimensional vectors whose structure verifies eq. (349} ko — ky andX; = ki —kj
belong to the set given by:

a={(a-d)+(b-b)6|ad,bbecc}col (3.52)

wherec stands for théM-PPM-M’-PAM constellation given in eq. (1.8).

We will now show that all non-zero vector coupl€X;, X,) that result in a rank deficient matrix
AC(X1,X2) do not belong to the set given in eq. (3.52) for all values d¥l’. In other words, full
transmit diversity is achieved witkl-PPM-M’-PAM constellations if:

rank(AC(Xy,X2)) = 2 ; V(X1,X2) € 22\ {(0w,00m)} (3.53)
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whereQy is the M-dimensional all-zero vector. In what followAC(X1,X2) will be referred to afd\C
when there is no ambiguity. Denote By, the mth component of the vectof; fori = 1,2 andm=
1... M.

Proposition if 3i,m|X; m = 0 then rankAC(Xy,Xz)) = 2 unlessX; = X = Oy.

Proof: Designate bytthe cyclic permutation given by:

m(i)=i mod(M)+1;i=1...,M (3.54)

tdefines a bijection ovelrd,...,M} whererr (i) =i—2 mod(M)+1fori=1,...,M. The M x 2
matrix AC(Xy, Xz) can be written as:

.
Xpg - Xam 0(Xomi) o 0(Xamiqmy)

(3.55)
Xo1 -+ Xom  0(Xy1) - 0(Xym)

Suppose thaX;m = 0 for a given value om. When rankAC) < 2, the two columns ofAC have
the same direction. Therefore, considering the Mstws of AC, Xy m = 0= Xom = 0. Now we have
0(Xom) = 0 (sinceXym = 0 and{1,6} is an integral basis 0bx). Considering the las¥l rows of
AC, a(Xom) = 0= 0(Xym)) = 0= Xy ym) = 0. Starting the same procedure again wifm) rather
thanm, we conclude by iteration tha€ m = Xy nym) = --* = Xym-1m) = 0 andXom = Xoym) = -+ =
Xom-1(my = 0 Xy = Xz = Ou sincemt defines a bijection ovefl,...,M}. The same proof holds if
dm|[Xom=0.

Lemma Forn = 2 transmit antennas, the code in eq. (3.48) achieves fidrsity withM-PPM-M’-
PAM constellations foM > 4 and for all values of’.

Proof: From the definition ofz in eq. (3.52) X; andX, are linear combinations of any four columns
of theM x M identity matrixly. Therefore foM > 4, X; andX, each have at least one zero component
resulting in full rank as shown in the last proposition.

We must now verify thaldC has a full rank when all of its components are different froenoz In
this caseXym,Xom € 0f = Z* & 0Z* & 0’ for all values ofmwhereo’x = {a+b6 | a,b € Z*}. When
all the components a&C are different from zero, rarfkC) < 2 implies that:

X Yeu_ o) obuw
X141 Xim o 0(Xpmyy) 0(Xor1(m))

—k (3.56)

wherek is any element oK. After some manipulations, eq. (3.56) becomes:

X11= (Ni/q(k))

Since N /g (k) € Q, eg. (3.57) implies thaX; 1,..., Xy m (@nd in an equivalent mann¥g 1, ..., Xo m)
must belong simultaneously to one of the following s&ts6Z* or 0'k.

Following from the structure of in eq. (3.52), a maximum number of two components<p{or
Xp) can contain an integer or an integral multipleGfForM = 2, eq. (3.57) does not contradict the
structure ofa implying that the proposed code is not fully diverse with= 2. Designate by,...,Xs
any four elements of th®1’-PAM constellation and by and j two integers verifying, j € {1,2} and
i # ). From eq. (3.52), both entries 0§ can belong tdZ* whenb = b’ and (a,&) = (x1&,%€))
(em is the mth column ofly). In the same way, both entries ®f can belong t®Z* whena = &
and (b,b') = (x1&,%€j). Finally, X;1 andX;»> can both be ino’x whenX; takes the form:X; =
(X1 +6x2)& + (X34 6x4) €.

M m s M=M,M—1,...,2 (3.57)
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ForM = 3, whenX;m # 0 form=1,...,M, X; € 2 implies thatX; must belong to the set of all
possible permutations of:

a' = {[xl,Xz,Xe,G]T, [X1,%20,%38] ", [X1, %26, X +X49]T} (3.58)

wherexy, ..., x4 € Z*. Therefore, a maximum number of 2 componentXptan be inZ* (or 8Z*) at the
same time while only one component can belong@*tg. This is in contradiction with eq. (3.57) which
proves that the proposed code is fully diverseNbe 3.

For M = 4, a vectorX; € a2 occupies four positions without having any zero entry oflit is a
permutation of the vectdix;e; + 0x2e + x3e3 + 0x4€4). This implies that there are two components of
X; that belong tdZ* while the other 2 components belong@@*. Such vectors do not verify eq. (3.57)
and, consequently, they do not result in rank deficient wedAC. Considering the last lemma and the
casedM = 3 andM = 4, we conclude that the proposed code achieves full diyei@iin=2,M > 3 and
YM'.

For the general values of the reader is referred to Appendix D.1.

Coding Gain

Designate byw v the coding gain of the code given in eq. (3.48) wihPPM-M’-PAM constellations.
We havedy > dum for N > M since in this casé\-PPM-M’-PAM is obtained by adding new di-
mensions to the initiaM-PPM-M’-PAM signal set. On the other hantiy nv < v m for N’ > M’ since
M’-PAM is a subset ol’-PAM for N’ > M’. Therefore, unlike the QAM constellations where an inogeas
in the spectral efficiency results in a possible reductiothécoding gain, the coding gain and the spec-
tral efficiency of the hybrid PPM-PAM constellations can bereased by increasing the dimensionality
of the considered constellation. Therefore, we can argaeftn M >> 1, dy m keeps the same value
for all values ofM’. This follows from the fact that the multiplication by the & Q simply permutes
the coordinates of the information vectors over khalimensional signal subspace without introducing
any constellation expansion. Formally speaking, the pegaode verifies the following property:

Proposition 3.2 For a system equipped with n transmit antennas with M-PPMPRIM constellations,
eg. (3.48) has a non-vanishing determinant for-Mh? and for all values of M

The proof is provided in Appendix D.2.

Shaping and Information Losses

In order to verify the shaping constraint, the bgsisd, ..., 0" 1} in eq. (3.48) can be replaced by a new
orthonormal basigv; }!! ;. In this case, eq. (3.48) takes the general form:

n-1 .
C= Za Diag((M ® Im)[afs1- s )0) 1) A (3.59)

iag([Xz - -- Xn]) whereX; is theM-dimensional vector com-

For anM-dimensional vectoK, Diag(X) =d
=(i—1)M+1,...,iM wherei € {1,...,n}. The(i, j)-th element

posed of thg-th components oX for |
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of ar is equal tooi‘l(vj) andA is thenM x nM matrix given by:

Omxm  Im -+ Omxm
A=| 7 Owm (3.60)
Omxm : RV
Q  Ouxm - Omxm

Concerning the choice of the bagig }; ;, the orthonormal basis constructed in Section 3.2 can be
readily used for all values af. In the same wayyr can be any fully diverse rotation matrix [100].

Proposition 3.3 The code given in eq. (3.59) is information lossless for aligs of n.

The proof follows from the fact that the badig }{! ; is constructed to be orthonormal and that the
matrix Q is unitary. A detailed proof is provided in Appendix D.3.

3.4.2 Construction 2: Achieving full transmit diversity via position combining

In this section, we propose the construction of a new familg® codes forM-PPM-M’-PAM con-
stellations with the values d#l spanning intervals that are potentially different from tmes given in
proposition 3.1. In particular, the proposed codes can béegbwith any number of transmit antennas
for all even values oM. In order to achieve full transmit diversity with these \@duwfM, we propose
to keep the same structure of the codewords (as in eq. (Rd8))o find an appropriate structure of the
M x M matrix Q that permits to achieve this diversity order. For a given hanof transmit antenna®,

is constructed as follows:

Proposition 3.4 For n transmit antennas, consider the code given in eq. §3d8structed oveK(0)
with 6 = Zcos(zwn) and £ (N) = 2n. This code is fully diverse with M-PPM:NPAM constellations for
all values of M and for even values of M fif:

Q=lIyp®

cog0') sin(®)
—sin(0') cos(e’)] (3.61)

such thatd = ZN—’,T and N is an integer that is relatively prime with N verifyirg(N’) > n.

Proof: The proof is provided in Appendix E.1.

In order to have more insights on the properties of the cootsd code, we further investigate the
casen =M = 2. In this casel = 5 and the choic®&\’ = 4 verifies the conditions in proposition 3.4 and
the matrixQ takes the following form:

Q=
-1 0

0 1 ] (3.62)

As in eq. (3.51), denote b&C the difference between two codewords. ®be= n= 2 and forQ
verifying eq. (3.62) AC can be expressed as:

X1 X2 0(Xz2) —0(X21)

AC =
Xo1 Xo2 0(Xp1) 0(Xy2)

(3.63)
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AC is rank deficient ifAC, = kAC, for a certain valudk € K whereAG; is thei-th column ofAC. This
results in:

Xo1 = kX11 = ka(k)Xz2 = k2a(k)X1 2 = —k?(a(K))*X2.1
= — (Ng/g(K)*Xo1 (3.64)

(1+ (Ng/g(K))?)X2,1 = 0 implies thatXz 1 = 0 sincekis real. From the first row aiC, rank/AC) < 2
andXz 1 = 0= Xy 1 =0. Considering the third row a&C, this implies thakX > = 0 which further results
in X1 2 = 0 from the linear dependence between the elements of thedecw of AC. Therefore, only
the all-zero matrix is rank-deficient and the code is fullyedse for all values of!’.

For the special case of 2-PPM constellatioks=£ 2 andM’ = 1), the following proposition holds:

Proposition 3.5 If Q has the structure given in eq. (3.62), then the code is fullgrde with2-PPM
constellations for all values of n.

Proof: Designate bya the set whose elements consist of the difference betweeMbtdimensional
vectors having the structure given in eq. (3.49). In otherdso

n-1 )
ﬂz{_;(aa—a{)e' ; 80,80, -,8n-1,8_1 € C} (3.65)
1=

where ¢ stands for the PPM-PAM signal set. For binary PPM constefiat ¢ = {[1 0]",[0 1T }.
Following from this structure of, an elemenA of 4 can be written a# = [a —a]" wherea € K. For
example, with = 2 transmit antennas, consider the following matrix:

0O 1 6 1+6 1-6

A—
0O -1 -6 -1-6 —-1+6

(3.66)

then, the elements of are equal to the columns of the above matrix multipliedtdy

In Appendix E.2, we show that this particular structure & ¢hlements ofz results in rankAC) =n
for non-zero matriceAC and for all values oh. Note that for binary PPM, full diversity can be achieved
with the values of2 respecting proposition 3.4 or with as in eq. (3.62). Itis better to choose the matrix
form given in eq. (3.62) because in this case the multipboaby Q does not result in an additional
constellation extension. Moreover, this choicebfesults in an additional advantage stated in the next
proposition.

Proposition 3.6 If Q has the structure given in eq. (3.62), then the code proposed. (3.48) and the
perfect codes [64] have the same coding gain 2HRAPM constellations for all values of n.

Proof: The proof is given in Appendix E.3.

As in section 3.4.1, the basid,...,8" !} can be replaced by an orthonormal basis resulting in
information lossless and shaping efficient codes obtainauh the association of eq. (3.59) with the
values ofQ given in eq. (3.61) or eq. (3.62). The proof is similar to time given in Appendix D.3.

Finally, combining the constructions proposed in thisisecand in section 3.4.1 permits to achieve
full transmit diversity withM-PPM-M’-PAM constellations for all values d#’ and forM > 2, {M >
2,M#3},{M>2,M#3}, {M>2M+#35} and{M > 2,M # 3,5} withn= 2, 3, 4, 5 and 6 transmit
antennas respectively. If a certain value®oferifies proposition 3.1 and proposition 3.4 simultanegusl
it is better to choose the matrix form given in eq. (3.50) thiatply permutes the coordinates of the
transmitted information vectors rather than combiningrthe
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3.4.3 Comparison with codes from cyclic division algebras

In what follows, we compare the modulation-specific codds thie totally-real codes constructed from
cyclic division algebras (ISC in section 3.2) for the valo&é$ respecting proposition 3.1 or proposition
3.4.

For the values oM respecting proposition 3.2, construction 1 has a coding tia&t does not de-
crease with the size of the embedded PAM constellatidf. (However, this happen favl > n? which
corresponds to constellations having a large number ofiinas and consequently for systems having
a high receiver complexity. For constellations with linditdimensions, the modulation specific codes
do not have a non-vanishing determinant. The advantageesétbodes is that they are energy-efficient
and information lossless. On the other hand, ISC has a noishiag determinant. However, this comes
at the expense of not having uniform average transmittedggreer antenna. Moreover, ISC are not
information lossless codes. For UWB communications, we@riat energy efficiency can be more
important than the NVD property for the following reasons:

e Over Rayleigh fading channels, codes with NVD achieve therdity-multiplexing tradeoff of
the underlying channel [49]. However, UWB signals are stibfe lognormal fading (refer to
section 2.3). For these channels, the asymptotic analgpiged in [49] gives no insights whether
or not codes with NVD achieve the D-MG tradeoff over the UWRuchels. First, because of the
complex nature of the channel matrices (that are no more leon@aussian). Second, because it
was seen in section 2.3 that an infinite diversity order carebehed for asymptotic values of the
SNR. Over the UWB channels, the absence of a direct conneotittween the NVD property and
the achievable tradeoffs reduces the importance of the Nidparty.

e In [49], the tradeoff is achieved with a family of codes whapectral efficiency scales with the
SNR. For QAM constellations, this reduces the coding gaiessmwhen the code has a NVD.
On the other hand, at high SNRs, the spectral efficiendyl-®tPM-M’-PAM can be increased by
extending the constellation in the time domain (increadfjgrather than the amplitude domain
(increasingM’). For construction 1, this extension does not introduce aedese in the coding
gain since the dimensionality of the signal subspace isasad with no additional constellation
expansion.

e High order PAM constellations have a very poor performarnge This is why, the highest order
PAM constellation used in the literature of the UWB was theAM constellation.

Finally, the modulation-specific codes verify a large humbkconstraints. 1) They are totally-
real. 2) They achieve full rate and full diversity. 3) Theyraduce no shaping losses. 4) They are
information lossless. 5) They are energy efficient. 6) Theljieve the best known coding gains (those
of the complex-valued perfect codes) in the following cases

e M-PPM-M’-PAM constellations for all values dfl’ and forM > n? with any number of transmit
antennas (from proposition 3.2).

e 2-PPM constellations with any number of transmit antenfrasn(proposition 3.6).

e 2-PPM-2-PAM, 2-PPM-4-PAM and 2-PPM-8-PAM constellationgh n = 2 transmit antennas
(with the value ofQ given in eq. (3.62)).
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e M-PPM constellations for all values & > 3 and forn = 2 transmit antennas (construction 1).

e M-PPM-2-PAM (bi-orthogonal) constellations andPPM-4-PAM forM > 4 and forn = 2 trans-
mit antennas (construction 1).

The third case is verified by computer simulations. The last¢ases follow from the numerical eval-
uation of the coding gain of the code in eq. (3.59) associati¢ial the value ofQ in eq. (3.50) with
M-PPM andM-PPM-M’-PAM (M’ € {2,4}) for M = 3 andM = 4 respectively. Since the coding gain of
construction 1 increases wi, this proves the last two conditions.

3.5 Numerical Results

In order to compare different modulation schemes, the gnafrthe PPM-PAM constellation is normal-
ized to one. For systems that do not use modified Hermite puise pulse waveform(t) is chosen to

be the second derivative of the Gaussian pulse with a duarafid,, = 0.5 ns normalized to have unit
energy. When modified Hermite pulses are used, the first-puise (the one with the shortest duration)
has a duration of 8 ns. Orthogonal PPM modulations are used Wwith T,, = 0.5 ns. In order to elimi-
nate ISI, the frame time is fixed @ = 100 ns. In single user situations, the performance is inulge
from the number of time framds;. In this case, we fiN; = P in order to render IPC and the balancing
of ISC possible. In multi-user scenarios, all users arerasgto have the same transmission levels and
random TH sequences are used. Simple PRake receivers dogatbpnd the sphere decoder [102] is
used for detection.

The transmit and the receive arrays are supposed to be sofficspaced so the each one of B@
sub-channels is generated independently from the otheclsatnels using the standard IEEE 802.15.3a
channel model [17]. For simplicity, we assume that the reddtme delays between the signals received
at the different antennasé@ in eq. (2.4)) are negligible. In this way, simulations hight the diversity
and multiplexing advantage of the proposed schemes indepéi from the relative orientations and
positions of the transmit and receive arrays.

The number of matched filters at the receiver increases Wwétldimensionality of the transmitted
constellations. Therefore, when evaluating the perfomaaf the different diversity schemes, we com-
pare systems that usé-PPM-M’-PAM constellations having the same value\df In what follows, the
term uncoded systems corresponds to spatial multiplexing.

3.5.1 Performance with PAM

First, we compare systems using modified Hermite pulses Siititoded systems. For MIMO systems
using PRakes, the diversity scheme based on Hermite pudpds/dQLP matched filters (from eq. (3.2))
while only QL matched filters are necessary when only one pulse wavefouses (from eq. (2.33)).
Moreover, the estimation of the channel matrix necessittiie estimation ofLP? rather thanQLP
parameters as in uncoded and ST-coded systems. Ther¢feliatéresting to compare Hermite systems
havingL fingers with uncoded systems haviRg fingers since in this case the number of matched filters,
decoding complexity and the data rate are the same.

Fig. 3.5 shows the performance at a rate of 4 bits PCU. Inquéati, we compare Hermite systems
(section 3.1), orthogonal codes (section 2.2) and ISCise&.2). The legend “Hermite” stands for
the system using Hermite pulses with no modulation diversio achieve the given rate, all schemes
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Figure 3.9: Performance on CM2 with 6 transmit antennas¢éive antennas and a 1-finger PRake at 6
bits PCU.

use 2-PAM except for SISO systems and the orthogonal codésniist use 16-PAM. Results show the
importance of merging the use of Hermite pulses with modutadiiversity. For example, at an error

rate of 104, the coded Hermite system with 1-finger outperforms the dedat-fingers system by 2 dB

while having the same number of matched filters and decodingptexity. With respect to ISC, coded

Hermite systems show better performance at the expenséngfRis- 4 times more correlators with the

advantage of a lower decoding complexity.

In Fig. 3.6, we show the performance of energy-efficientpstgefficient and balanced ISC taken
from eq. (3.17), eq. (3.19) and eq. (3.26) respectively. Wamgare the above codes with the orthogonal
codes and IPC from section 2.2 and section 3.3 respectivalgh PAM, the coding gains o€, e
andCy ot given in eq. (3.17) and eq. (3.19) are equab% and %E respectively. This justifies the
difference in the performance between these two codesta8@hirs. We can also notice the performance
improvement introduced by balancing ISC. Note that at 2Pi4$J, the orthogonal code approaches the
performance of balanced-ISC at high SNR. At 4 bits PCU (andhi® same number of correlators fixed
by the dimensionality of the constellation), it must useP¥avl which results in important performance
losses with respect to ISC and IPC.

In Fig. 3.7, we show the performance on CM3 and CM4 with Q = 3 andL = 1 finger PRake using
2-PAM constellations. Once again IPC outperforms all tHeotodes and balanced-ISC outperforms
ISC. At low SNRs, the pulse permutations render balanc€r®re resistant against noise resulting in
limited performance ameliorations with respect to IPC.

In Fig. 3.8, the performance at 5 bits PCU is shownRot Q =5 andL = 1 on CM1 and CM2.

In this case, balanced-ISC slightly outperforms IPC fowalles of the SNR. This can be explained by
the fact that in this case balanced-ISC performs a large suwfpermutations (5 permutations) of the
codewords in eq. (3.13). This results in a better immunisjirgt noise explaining the slight performance
gain at all SNRs. Similar results are obtained in Fig. 3.%erQ=6,L = 1 and at a rate of 6 bits PCU.
Notice that even with 8-dimensional constellations, thtbagonal code performs worse than balanced-
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ISC. As a conclusion, when the pulse repetitions are prebaf@gnced-ISC shows the best performance
for sufficiently large number of antennas. On the other h##2@, shows comparable performance with
lower complexity.

3.5.2 Performance with hybrid PPM-PAM

First, we compare MIMO-UWB systems using modified Hermitésps with uncoded systems using
ML and MMSE receivers. Fig. 3.10 shows the performance wifPP81-8-PAM,P =3, Q=1 and

L = 8. MIMO and single-antenna systems transmit at 180 MbitscsGD Mbits/s respectively. Results
show that the better conditioned channel matrix that faldvom the use of Hermite pulses permits
linear receivers to close the gap with respect to the optdatdctors. Therefore, even though the use of
the Hermite pulses achieves partial transmit diversityait increased number of matched filters, high
performance levels can be obtained even with non-optimahli receives.

In Fig. 3.11, we compare PRake and SRake receivers on CM12aRRM-2-PAM constellations
andL = 1. Results show that the uncoded 2 systems using SRakes outperform coded systems using
PRakes at low SNRs. At high SNR, the diversity order of thiefdtirns out to be better. Note that SRake
receivers suffer from low fading margins since the strohgadti-path component is chosen. Therefore,
the performance gap between coded and uncoded systemdlisrforasystems equipped with SRakes.
However, despite the low fading margins of SRake systent r&3ults in a performance gain of about
1 dB at a SER of 10 with respect to uncoded MIMO systems.

10°

SER

10°

107

10 - SISO
=&~ Spatial Multiplexing, MMSE receiver
== Spatial Multiplexing, ML receiver
=0~ Coded Hermite, MMSE receiver

=B~ Coded Hermite, ML receiver
I

10°° T I
10 15 20 25 30 35
SNR per bit (dB)

Figure 3.10: Performance on CM2 with 8-PPM-8-PARL= 3, Q = 1 andL = 8 using ML and MMSE
receivers.

Fig. 3.12 compares ISC with the modulation-specific codésgud-PPM-M’-PAM constellations.
The values oM are chosen to verify proposition 3.1 and theref@ean take the value given in eq.
(3.50). Results show that the modulation-specific codepenfdrm codes from totally-real cyclic di-
vision algebras without the need of any pulse repetitionaddlitional number of matched filters. This
shows the importance of having energy-efficient codes. A ghabout 1 dB is observed at an error rate
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Figure 3.11: Performance on CM1 with 2-PPM-2-PAM and a 1dfirigake.

of 1072 using three transmit antennas and 5-PPM-2-PAM constatigti This gain increases to51dB
with four transmit antennas and 5-PPM.

In Fig. 3.13, we consider 2-PPM constellations on CM2. Theiker is equipped with a 1-finger
PRake and we fi = Q = nwheren = 2,...,5. Following from proposition 3.5 can take the form
given in eq. (3.62). In this case, the association of conttm 2 with 2-PPM achieves the best known
coding gain (proposition 3.6). As a result, performancengjai the order of 2 dB can be obtained with
respect to ISC with 3 transmit antennas at a BER 0ff10

In Fig. 3.14, we show the performance of the proposed ST angirshe space-variant UWB channel
model proposed in [22, 23]. In this case, the relative delmtsveen the elements of the antenna arrays
are provided by this mode:tgf,)) ineq. (2.4)). We fixP = 3, Q = 1 andL = 5 with 4-PPM constellations.
For the modulation-specific code®, has the structure given in eq. (3.61) with =5 (sinceN = 7).

We consider profile 3 that corresponds to an “office-to-offamnario. We compare the cases where the
distanced between the elements of the transmit antenna array is eg@atin and 15 cm respectively.
Results show that even though construction 2 introduceglditi@nal constellation extension, its good
energetic distribution results in a performance gain ofualdd? dB with respect to ISC at a SER of
10-2. The slopes of the error curves of the ST coded systems bighie enhanced diversity order
with respect to the uncoded MIMO systems. Closely separatéehna arraysd(=5 cm) result in a
performance loss of about®dB with respect to arrays whose inter-antenna separaiequal to 15
cm. However, this performance loss is not associated wigtdagradation in the diversity order and the
same diversity advantage can be obtained for both intemaat separations.

In Fig. 3.15, the modulation-specific codes are comparekl thi perfect codes for the valueshf
andM’ that result in the best known coding gain (refer to sectigh33. For comparison reasons, and
even though it may seem practically infeasible, the UWB ik@xe are supposed to be equipped with 1Q
front ends. The results show the high performance leveleebtoposed modulation-specific schemes.
Even though they are real-valued, they show exactly the gsriermance as the best known codes.
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Figure 3.12: ISC versus construction 1 (STC1) on CM2.
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3.5.3 Construction 1 versus Construction 2
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Figure 3.16: Construction 1 versus construction 2 with Bgmit antennas, 3 receive antenna and 6-
PPM-M’-PAM constellations over CM2. A 1-finger PRake is used.

In Fig. 3.16, we compare construction 1 and construction th Wi-PPM-M’-PAM constellations
for the values oM that verify proposition 3.1 and proposition 3.4 simultangg. In particular, we
perform simulations over CM2 witR = 3 transmit antennas, 3 receive antennas and a 1-finger Rake fo
M =6 andM’ € {2,4,8,16}. Given the high dimensionality of the transmitted conat@h P°M =
54), we apply the algorithm proposed in [103] for detectidtnis decoding algorithm is based on the
Schnorr-Euchner enumeration strategy and a Fano-likaare#s is introduced in order to enhance the
convergence time. Moreover, the MMSE-DFE preprocessimgiformed [104] (refer to chapter 5 for
more details). As expected, construction 1 outperformstroation 2 and the simulation results show
that the performance difference between these two cotistngdoecomes significant for large values of
M’. While construction 2 shows practically the same perforreass construction 1 fdvl’ = 2,4, the
former construction results in a performance loss in thewoodl 0.5 dB for M’ = 8, 16.
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3.5.4 Performance in the presence of MUI

In this section, we determine the impact of MUI on the perfance of the proposed ST codes. In
particular, we determine the performance gains that rdésut the association of IPC with the user-
specific unitary amplitude spreading matrices given inise@.4.4.

Fig. 3.17 shows the performance with= Q = 2, N = 2P = 4, N, = 200, 2-PAM andL =5
for K = 10 andK = 15 interfering users in a synchronous environment. MMSErSltare used at
the receiver side in order to reduce the level of MUI. For 1S &alanced-ISC, the same amplitude
spreading sequence is associated withRieansmit antennas and MUI can be controlled uniquely by
the choice of the time-hopping sequence. For IPC, the amdaglispreading matrix can be taken to be
user dependent. In this case, it chosen to verify eq. (2.107)

Balanced-ISC is compared with IPC in the two following casksthe first case, each one of the
K + 1 users is attributed with a random unitary matrix whose elethare taken fronf+1}. In the
second case, to each user is given a matrix form the family* ef 256 matrices constructed from eq.
(2.107) using 4-PAM elements. Results show that appradyiahoosing the spreading matrices results
in a gain of about 1 dB at 1@ for K = 10. The dotted lines associated with each curve corresgond t
the Gaussian approximation given in eq. (2.96). This agpraton turns out to be accurate with any
number of users.

Fig. 3.18 shows the degradation introduced by MUl when ugd@withP=Q=2,L =7, N, =200
andN; = 4 in an asynchronous environment at a signal to noise ratRbafB. The random matrices
whose elements are taken fromt1} and the designed matrices from eq. (2.107) are attributekdeto
different users in the same way as in Fig. 3.17. Results shaimle performance gain becomes more
significant with large number of users since in this casefietence becomes more critical on the system
performance. For example with 4-PPM-2-PAM constellatiamsl at an error rate of 10, about 5
additional users can share the same physical channel witgubandwidth loss, increased receiver
complexity or additional medium access control procedutdswever, the application of eq. (2.107)
may result in increased PAPR and higher dynamic ranges.
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Figure 3.17: Performance with = Q = 2, 2-PAM and 5 fingers PRake witK interfering users in
a synchronous environment. The dotted lines associatddeagith curve correspond to the Gaussian
approximation.
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Figure 3.18: Performance of IPC in the presence of MUl vidte: Q = 2 and 7 fingers PRake in an
asynchronous environment at 25 dB.
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Chapter 4

Cooperative Diversity

In this chapter, we extend the cooperative diversity sclsaiméhe context of IR-UWB systems. While
cooperative systems were extensively studied with narmmdlcommunications (refer to section 1.3.5
and the references therein), the benefits of associatisg teehniques with UWB communications were
never investigated before. The nature of the IR-UWB trassions and the high frequency selectivity
of the UWB channels result in additional challenges on the&gieof the transmitter, receiver and the
cooperating relays. Moreover, the analysis must take ictownt the synchronization problems, such as
the timing jitter effects, which are prominent problems iWB communications and which might not
advantage a cooperative scenario if mistiming delays angggated through several nodes.

In what follows, we develop appropriate schemes that ek spatial diversity in a distributed
manner among the different terminals of a wireless netw@rk.first consider the amplify-and-forward
(AF) strategy and we apply the techniques presented in pt4hk construction of new totally-real dis-
tributed ST codes that are suitable for carrier-less UWBstmzissions. At a second time, we apply the
same approach that was adopted in section 3.2 and sectidor pidfiting from the pulse repetitions to
ameliorate the performance of the above codes and to inteoihter-pulse coding schemes. Then we
propose new modulation-specific coding schemes that casdoeiated witiV-PPM-M’-PAM constel-
lations forM > 2 and for any number of relays.

We also consider the decode-and-forward (DF) strategy aytepose new coherent and differential
DF schemes that take advantage of the pulse repetitionsasedvey each information symbol.

Note that in what follows, we discuss uniquely issues rdladethe physical layer and code design.
In comparison with other existing cooperative protocdig proposed schemes do not impose any ad-
ditional constraints on the medium access control layerth@douting protocols (refer to [105] and the
references therein).

4.1 System design with the AF scheme

Consider the case of a wireless network composed of a centaniber of synchronous and half-duplex
radio terminals each equipped with a single antenna. The fnégjuency selectivity of the underlying
channel results in two major differences in the system mudlil respect to the AF narrow band sys-
tems. Because of this frequency selectivity, diversity bimmg must be performed at the relays prior to
amplification and retransmission. Moreover, the high terapi@solution might necessitate a feedback
from the destination to the relays in order to overcome tiergint propagation delays.
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4.1.1 Diversity combining at the relays

Designate by the channel delay spread. In non-cooperative systemsatghe eliminated by choosing
Tt > I whereT; is the frame duration. Applying a simple AF strategy at easlhy will result in a
received signal that is spread over a duration [ofa2 the destination. Consequently, ISI can only be
eliminated by choosind; > 2I" resulting in larger symbol durations and lower data ratesrddver,
higher order Rake receivers must be implemented at thendést since the energy collected by each
finger is now very small.

A possible solution for this problem is by amplifying andregtsmitting a limited part of the received
signal. Designate by(t) the pulse waveform. During the cooperation phase, the kigaasmitted
by each relay can be seen as a train of distorted versiongtof This signal will have a duration
N1 < I'. Moreover, the signals transmitted by the relays will haiffeigent shapes. Therefore, using
a filter matched taw(t) at the destination is highly suboptimal given that these trawsmitted pulse
waveforms will be further distorted by the channels betwienrelays and the destination. Therefore,
these systems will suffer from an increased intra-pulserfietence. On the other hand, a Rake receive
(at the destination) that combines the multi-path compt:euaringl” 1 will integrate a very limited part
of the signal energy resulting in important performanceraegtions.

In order to overcome the above mentioned limitationsnulti-paths are combined at each relay
prior to amplifying and retransmission. On the other hahd,dhannel parameters between the source
and the relays must be known at the destination in order teeeloptimal detection with all AF schemes
[70,73]. For example, each relay can estimate its undeylghannel and then it forwards the estimated
parameters to the destination during the control phaseeldre, using the available channel parameters
to perform maximum ratio combining (MRC) does not result significant increase in the complexity
of the relays. In what follows, we consider PRake receivessriy L fingers.

4.1.2 Systems with feedback

Consider the case whekeneighboring terminals (relays) can help the source in ddlig its message
to a given destination. Denote Ib(t) the impulse response of the channel from the source t&-the
relay fork=1,...,K. Inthe same way, denote loy(t) andhy(t) the channel impulse responses from the
k-th node to the destination and from the source to the déstineespectively. Lehy(t) = hj (t) s w(t)

for k=0,...,K and gk(t) = g, (t) *w(t) for k= 1,...,K. The channel seen by the destination and
corresponding to thk-th relay can be expressed as:

Ok (t) = ok(t — &) (4.1)

wheregy corresponds to the propagation delay betweetkerelay and the destination fee=1,. .. K.

It is determined with respect to the arrival time of the firstltinpath component between the source and
the destinationdy = 0). In general, the relay selection protocol chooses rellagts are closer to the
destination than the source agds a negative quantity.

Based on this formulation, we can differentiate betweendages. In the first case, a feedback be-
tween the destination and the relays indicates the quantityhich each relay must advance or delay its
transmission. In this case, the different delays are cosgied and we can sgt=0fork=1,... K. In
other words, the first arriving rays of the different relays aligned at the destination before performing
matched filtering. In the second case, the first finger delaieRake corresponds to the first arriving
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ray between the source and the destination. As will be séen this feedback can have a non negligible
impact on the system performance.

4.1.3 System model

Consider the non-orthogonal AF (NAF) scheme proposed ih 8 described in Fig. 1.3. For this
protocol, each relay enters in cooperation with the soutcing a period of Rl symbol durations. The
Ns symbols received during the first half of this cooperatioriqubare amplified and retransmitted by the
cooperating relay during the second half. In what follows,dgnote byay 1 and4 > theM x Ns matrices
given by: Ak 1 = [Ao—1)Ne+1 *+ Ak—1)Ns] @NdAk2 = [Aa—1)ne+1 - Azkng]- Ak;i IS transmitted during
thei-th half of thek-th cooperation interval for= 1,2 andk = 1,..., K. A; is theM-dimensional vector
that corresponds to thith information symbol and it belongs to thé-PPM-M’-PAM constellation
given in eq. (1.8). In the same way, the« Ny amplitude spreading vectors correspondind\favill be
denoted byB; andB; for j =2(k—1)Ns+1,...,(2k—1)Nsandj = (2k— 1)Ns+1,...,2kN; respectively
and fork=1,...,K. Moreover, the source and its relays will share the samehiopping sequence.

Taking these notations into consideration, the decisioiabbes collected at thieth relay during the
first half of thek-th cooperation period can be expressed as:

X = \/Bﬁl—?ka(ﬂm@Bl)ﬂLNﬁ 4.2)

wherepy is a gain factor corresponding to the relative quality ofdchannel between the source andkhe
th relay with respect to the channel between the source andetstination @y = 1). When transmitting
during the first half of each one of th€ cooperation periods, the energy transmitted by the soagrce i
scaled byB;. Hg is aLM x M matrix corresponding to the channel between the source tanktth
relay. As in section 2.1.1, itdM + m,m')-th element is equal t¢ hx(t)w(t — (m—n')d—IMT,)dt for
|=0,....L—1landmm =1,...,M.

As in eq. (4.2), the decision variables collected at theidasbn during the first half of thé&-th
cooperation period can be expressed as:

Yi1 =y %Ho (A1 ®B1) 4+ Nk1 (4.3)

At each relay, MRC is performed before retransmitting. Imeotwords, the signal transmitted from
thek-th relay during the second half of tketh cooperation period is given by:

X = v/B2WH{ X (4.4)

whereWy is the amplification matrix verifying:

Nl

1 N -
Wie= (Hi He) 2<BlpkaT Hic+ 7°|M> (4.5)

When transmitting simultaneously during the second halthefk-th cooperation period, thke-th
relay and the source are supposed to the have the same saiievels (determined If3p) for k =
1,...,K. Transmitting the same energy as in non-cooperative sgstemesponds to fixin; + 23, = 2.
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Finally, the decision matrix at the destination during teeand half of thek-th cooperation period
can be expressed as:

Yi2 = \/ E_i Ho (ﬂk,z ®Bg) 4+ v/ AkaXé—i— Ni 2
_ B B1B2prAk T .
=4[~ Ho(ak2®B2)+ TGk‘Pka Hi (k1 ® B1) 4+ v/ B2AkGkWkH N+ Ni 2 (4.6)

Nt
whereAy is determined in a similar way @g and it stands for the quality of the channel betweerkttie
relay and the destinatio®y is aLM x M matrix that stands for the channel betweenkttle relay and the
destination. ItgIM +m,nT)-th element is equal td g (t)w(t — (m—m)d—IMT,)dt for| =0,...,L—1
andm,m = 1,...,M whereg/(t) is given in eq. (4.1).
Combining eq. (4.3) and eq. (4.6), the decision variabldlected at the destination during theh
cooperation period can be expressed as:

Yer | _ v/ BiHo OLmxm Ak ® By G @.7)
Yi 2 V/B1B2PkMGkWkH Hi  +/Bz2Ho Ak 2 @ By

where the factoN; is included in the noise variance amg is a zero-mean colored Gaussian noise
whose covariance matrix is given by:

Nt No ILm OLmxLM
E 2 | = —— 4.8
(26 ] 2 | Omxiv Iim + 2k 48)
where:
Ty = BoAGrWHY H WL GY (4.9)
After noise whitening, eq. (4.7) can be written as:
~ | Ak1®Bg
Y«=H ’ +N 4.10
k = Hi [ 2> By k (4.10)
whereNy is white andHy is the .M x 2M matrix given by:
_ v/B1H 0
Hy = Patlo ; e (4.11)
VB1B2piAkZ, 2 GWiH Hie  +/B2Z, ?Ho

Stacking the decision matrices corresponding toKhdifferent cooperation intervals horizontally,
we obtain the following relation:

YoM kNaNg) = Hi20m2im) 2 2kM xkNaNg ) + N2 M KNoNy) (4.12)

where the subscripts indicate the corresponding matridiesensions. Y, H and N are obtained by
stacking the matrice¥, Hyx andNy horizontally fork =1,...,K. 4 is given by:

4= diag( > (4.13)

The cooperative scheme is determined by the choice of thexnat

411 0B

A1, B> Ak 2® By

[ Ak 1® By
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4.2 Code construction for the NAF scheme

In this section, we present different techniques for camasiing the codewords given in eq. (4.13).

4.2.1 Inter Symbol Coding (ISC)

The construction is first considered with PAM constellasi@and the extension to PPM-PAM constel-
lations is discussed later. For ISC, we Bx = B, = B = 11.n,. Equation (4.13) can be expressed as:
24 =C®BwhereC is a X x KNg matrix and it corresponds to the distributed space-timengpscheme.
Itis given by:

C = diag(Cy --- Ck) (4.14)
C= A1 AL)" (4.15)

whereCy is a 2x Ng matrix fork =1,... K.
From eq. (4.12), combining the decision variables corredjmg to the different pulses of the same
symbol is equivalent to calculating:

Y (lkn,®BT) = H(C®B)(lkn®B") +N (4.16)
= N{HC+N (4.17)
where it is easy to verify that the noise term is still Whitét(vwarianceNfzzNo).

SinceCy is a 2x Ng matrix, it can be directly seen that there is no interest inosing Ng > 2.
Therefore, in what follows we fikls = 2 resulting in minimal-delay codes. Moreover, in order thiaee
full rate, ZKNs symbols must be included in each codew@d Furthermore, in order to achieve full
diversity, all of these K symbols must be included in the sub-matri€ggor all values ofk.

For the construction dE, we extend the family of codes proposed in [74] to UWB comroatibns
by performing the construction in totally-real field extems. The family of codes constructed in [74] is
based on cyclic division algebras and permits to achievditresity-multiplexing tradeoff given in [73]
with any number of relays (refer to section 1.3.5).

Let K= Q(B) andF = Q(¢) be K and 2 dimensional real cyclic number field extensiongQof
respectively. Their Galois groups are given ®wl(K/Q) = (o) (with oX = 1) andGal(F/Q) = (1)
(with 12 = 1). Moreover, we fixL. = Q(8,9) and@ = ”Tﬁ’ From [74], the sub-matriCy takes the
following structure:

Cc = D" (Cy) (4.18)
diag((1+ )2 (1+¢)7F) 0 (Co) (4.19)

whereg; = 1(@) = %g and the diagonal matri® is introduced for normalization purposes. The matrix
Co is given hy:

ki+@ko K3+ @Ky
Y(ks + @ika) K1+ @iko
wherey, ki, ..., ks € Ox Whereox is the ring of integers oK resulting in a non-vanishing coding gain
wheny is a non-norm element (refer to section 3.2 for more detail¥)e scalan is introduced for

Co=A [ (4.20)
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normalization purposes and it must verify:
1
Vo

WhenK is odd, we fixA = a € K. WhenK is even, we fixA\ = \/a and, in this casey must be totally
positive.
From eqg. (4.14) and eq. (4.21), the determinarnt ekrifies:

Ng/g(A) = (4.21)

detc) K e S
deDX k|:|1clet<crk Y(Co)) = kak *(det(Co))

= Ng/o(A)Np/r (NL/x (ki + @ko) — YNL/k (k3 4 @ks))
= dﬂg/lQNL/lF(X— YY) (4.22)

Since there is no element inwhose norm is equal tp we obtainx— yy = 0. Furthermorex—vyy €

Ok sincex,y,y € ox. Therefore, the minimum of the absolute value of eq. (4.228gual todﬂg/lQ. As a
conclusion, the minimum determinant®©fis given by:
dmin=_ min |detC)| = detD)"d 7}
min=_ min_ |det(C)| =detD)"dy q
_K
= (dr/) sz/l@
= (dujg) 2 >0 (4.23)
wheredy, q is the absolute discriminant &f.
Equation (4.20) can be expressed in an equivalent manner as:
1 ) T .
Co = %dl'?@(R[aziKH - g1 ) @ (4.24)
i=
1 0 01
R= M Q= 4.25
H oo [0 ] 029

whereay, ..., as are the PAM symbols ang =A[1 6 --- erl]. In the same wayy/ can be deter-

mined from any orthonormal basfe*(v) }K ;-

M = [ v ov) - o (v ] (4.26)

Energy balancing and shaping

As in section 3.2, we can show the nonexistence of energgieaitiand information lossless codes based
on CDAs. Thereforely| # 1 and the energy-balanced version of eq. (4.20) can be wake

kitgke  sOy)|vi? (ks + gka) 4.27)
(k3 + (rka) ki + @ik |

= A 1
Co=c(y) [Mz

wherec(y)? = %\vl is a normalization factor insuring the same transmittedggnas in non-cooperative

systems. In this case, and wheis totally positive, eq. (4.23) becomes:
2K
Nk /o(1+Y)

Nl

Omin = (4-28)

(dr/@)”
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When it is possible to choosgec Z*, multiplying by the conjugates of results in a transmitted
constellation that is a rotation of the original PAM signel en each layer of the codeword. let= vk
fori=1,...,4 wherey =1 fori =1,2 andy :y% for i = 3,4. SinceoX(y)) =y fork=0,...,K -1,
we have the following relation (far=1,...,4):

K - oK) = Vil [ai—ykr1 - a]" (4.29)

wherel is aK x K matrix whosek-th row is given by, = o*~1(ar ) whereas is given in eq. (4.26).
Moreover,I'TT = Ix which follows from eq. (4.21) and from the choice of an orttwnal basis resulting
in a simple rotation of the PAM constellation. More pregys¢he symbols contained in the conjugates
of ky andk, are a simple rotation of the original information symbolsie/the symbols contained in the
conjugates okz andk, are an amplified version of this same rotation. Wiés not a positive integer,
ed. (4.29) does not hold faor= 3,4 and shaping losses are introduced on the symbols contairibd
conjugates oks andkg.

As a conclusion, the construction procedure consists ottineect choice oK, a “non-norm” el-
ementy of ox and of an algebraic elementsuch thath = a (resp. A = \/a) whenK is odd (resp.
even). Moreover, if the basiﬁ\ek}ﬁgol is not orthogonal, then an appropriate basis transformatiost
be performed before applying eq. (4.24) and eq. (4.26). latddilows, we will outline the construction
procedure foK =1,...,5.

1, 3and 5relays

ForK = 1 relay,C can be equal to any one of the<2 totally-real ST code€; eq andCy ot given in eq.
(3.17) and eq. (3.19) respectively. FOE= 3,5, the construction is performed in the fi€ld2 cog 2W”),(p)
whereN verifiesz (N) = 2K (N = 7,11 for K = 3,5 respectively). In both cases, we can chopse2
since the ideals @, are prime. The rotation matrix in eg. (4.25) can be deterthinem the orthogonal
basis determined in section 3.2.2 and section 3.2.Kfer3 andK = 5 respectively.

2 relays

In this case, we choosE = Q(8) with 6 = 1+ /2 anddg g = 23. The choiceA = @ verifies
eqg. (4.21) resulting in no shaping losses on the symbolsactad in the conjugates ¢ andk, as
explained earlier. Moreoveh and its conjugate are both real since-8 > 0 and 3— 68; > 0 where
81 = 0(8) = 1— /2. The rotation matrix in eq. (4.25) can be calculated frafn= A[1 8] since the
basis{A, A8} is orthonormal.

In order to have a division algebra, we chogse 1+ 0 since the ideayor, is prime implying that
there is no element i whose norm is equal ta Moreover,y ando(y) are both positive resulting in a
minimum determinant that verifies eq. (4.28) (more pregjSlin = 7—10).

4 relays

We fix L = Q(6, @) with 8 = 2cogZL) anddye) /@ = 2. Using KANT [101], we find that the prime
factorization of the ideal @k is given by:

20k = (80 )* (4.30)
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Choosinga = 6/8 verifies eq. (4.21) since Ng(a) = ﬁ, but a problem arises since the second

and third conjugates af are negative. Using KANT software, we find the uait 1 — 62+ 62 whose
conjugates have the same sign as those ahd whose norm is equal to 1. Therefore, choosing
Be/8 = (—2+ 0+46° — 063)/8 results in a totally-positive algebraic number such that \/a verifies
eg. (4.21).

The basi::,{\/—ek}k‘0 is not orthogonal. Applying the LLL reduction [37] on the @Gran matrix

corresponding to the previous basis, we obtain the new lgagen by: {\/0" (2+30— 93)/8}
Equation (4.26) can be calculated from the preceding basis.element = 6 results in a fully dlverse
code since its generated ideal is prime.

Error balancing

As in section 3.2.6, we can profit from the presence of thegpdpetitions in order to evenly distribute
the available energy among the different information syimbd&uppose thall; is even, instead of
transmittingCy ® 11, in thek-th cooperation period, we can transmit:

Ckbal = [ Cc C, } ® 113Ny /2 (4.31)

whereC{( is obtained in the same way @gfrom eq. (4.18) by applying a cyclic permutation of ord&r 2
on the information symbols.

4.2.2 Inter Pulse Coding (IPC)

In this case, the spreading vect@sandB, in eq. (4.13) are chosen to be orthogonal to each other. It
is worth noting that IPC is equivalent to the non-orthogohBlscheme [73] even though the source and
the relays are using low-dimensional orthogonal vectorindueach cooperation interval. In fact, the
multiple access is controlled by the TH sequence which iswomto the source and to all its cooperating
relays. If there is another source transmitting at the samment, its corresponding relays can use the
same vector8; andB,.

From eq. (4.12), combining the decision variables corredjmg to the different pulses of the same
symbol duration is equivalent to calculating:

Y(|KNS®BT) = |:|A(|KNS®BT)+N
= Nf|:|F—|-N (4.32)

whereB is a 2x N¢ matrix given byB = [B] BJ]T and the noise term is always white. The magican
A1@er [ Aci®e

be expressed as:
F =diag (4.33)
AoRe A2 ®€e

whereeg is thei-th row of the 2x 2 identity matrix. Since the dimensions efare equal td2K, 2KNs),
there is no benefit in choosing; > 1, therefore we filNs = 1. In this caseF is diagonal and any fully
diverse rotation [58] of theR information symboils is sufficient for achieving full divégs

ISC and IPC can be readily applied with-PPM-M’-PAM constellations. More precisely, during the
cooperation with thé&-th relay, the codewords can be expressed as:

Ce=diag((1+ @) Lo (1+@&) 1) 0 1(Co) (4.34)
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whereCy takes the same form as in eq. (4.27), but now the informatyonbsls are replaced biyl-
dimensional vectors.

4.2.3 Modulation-specific codes

A new coding scheme that is specificNePPM-M’-PAM constellations can be obtained if the scalar
eg. (4.20) is replaced byM x M matrix Q. The constituent matri, in eq. (4.20) takes the following
from:

Ky + ko k3 + kg
Co=A 4.35
ks + @rks) ko -+ ke (4:35)
where:
K—1 _
ki = %aniﬂ-ﬂel e ol (4.36)
J:

with ay,...,as beingM-dimensional vectors that belong to thePPM-M’-PAM constellation given in
ed. (1.8).Q is chosen to verify the following proposition.

Proposition 4.1 For a cooperative system with K relays, combining eq. (4&8) eq. (4.35) permits
to achieve a spatial diversity order of K1 with M-PPM-M-PAM constellations for M> 2 and for all
values of K and Mif Q verifies:

Q = [_01 é] for M =2 (4.37)
o - | Oum 1 for M > 2 (4.38)
IM-1  Om-1)x1

Proof: IgnoringA in eq. (4.35) that is common to all codewords, denotéBy(X,Y) the difference
between two codewords:

;o X Y
BCXY)=Co=Co= | ory) wx) ] (4.39)
whereX,Y € 1:
2K
a = {_Zl(ai —a)t; ag,d,...,ax, bk € C} c oM (4.40)
i=

where {t;}%, = {1,6,...,6 1, 0,¢8,...,¢0%"1} and it forms a basis ove®*. With respect to this
basis, thean-th component oK (andY) is represented byk coordinates fom=1,... , M.

From eq. (4.39), ranldCo(X,Y)) < 2 implies that there exists a non-zero constaatL such that:
Y =IX andt(X) =1Qt(Y). Solving these equations, we obtain tXaandY must verify the equation:

B 1
0

showing thatX andY are the eigenvectors 61.

ForM = 2, the eigenvalues of the mat@Xgiven in eq. (4.37) are equal to,/—1. Therefore, being
real-valued, the non-zero vectofsandY can not verify eq. (4.41). This shows that non-zero vecxors
andyY that result in a rank deficient matdCo(X,Y) do not belong toz for M = 2.

QX

X (4.41)
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For M > 2, the eigenvalues d® given in eq. (4.38) are equal toj; for m=0,...,M —1 where
Wy = e is theM-th root of unity. We have N () € K* sincel # 0. Therefore, being real-valued,
X andY correspond to the real eigenvaluestbthat are equal tac1. WhenM is odd, the real vectors
verifying eq. (4.41) are the real-multiples of;1;. WhenM is even, the real solutions of eq. (4.41)
are the real-multiples ofp.q or of 1 —1 --- 1 —1]T. Therefore in both cases, whete oM,
Jk € {1,...,2K} such that thé-th coordinates of th&! components oK (andY) are all different from
zero. This shows thaX andY do not belong to the set for M > 2. In fact, from eq. (4.40), only
two vectorsay andal’( can result in non-zerk-th coordinates. Therefore, the vectors that result in rank
deficient codewords do not belongofor M > 2.

Combining the last two cases, and since the proof is indegrgritbmM’, we conclude that the code
achieves full diversity wititM > 2 and for all values oM’.

Proposition 4.2 For binary PPM, combining eq. (4.18), eq. (4.35) and eq. {(}@&rmits to achieve the
same coding gain as the optimal complex-valued codes peoiog 74].

Proof: From 2-PPM constellations$ andY can be written aX = [x —x|" andY = [y —y|T where
X,y € L. In this case, for the value @2 given in eq. (4.37), eq. (4.39) takes the following form:
v )]
X —x —=1(y) —-T1(y
ACH(X,Y) = (4.42)
=1y oy ]

This results in the following relation:

det((8Co)8Co) = 3 5 (det([(8Co,)T (8Co,)]"))’
i1=1ip=11+1
2 4

>3 5 (det([(ACoJl)T (ACon)T]T))z

i1=1i=3

=4 ((NLx9)*+ (Nux()?) (4.43)

whereACy; is thei-th row of ACo. Let AC = diag(ACy --- 0¥~1(ACy)), then:
det((C)"AC) > 4 ((NL/o(¥)*+ (Nijo(v)) (4.49)
Therefore, the minimum non-zero value of eq. (4.44) is etudf since N,o(X) € Zand N q(y) € Z.

Proposition 4.3 For a cooperative system with K relays, combining eq. (4.68) (4.35) and eq. (4.38)
permits to achieve a non-vanishing coding gain with M-PPKARAM constellations for M> 4K + 1
and for all values of K.

Proof: From eq. (4.40)X andY are linear combinations ofk4 columns ofly. Therefore, for
M > 4K + 1, X andY each contain at least one zero component. Suppos&thatO for a given value
of me {1,...,M}. Asin eq. (3.55), eq. (4.39) can be written in a more explain as:
T
X1 -+ Xm T(YTrl(l)) s T(YTrl(M))

ACH(X,Y) = Yi - Yu T(X1) T(Xm)

(4.45)
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where the cyclic permutatiomn is defined in eq. (3.54). Considering theth and the(M + 1i(m))-th
rows of ACy, we obtain:
T\ 2
det((ACo)"ACo) > (det( [(ACom)" (ACou-mm)™]"))” = Nuic (Y2) (4.46)
This implies that:
det((AC)TAC) > Ny g (Ym) (4.47)

proving that def(AC)TAC) > 1 unless whei¥, = 0. Now, considering tha(m)-th and the(M + 1(m))-
th rows of ACy, we obtain:

det((ACo)"AC)) > <det<[(ACO.n(m))T (ACo.M+n(m))T]T))2 = Np/k (Xﬁ(m)> (4.48)

implying that de((AC)TAC) > 1 unless wheXym, = 0. Starting the same procedure again witim)
rather tharm, we can show by recurrence that QI@.‘IC)TAC) > 1 unless wheXm = --- = Xp-1y =0
andYm = -+ = Y1y = 0. Since{m,... , ™~1(m)} scans the entire sét,...,M} for all values ofm,
this implies that def(AC)TAC) > 1 unless wheiX =Y = Oy completing the proof.

As with ISC and IPC, the basis{6“}" can be replaced by an orthonormal bagi(v)}i 3. In
a way similar to appendix D.3, we can prove that chooginp be unitary and the bas{@*(v)} to be
orthonormal results in an information lossless code.

4.3 Code construction for the DF scheme

The decode-and-forward (DF) strategy was associated wild cooperation [70, 72] and space-time
(ST) cooperation [106,107]. In the first case, a channeéddthme is partitioned into several sub-frames
retransmitted by the different cooperating nodes. In tloese case, after a broadcast phase where the
source transmits information to the relays, the relaysstransimultaneously in the relay phase. Their
data streams are encoded by an appropriate ST coldslfhe number of nodes, the proposed schemes
result in a diversity order df.

As with the AF strategy, the superiority of the non-orthogloschemes was reported in [73]. In this
context, the extension of [72, 106, 107] to the non-orthagjercheme will result in a data-rate reduction.
In what follows, we present the construction of new non-agtinal ST-coded DF schemes that achieve a
diversity order oK + 1 with no data rate losses and without transmitting on theystlsignal sub-spaces.
This is rendered possible by taking advantage of the pulgetitons that are inherent to TH-UWB
systems. IfN; is the number of pulses per symbol, the coherent scheme &sl lmasjoint symbol and
pulse coding and achieves full diversity with any numberatéys forN; > 1. The differential scheme
is based on pulse coding and achieves full diversity with gimam number olN¢ — 1 relays.

4.3.1 Coherent systems

Designate by the number of relays and I&f = K + 1. The proposed scheme is periodic with a period
of K'N¢T¢. We suppose that this duration is smaller than the chanhereace time and we focus on the
first period. The source and the cooperating relays willestteg same TH sequence. For non-cooperative
systems, the transmitted signal in eq. (1.9) can be written a

K’ Nf—1 M-1

st)=3 Y ben Y amw(t—(K—1)Ts—nTt —md) (4.49)
k=1 n= m=0
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Suppose thall; is even and leN; = % Let Ts = N¢T; designate the new symbol duration. In the
cooperative mode, we write eq. (4.49) as:

2K Np-1 M—1
s(t) = Z (o %% ; by n Z a mw(t — (k/ —1)Ts—nTs —md) (4.50)
k=1 n= m=0

Designate byAy = [ax o,...,akm-1]" andAy = [ako,...,a m-1]" the vector representations of
thek’-th uncoded and coded symbol respectively. The encodingnselis given by:

A = Ay K =1,... K (4.51)
A =A% = (Ro@ 1) [A] - AL]T 3 K=K'+1,...,2K’ (4.52)

whereg_is anyK’ x K’ fully diverse rotation matrix [100] angy is the (k+ 1)-th row of % . The choice
of ay andby j is given later.

The DF cooperation strategy is as follows. Each one olthelays will listen tos(t) given in eq.
(4.50) during the firsK’ symbol durationsTs. After that Rake reception is performed and decisions
concerning the values of the firkl symbols are taken. The estimated valueAgfat thek-th relay
is designated bﬁl((f() fork =1,...,K andk = 1,...,K. After that, the relays transmit simultaneously
during the second half of the cooperation period. Desighmee‘g() the vector representation of tketh
symbol transmitted by thieth relay fork' = K’ +1,...,2K" andk=1,... K. We fix:

AY

In eq. (4.50), we fixay =By for kK =1,..., K’ anday = B, for K =K’ +1,...,2K’. Moreover,
during the second half of the cooperation period, the entagsmitted by each relay is scaled By
The energy transmitted by the source anditlays during the entire cooperation period is taken to be
the same as in non-cooperative systems. This normalizeginie performed by fixin@; + K'B, = 1.

In eq. (4.50), we fidy n = ﬁ fork =1,...,K’andn=0,...,N;— 1. Designate bB(® the 1x K'Ns

matrix given byB® = B ; --- Bl whereB{” = b g --- b n,_1]. We fixB® = 3o® 11,y,. Inthe

same way, when transmitting during the second half of theeion period, the ¥ K'N¢ spreading
sequence associated with tkéh relay is given byB® = 3y ® 1;.n,. We chooses to be the(k + 1)-th
row of the matrixa = \/LN_fU for k=0,...,K whereU is any unitaryK’ x K’ matrix. In this way, the
spreading sequences transmitted by the source and the dhlayg the second half of the cooperation
period are orthogonal to each other.

In the case where all the decisions taken at the relays dtivanfiyst half of the cooperation period are
correct, the cooperation during the second half of the cadijpe period coincides with the IPC scheme
given in section 3.3. This permits to achieve a spatial ditorder ofK’. Since the construction of
ST codes over cooperative channels is based on the rankamritend determinant criterion [72, 74], we
expect that the proposed scheme continues to show goodrparioe even when erroneous decisions
are taken at some relays.

As in eq. (4.2), the decision variables collected atkttle relay during thé/-th symbol duration can
be expressed as:

ART A(k)T]T

)= AR = (g @ Iy) [Al (4.53)

X = v/BapiieA + N (4.549)

The last equation is valid fdd = 1,...,K’ andk=1,...,K. Asin eq. (4.2)><k(,k) andHy correspond
to the LM-dimensional decision vector and to th#® x M channel matrix respectively. The decision
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variables at the destination during the first half of the @afion period are obtained by settikg- 0 in
eq. (4.54) (withpg = 1).

During the second half of the cooperation peri&d,separate despreading branches are applied at
the outputs of the matched filters (refer to section 3.3). dteogonality of the amplitude spreading
sequences during the second half of the cooperation peemudts inK’ decision vectors that can be
expressed as (fde=0,...,K):

Y® = /BoMGAN + N'K (4.55)

Y (¥ stands for the decision vector corresponding to the dagarstthat is transmitted from theth
relay. Ak stands for the gain between tkeh relay and the destination whitg has the same structure
as in section 4.1AK is given in eq. (4.52) and eq. (4.53) foe= 0 andk = 1,...,K respectively. The
decision vector corresponding to the signal transmittedhfthe source during the second half of the
cooperation period can be obtained by setiirg0 in eq. (4.55) (with\g = 1 andGg = Hp).

Finally, the decision at the destination is based on /& ®I-dimensional vectoZ that is the vertical

concatenation of vectoi” ..., X\ given in eq. (4.54) and vectows?,...,Y(¥) given in eq. (4.55):

Z =diag(Fy Fy) [a] aJ]"+N (4.56)

wherea; = [A] --- AL]T andap = [AOT ... AKTIT A, ... Ac correspond to the information sym-
bols. A¥ is given in eq. (4.52) and eq. (4.53) for= 0 andk = 1....,K respectively. Th&’LM x K'M
matricesH; andH, are given by:

Hi = /Billw ®Ho) (4.57)
Az = /PBadiag(Ho vMGi- vAkG ) (4.58)

As in all decode-and-forward schemes, the decoding at thtindéion is based on the assumption of
correct decisions at the relays. The ML decoding at the rkgt#tin is based on:
Ha

2
Ao(x @lw) |7 ” (4:59)

argmin, _ .« [|Z —

where ¢ is the PPM-PAM signal set given in eq. (1.8). Whdpn> 1 is odd, the above cooperation

scheme can be applied witty = Nfz_l. In this caseN; + 1 (resp.N¢) pulses can be used to convey each
information symbol in the first (resp. second) half of themamtion period. Therefore, the only case in
which the proposed scheme can not be applied is ies 1; in other words, for systems that do not

use any pulse repetitions.

4.3.2 Differential systems

Recently differential and non-coherent IR-UWB systemseh@rawn considerable attention as a means
of obtaining a good compromise between performance and leaityp[33,108-110]. Differential trans-
mitted reference (DTR) systems proposed in [108, 109] aensions of differential binary phase shift
keying (DBPSK) to UWB systems where the data is conveyedititrahe phase difference between two
consecutive symbols. On the other hand, PPM was associaiggely with non-coherent energy detec-
tors [110] and with simple transmitted reference systemi$k{§33] where each data pulse is preceded
by a reference pulse which carries no information. The dggon of energy detectors and PPM was
extended to multi-antenna systems in [81] (refer to sectidtB).
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In this section ,we propose a new differential DF strategsedaon inter-pulse-coding. This strat-
egy is associated with a new modulation scheme where thanatmn is conveyed through the phase
difference and/or the time shift between two consecutival®ys. Unlike the non-coherent UWB di-
versity schemes that are associated with energy deteatdr®@M [81], the proposed scheme can be
associated with all constant-modulus real constellatirch agvi-PPM, 2-PAM andV-PPM-2-PAM.
For energy detectors, the modulation defamust be larger than the channel delay sprégdaqd thus
the symbol duration increases significantly with(refer to section 1.4.3). In this case, the association
of the proposed scheme wilh-PPM-2-PAM results in an enhanced data rate. An additiodzh@tage
with respect to energy detectors is that we can profit fronidhg coherence time of indoor channels to
develop decision-feedback receivers that can ameliohat@arformance by reducing the noise level in
the reference signal. Finally, the proposed scheme candmbwbkend < I resulting in high data rate
differential DF systems.

Encoder/Decoder structure

In what follows, we fixK = Nt — 1. The period of the proposed cooperation scheme is eqUidNgT;
whereK’ is determined from the channel coherence time. In the catigermode, the signal transmitted
from the source node during the first cooperation period ikewr as:

Ni—1 K’
s(t) =B1 Z) > b nd mw(t —nK'Ty — (K — 1) Ty — md) (4.60)
n=0 k=1

whereby , = ﬁé(n) whered(.) is the Dirac delta function. In other words, instead of traitsng

continuously during<’N; time frames, the source transmits uniquely during the Kifg¢ime frames in
the cooperative mode. Denote fyandAy the amplitude and the position of tketh information symbol
respectively, the multi-dimensional differential enauglischeme corresponds to transmitting the vector
Ac = [ako, - -,am-1]" such that:

A= SQ%A 1 (4.61)

whereAy is equal to the first column of thiel xM identity matrixly andQ is the permutation matrix
given by:
O1x(M-1) 1

Q=
IMm—1  Om-1)x1

(4.62)

The decision variables collected at tki¢h relay during thek'-th symbol duration can be expressed
as:

X = /BuprHic (1L ® A ) + N (4.63)

whereHy in this case is th& x LM matrix whose(m,IM + nm)-th element is equal té hy(t)w(t — (m—
m)d—IMT,)dt for| =0,...,L—1andmm =1,...,M. The decision variables at the destination are
obtained by settingg = 0 in eq. (4.63). The decoding strategy at ki relay is defined as:

() AK : K) v (K _
(&9 A = arg max (maxdlag(sx((,)(xk(_)l)TQM m)) (4.64)
1

where the function maxdid¥) returns the maximum value of the diagonal of ma¥ixThis decoding
strategy shows to be superior to the one employing the trfibe @lecision matrix in eq. (4.64) since the
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(M —1) noisy diagonal elements are excluded from the sum. For PRigteltations, we set= 1 in eq.
(4.64) while for BPSK signals the restored polarity coraays to the sign of the scalz({f/k)(xé,"ll)T.

At a second time, the detected symbols atkhh relay are encoded differentially according to eq.
(4.61) and transmitted during the frame duratiaf$+1,...,(k+ 1)K’. The energy transmitted by the
relays is scaled bf, with B; + KB, = 1.

The decision variables at the destination correspondinpecsignal transmitted by theth relay
during the(kK’ + k')-th time frame can be expressed as:

Y = v/BaMGr <|L ® éﬁ'ﬁeﬂk@ﬂ) + NG (4.65)

5 andAlY are given in eq. (4.64) argh, is them-th column ofly.
Finally, the destination node decides in the favor of:

(&,0¢)=arg max (maxdiag(sZ«zy_,Q"™)) (4.66)
me{(f%l\lA—l}
where: ‘
Ze =X+ 3 Y (4.67)

Suppose thaB; = B2. In the absence of noise and under the assumption of coreetsions at
the relays, the maximum value of the right hand side of egg6{4for orthogonal PPM or PPM-PAM
constellations > I') is equal to:

1 L-1

K
S 2 2
e (B 2

wherehg) = [ ho(t)w(t — IMTy)dt andgy| = [ gk(t)w(t —IMTy)dt fork=1,...,K.

Suppose that the relay-selection protocol does not sedtts that are very far from the destination
[105]. In other words, the values &f are not very small. In this case, eq. (4.68) implies that #pured
energy is small only if the magnitudes @€ + 1)L quantities are small. In other words, the signal is lost
only if K+ 1 channels suffer from fading during a durationLdi T,,. Therefore, the proposed system
exploits the spatial and multi-path diversity and it hasgame diversity advantage as the non-coherent
multi-antenna system in [81] witl + 1 transmit antennas ardfingers.

Decision feedback

The differential receiver in eq. (4.64) and eq. (4.66) isdoasn comparing two consecutive symbols
where the(k' — 1)-th symbol acts as a reference for the detection okttth symbol. Performance can
be ameliorated if this noisy reference is replaced by amathe based on more than one symbol. This is
referred to as decision feedback or decision directedvere[109, 111]. This principle can be readily
adapted to multi-dimensional constellations. In this cage (4.64) and eq. (4.66) can be written as:

A oAy - T M-
(8¢, D) =arg  max (maxdiag(sxwRe_;Q"™™)) (4.69)

wherex, =X\ in eq. (4.64) andqe = Zi in eq. (4.66).
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The reference signdty is updated during the channel coherence time based on pshyidetected
symbols as:

Re = Xio + & QR4 (4.70)

with Ry = xp. It was shown in the literature that decision-feedback ivecs do not suffer from error
propagation and that the performance converges to thatatierent receiver especially at high signal to
noise ratios [111].

An equivalent encoding scheme to the one proposed in eql)(d4ah be obtained by performing
separate differential codec on the amplitude and non-eolherodec on the position. The encoding
scheme in eq. (4.61) is modified £ = axen, 41 such that = scax_1. The decoder will now perform
separate decisions on the amplitudes and the positiong tfahsmitted symbols:

Ay = ar max  (XwmXo 4.71
K gm€{074447M_1}( k.mXi0 m) (4.71)
é(/ = Sgr(xk/vAk/Xl;'rfl.Ak/,l) (472)

wherexy n is the(m+ 1)-th row of xy.

In the absence of feedback, this system shows negligibl®npeance losses with respect to the
differential systems. However, feedback can not be pemdrior the position detection, and thus per-
formance will be limited by the energy detector irrespeaxtitom the possible amplitude feedback. In
other words, feedback can not ameliorate the performansaadbf systems.

For non-coherent systems based on energy integration, nveixcld’ = 1 in eq. (4.60). In this way,
the cooperative diversity can be obtained by simply intsileg theN; pulses among the source node
and theK relays. In this case, the decision at the destination ndolesied on the association of eq. (4.67)
with eq. (4.71).

4.3.3 Selective Relaying and Fixed Relaying

For coherent, non-coherent and differential systems, tlgeng scheme depends on the number of re-
lays. TheseK cooperating relays are chosen amdfjg.x nodes that are in the neighborhood of the
source and the destination. Moreover, a maximum numbkfpfelays can be tolerated by each coop-
eration scheme. For example, with coherent systems, theditercomplexity grows with the number
of relays while for non-coherent and differential systehss thaximum number of relays is determined
from the number of pulse repetitions and the channel cobergéme. For the selection of the relays, we
differentiate between Fixed-Relaying (FR) and Selecietaying (SR).

For FR, any node can become a cooperating relanlf < Kiol, then we seK = Kpax If Kinax>
Kial, thenK = K;q relays are chosen randomly. For SR, a node cooperates witkotirce only if the
channel between the source and this node is “good”. We asthai@ certain number of control symbols,
that are known by all nodes, are transmitted before eachbdasd A node can help the source only if it
correctly decodes these symbols. Once again, if the nunilteese nodes exceellg,, we fixK = K.
This protocol is similar to the one proposed in [70] whereheeaded frame is preceded by a CRC. A
node is allowed to cooperate with the source only if the CR€ckhs correct. Note that the proposed
strategy is less stringent since the length of the contesh& is very short compared to the data bursts.
Moreover, decision errors on the information symbols caiuoeven if the control symbols are correctly
decoded.
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4.4 Numerical Results

4.4.1 The NAF strategy
Performance with PAM

The objective of the first simulation setup is to compare tisériduted ST codes with PAM. Namely,
we perform comparisons between ISC, balanced-ISC and IPGrder to highlight the effect of the
achieved diversity order, we consider systems that do nat hay energetic gain. In other words, we
fix p = Ak =1in eq. (4.11). In this case, the distances source-reldgy-gestination and source-
destination are supposed to be the same. The transmittegyeisechosen to be equally distributed
among the two halves of the cooperation period (weBfix= B2 in eq. (4.11)). At the destination, the
sphere decoder [112] is used for detection. At a first timefiwex =0 fork=1,... K in eq. (4.1).
The choice olN¢ has no effect on the performance in single user scenarigschiosen to be a multiple
of two to render error balancing and inter pulse coding fmssMWe fixd = 0.5 ns for coherent systems
while & = 100 ns for differential and non-coherent systems.

Fig. 4.1 shows the performance on CM2 with one relay and 2-PRl relay and the destination
are equipped with 5-fingers PRakes. The performance gasao#ting from the proposed distributed ST
codes are evident. Fig. 4.1 shows the importance of err@nbaldg. ISC shows poor performance
especially at low signal to noise ratios since the perfoirada limited by the error events occurring on
the less protected symbadg anda,. Using balanced-ISC from eq. (4.31) results in a gain of &bou
2.5 dB at a BER of 10%. IPC shows comparable performance with respect to balai®@dThe gap
between the two codes results from the interleaving impbyesh. (4.31) resulting in a better immunity
against noise.
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Figure 4.1: Performance on CM2 with one relay, 2-PAM and an§eff PRake.

Fig. 4.2 shows the performance on CM2 with 2-PAM and a 5-firigl@ake. Simulation results
with K = 2 andK = 4 relays are presented. The reduced decoding complexitP@fihcurs a loss
that is less than 1 dB with respect to balanced-ISC that stioevbest performance. Similar results are
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Figure 4.2: Performance on CM2 with 2-PAM and a 5-finger PRadieg 2 and 4 relays.
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Figure 4.3: Performance on CM2 with 2-PAM and a 1-finger PRadieg 3 and 5 relays.
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obtained in Fig. 4.3 with 3 and 5 relays using a 1-finger PR&lkace the amplitude of the first arriving

multi-path component can be very small in NLOS configuratifiv], the noise events have a critical
role in determining the system performance. This explamsrelatively large gap between IPC and
balanced-ISC.

Performance with PPM-PAM and PPM

We keep the same simulation setup as in the preceding sidrsectd we consider the performance
of multi-dimensional constellations. In Fig. 4.4 we cong#sC, balanced-ISC and the modulation-
specific codes over CM2. Results show the interest of usiagrtbdulation-specific codes rather than
the extension of codes constructed over infinite fields. TRBMAPAM-specific code outperforms ISC
and approaches the performance of balanced-ISC withofdrpeng any kind of intra-symbol coding.
This shows the importance of using energy-efficient andrinfdgion-lossless codes.

In Fig. 4.5, we compare ISC and the modulation-specific coide ene relay and 2-PPN@'-PAM
constellations foM’ € {2 4,16,32 64} over CM1 using a 5-finger PRake. It was previously shown
that ISC has a non-vanishing determinant while the modagpecific codes are information lossless.
For the latter codes, there is no explicit expression of trgy gain given that the determinants of the
codewords are not rational integers. We might imagine ®&twill outperform the modulation-specific
codes for large values &’ since the coding gain of the former remains constant. Horyéve results
in Fig. 4.5 show the superiority of the modulation-specificies even at very high spectral efficiencies.
Note also that for large values df’', the performance losses of both ISC and the modulationfspec
codes are very important even at very large values of the SIN&efore, practical non-cooperative and
cooperative UWB systems might not use these high order edeleldAM constellations.

Impact of timing errors

In Fig. 4.6, we determine the impact of the synchronizatioore on the performance of cooperative
UWB systems. Simulations are performed on CM2 with 4-PAMstelfations and a 8-finger PRake. For
the cooperative systems, the case of one cooperating setapnsidered. The relative asynchronization
between the source-relay, source-destination and reaijrétion is determined by a zero-mean Gaus-
sian random variable having a variance of 1 ns (twice theepwiglth T,;). Results show the superiority
of the cooperative schemes even in the presence of synehtmm errors.

In the second simulation setum, andAy in eq. (4.11) are determined from the relative positions of
the terminals assuming free space propagation. The sondcdestination are separated by a distance
of d =10 m. The positions of thK relays are uniformly distributed in the surface determifrech the
intersection of the two circles whose radii are equadl &and centered at the source and the destination
respectively. We compare the two following cases. Case ffegtefeedback from the destination to
the relays § = 0 in eq. (4.1)). Case 2: systems with no feedback. In this,eade determined from
the positions of the destination and tk¢h relay. IPC is used with 2-PAM, one relay and a 5-finger
PRake. Results presented in Fig. 4.7 show the performassedahat result in the case where the
propagation delays between the relays and the destinatamoacompensated. CM1 is more vulnerable
to this “misalignment”. In fact, it is possible not to combithe strongest path between the relay and the
destination where; | has a large value.
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Figure 4.4: The modulation-specific PPM-PAM code versusa8@ balanced-ISC over CM2.
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Performance over realistic indoor channels

In the third setup, simulations are performed over a réalistioor channel. In this context, the site-
specific channel modeling tools [19, 20] can be beneficialinmukting wireless networks in realistic
indoor environments. These tools are based on “Ray-Traeimgjthey take the geometry of the explored
environment into consideration. The explored environncentesponds to a typical office building whose
map is given in Fig. 4.8. The transmitted signal correspdnds Gaussian pulse occupying the band
[3 5 GHz. The gain parametepk andAk in eq. (4.11) are determined explicitly from this model that
determines the path loss associated with each multi-pattpeoent from a given transmitter to one of
the four reference nodes. We consider systems with feedlbpek0 fork=1,...,K in eq. (4.1)).

We consider the communication between the reference ndtfeantd “4” with two cooperating
relays that can occupy any position in the rooms (A), (B) a@d Simulations of balanced-ISC with 4-
PAM and a 4-finger Rake are shown in Fig. 4.9. Results showrhaglistic indoor channels, important
performance gains can be achieved depending on the retatsitons of the source, destination and the
relays. Moreover, a “bad” channel between the source andycan be more penalizing than a channel
having the same quality between this relay and the desimakerformance gains as high as 11 dB can
be obtained if the relays are in room (B). Therefore, in addito the enhanced diversity order, space-
time cooperation can result in important energetic gaias ¢in be very beneficial for UWB systems
that suffer from low admissible transmission levels.

4.4.2 The DF strategy
Coherent systems

Once again, we fixy = 0 andpx = Ak =1 in eq. (4.1) and eq. (4.11) respectively foe=1,... K.
Fig. 4.10 shows the performance of coherent systems on CM22#MPAM and a 5-finger PRake. In
this case, we fi3; = B,. In particular, we compare Fixed-Relaying (FR) and SeleeRelaying (SR)
with K = 1,2,3 relays. For SR, a relay participates in the transmissidrcdrrectly decodes the control
sequence (composed of 16 symbols). FR shows poor perfoameitit any number of relays. In fact, it
is better not to cooperate rather than transmitting coralyletrroneous decisions from the cooperating
relays. On the other hand, cooperation with SR shows higloqmeance gains for any number of relays.
Note that even in SR errors can occur at the relays but thedemgecheme turns out to be robust against
these errors.

The impact of the energy distribution among the two halvetheftooperation period on the system
performance is shown in Fig. 4.11. We consider coherenesyswith 1 relay, 2-PAM and a 4-finger
PRake. A large value af = 31/B3, implies that, at the relays, lower energy is dedicated fertthns-
mission of more accurate decisions on the received sigaisthe other hand, for small values gfa
bigger proportion of the energy is transmitted by the relayswever, the “forwarded” symbols have a
higher probability of being coded versions of erroneousditaes. For high SNR, the optimum is ob-
tained around =4 dB over CM1 and CM2. This shows the importance of allocatimaye energy for
enhancing the decisions at the relays.
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Figure 4.8: Map of the studied environment.
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Figure 4.9: Performance in the studied environment withAi4P4-fingers PRake and 2 relays. The
relays can occupy any position in rooms (A), (B) and (C) arel/ tharticipate in the communication
between REfFand RER.



116 4. COOPERATIVE DIVERSITY

Non-coherent and differential systems

ForM-dimensional constellations, the frame duration is chéseerify Tr = (M —1)8+ 100 ns resulting
in no ISI. For non-coherent systems based on energy integrairthogonal PPM constellations are used
with d =100 ns in order to eliminate the interference between theutatidn positions.

Fig. 4.12 shows the performance of non-coherent system$atw@th 4-PPM and a 5-finger PRake.
SR s used with 1 and 2 relays for different values of the natiq31 /B,. For non-coherent systenrs= 1
means that the transmitted energy is evenly distributedngrtite source and the relays. In this case, the
cooperative scheme shows the best performancer. £at, the energy transmitted by the relays is small
resulting in some performance losses. Note that, in botes;abe proposed scheme outperforms the
non-cooperative systems. Results in Fig. 4.12 also shoifdha = 4 it is interesting to have limited
number of relays at low signal-to-noise ratios (SNR). Irs tlégion, the performance is dominated by
the noise events (rather than fading). The amplitudes opthses transmitted during the time frames
2,...,K+1are smaller foK = 2 with respect to the case= 1 and therefore these pulses can be masked
by the noise.

Fig. 4.13 shows the performance of differential systems G2 with 4-PPM-2-PAM, one cooper-
ating relay and a 10-finger PRake. For the decision feedlemkvers, the reference signal is averaged
over 100 symbol durations which is supposed to be smaller it channel coherence time. We com-
pare high data rate (HDR) and low data rate (LDR) differdisyatems that correspond&c= 2.5 ns and
0 = 100 ns respectively. Note that for the HDR systems, the as&@en the symbol duration is not very
high when increasing the value bf (and hence the spectral efficiency) showing the interesssda-
ating the proposed differential systems with high dimemaionodulations. While the HDR differential
systems suffer from high error floors, the DF cooperativerdiity permits to decrease these error floors.
An additional reduction in the error floors can be obtainedhsyassociation of the DF scheme with
decision feedback receivers. In the same way, the diffedeDf scheme shows important performance
gains with LDR systems. Note that for= 2.5 ns, the decision feedback receivers can not ameliorate
the performance at high SNRs. In fact, for high SNRs, thegperance is dominated by the interference
between the modulation positions and the decision feedimmkvers, whose role is to reduce the noise
level in the reference signal, can not eliminate this kinthtdrference.
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Chapter 5

Decoding the multi-dimensional
constellations

In the literature, space-time block codes were principaigociated with PAM and QAM constellations.
For PAM constellations, decoding Rx T ST block code transmitting at a rate nfsymbols PCU
is equivalent to the detection in a signal-space of dimengib. For QAM, the real and imaginary
parts of each information symbol can be decoded separatelyttee decoding problem corresponds
to the detection in arfl-dimensional space where all the components of the infeomatectors are
independent from each other. For these linear modulatirs|inearity of a ST code facilitates the
design of maximume-likelihood (ML) decoders. The sphereodec algorithms [102, 113] constitute a
possible practical implementation of these ML decoders.

M-PPM and hybridV-PPM-M’-PAM are non-linear modulations where only one componengray
theM-dimensional vector representations of the informatiamisgls, can have a non-zero value. There-
fore, even when linear ST codes are used (for example thesqudposed in chapter 3 and chapter 4),
the sphere decoders can not be applied when these codesacmtesl with PPM and PPM-PAM.

In this chapter, we consider, for the first time, the probldrvib detection with multi-dimensional
and non-linear PPM and PPM-PAM constellations. We propasetnvial modifications of the sphere
decoder that allow to enhance the convergence time andvbat #he convergence towards non-valid
points. We also consider the adaptation of non-optimal dexs) such as the V-BLAST decoding algo-
rithm [42,43] and the Fano algorithm [103], to the considemeodulations.

5.1 Problem formulation

The baseband linear dependence between the output andptiteoinuncoded and linearly ST-coded
P x Q MIMO-UWB systems can be expressed as:

XoMTx1 = HMT xPMAPM <1+ NomT <1 (5.1)

where the noise terml is white. M is the number of modulation positions afdis the number of
symbol durations occupied by each codewdd= QLP, Q' = QL andQ’ = Q for SRakes, PRakes and
correlation receivers respectively (refer to chapter )= P and P’ = Pn for uncoded and ST-coded
systems respectivelyn(is the number of symbols PCU}/ stands for the channel matrix of uncoded
systems while the linear dependence of the transmitted algmin the information symbols can be
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included in# for ST-coded systems (refer to appendix D.3). We suppose@hz P. In this case, the
matrix # has full-rank and eq. (5.1) can be written in an equivalent as

Xemx1 = HpmxpmAPMx1 + Npmx1 (5.2)
1
whereH = (7 T/)2. The ML detection corresponds to deciding in the favor ofubetora verifying:

a=arg min||X —Hal|? (5.3)
acc?

wherec stands for the PAM, PPM or the PPM-PAM signal sets given inf&4), eq. (1.6) and eq. (1.8)
respectively.

For M-PPM-M’-PAM, the coordinates of the1P’ dimensional information vectok in eq. (5.2) are
not independentA is composed o’ sub-vectors that are multiples of the columns ofithe M identity
matrix. Taking this fact into consideration, the transmitesna array can be seen as composédt sifib-
arrays each havinlyl “virtual” antennas from which only one antenna is active &étree. But because
of the co-channel interference and the frequency selgctifithe UWB channels, each one of tRévi
data streams will interfere with all the other streams.

Moreover, the generated lattice has a cardinality\df+1)MP" since the amplitude in each position
can be equal to zero in addition to the nonzero values. However, among these points ()MM’)P’
points are valid. Therefore, applying the sphere decod#romt any modifications can result in non-
valid points. This can be simply remedied by applying a wglitest at the end of the algorithm. In this
case, if the resulting vector does not belong to the comasi@tl it is not kept and the search is restarted.
However, this results in an additional complexity since mhedified algorithm will “zigzag” between
a large number of non-valid points before reaching the slogalid point. Moreover, this complexity
increases wittM andM’ since the resulting constellations become sparser.

In Fig. 5.1, we plot a 3-PPM-4-PAM constellation and a 3-digienal extension of the 4-PAM
(that, for example, corresponds to the constellation trattad in the case of spatial multiplexing with 3
transmit antennas). This figure shows the degree of spanfding PPM-PAM constellations. While each
component of the vector representation of a 3-PPM-4-PAMslation can take 4 possible non-zero
values, only 12 points are valid among thepbints that are obtained if the 3 components are allowed
to vary independently. An efficient decoding algorithm mitestate only between the intersection of the
X-axis, y-axis and z-axis with the spheres of radii 1 and Bana centered at the origin.

2-PPM-2-PAM constellations constitute an exception. let,féhe components of the transmitted
information symbols can be rendered independent by agplisimple 2-dimensional rotation. In other
words, the vectoA in eq. (5.2) can be written as:

1 ] (5.4)

1
A=®Ao=(p®RA ; R=3| 1

T2

whereAg € {il}zp'. In this case, the components Af can be decoded separately by applying the
sphere decoder and the restored vectors are then demapgei lbanstruct the ML decision ok

5.2 Layered space-time detection

The layered space-time detection technique (V-BLAST) ig &b achieve good compromise between
ML and linear receivers [42, 43]. It was extended to tappeldyd UWB channels with 2-PPM con-
stellations in [114]. However, unlike QAM, PAM or 2-PPM coellations, M-PPM-M’-PAM signals
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Figure 5.1: The 3-PPM-4-PAM constellation (in filled cirg)e The stars corresponds td 4—PAM}3
constellation.

necessitate decision vectors of lengh Therefore, the nulling, interference cancelation andsitet
operations will now concern groups bf columns of the matriH in eq. (5.2) rather than one column.
The modified version of [42] decides in the favoreofvheredis given by the following algorithm:

Layered Space-Time Detectior{lnput: H, X, M ,P’. Output:a)

Initialization:

i=1,H =H, X=X

P’ Iterations:

1. G=H,

2: k= afgmlnj ¢k s} S 1(G) (- pymmll®
3w =[G )(k. ML o (G ) Ml X

4: P =argmad_a . mlYi ol

50 & = Yk, /€

6: Xip1=X—[(H)k-vm+1 - (Hi)kmlak
70 Hipp=H "

8 i=i+1

where: (Gj)k corresponds to thk-th row of G;, (H; )k is thek-th column ofH; andX ™ is the pseudo in-
verse ofX based on the MMSE criteriorX ~¥ corresponds to zeroing the columiis— 1)M +1,... kM
of the matrixX. The function[x| roundsx to the closesM’-PAM point.

Step 2 corresponds to the ordering of the sub-arrays baste: ororm ofM consecutive columns of
H. These columns will multiply the components of diedimensional vector that corresponds to ones
of the P’ transmitted symbols. In theth iteration, step 3 corresponds to the construction ofif@sion
vector of lengthiM after nulling the interference caused®y-i sub-streams that correspond B —i)M
components o&.” The scalarmpy, in step 4 corresponds to the position of #heh restored sub-stream
while & in step 5 stands for thil-dimensional vector corresponding to theth symbol. Steps 6 and
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7 correspond to canceling the interference of itheh detected sub-stream from the remainfig- i
streams.

5.3 Sphere detection based on Pohst enumeration (SD)

The sphere decoding algorithms are based either on the Bobsteration strategy [102, 112] or on
the Schnorr-Euchner enumeration strategy [103, 113]. Tuneration strategies correspond to two
different techniques adopted for spanning the set of adiesgalues at each layer of the decoded infor-
mation vector. In what follows, these techniques are adbfotedecoding finite and non-linear PPM and
PPM-PAM constellations. In what follows, and for notatibaenplicity, we consider the detection in a
PM-dimensional signal-space (we $&t= P).

Denote byQ andR the unitary matrix and the upper triangular matrix (with ifige diagonal ele-
ments) obtained by performing the QR decomposition on theixrid in eq. (5.2). Denoting bg= QT X
a rotated version of the initial decision vecér eq. (5.3) is equivalent to finding the pomt P that
minimizes||z— Rd|°.

5.3.1 SD with PPM-PAM constellations (algorithm 0)

In order to have reproducible results that are independent the speed of the simulating machines, the
convergence times of all the proposed algorithms are detechwith respect to the following algorithm
referred to as algorithm 0. Besides constituting a reldiivie reference, it is also presented to show
how far the trivial solution is from the proposed algorithmdgorithm 0 is based on a straight-forward
modification of the SD that is based on the Pohst strategyorsists of a continuous checking of the
validity of each part of the sub-vectors. If the validity ttésils, an adjacent node at the same level
is checked. If the failure corresponds to the last node atendievel, algorithm O passes to a lower
dimension (one with a higher index). In what follows, we dgilie pseudo code of algorithm B.is the
number of transmit antennas for uncoded systems vhikereplaced byP? for decoding the full rate
and minimal-delay codes proposed in chapter 3.

In what follows,r; ; corresponds to thé, j)-th element of the upper triangular matf The func-
tion enun{a,b) enumerates all elements of the Set {0,+1,...,+(M’—1)} that belong to the interval
[a b]. The function lengtta, b) returns the number of elements in enfab).

Algorithm 0 (Input: z, R, P, M, M’, C. Output:a)
Step 1: SetP’ =PM, i =P, Tp =0, & = 0, d = C (sphere squared radius)

Step 2: If d < T go to Step 4 else

i [T

Bi zmin<M’—1, V_Eif-\/dTTiD

Fii

)

yi = enum(A;, B;), Ni = length'A;, B;), x; = 0 endif.
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Step 3: xi =% +1,
if x <N;{for j=i,....[::]M dou; = yj(x;) endfor,
if validity_test(u) = 1 go to Step 5 else go to Step 3 endif} endif.

Step 4: If i = P’ terminate elsé =i+ 1, go to Step 3 endif.

Step5: If i >1,& 1 =3 ri_1jyj(X),
To1=Ti+|z—& —riiyi(x)| leti=i— 1 and go to Step 2 endif.

Step 6: cI: itz — & —roaya(xa) >
Ifd<dletd=d,fori=1,...,P, & =yi(x) endfor endif go to Step 3.

The function “validity_test” in Step 3 assures that a parisisting ofm coordinates of a sub-vector
contains no more than one nonzero entry and that this patdiosrexactly one nonzero entry for=
M. The disadvantage of algorithms O is that the function tili test” is performed each time we
pass from one dimension to another. The complexity is higinen that of the classical SD witAM
dimensions. Note that algorithm 0 is based on a straighfmtwnodification of the SD. In fact, for PAM
constellations, algorithm 0 can be readily applied by sgttil = 1 and by removing the part between
parenthesis in Step 3. In this case, the function “enum” @ieg on the se§= {+1,...,+(M'—1)}.

We now propose two versions of the modified multi-dimendiephere decoder (SD) that are based
on the Pohst enumeration strategy. Even though the firsioveis not the best solution, it is presented
for comprehensive reasons and it constitutes an intermyeski@p for deriving the second algorithm.

5.3.2 SD with PPM-PAM constellations (algorithm 1)

The first algorithm is a direct modification of the SD obtairgda continuous adaptation of the bound-

aries at each level based on the tested points at previoels.|&he parts of the algorithm that are specific
to this extension are written between parenthesis whileghmaining parts correspond to the Pohst strat-
egy as can be found in [112] for example.

Algorithm 1 (Input: z, R, P, M, M’, C. Output:a)

Step 1: SetP’ =PM,i =P, Tp =0,&p =0, {flag = 0p' }, d = C (sphere squared radius)

Step 2: If d < T, go to Step 4 else {Iflag(i) = 1 A, = B; =0 else

A :max<l_M,’ ’VZi—Ei;ii\/dTTi-‘>

Bi zmin<M’—1, V_Eifi\/dTTiD

Fii

endif}, y; = enum(A;, B;), N, = length'A;, B;), x; = 0 endif.

Step 3: X, =%+ 1, if X > N; go to Step 4 else {if;i(x) #0, j =i—1 mod (M),
fork=1,...,j flag(i — k) = 1 endfor elseif =1 mod (M)
fork=i,...,i+ M — 1 u = yk(x) endfor, ifu= Oy go to Step 3 endif endif}, go to Step 5 endif.

Step 4: If i = P’ terminate elsé=i+1, { flag = Op } go to Step 3 endif.
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Step5: Ifi>1,&_1= zljj/:l li-1jYj (Xj),
To1=T+|z—-& —ri;yi(x)[? leti =i — 1 and go to Step 2 endif.

Step 6: d =Ty + |z — & — roaya(x) 2.

lfd<dletd=d,fori=1,...,P, & =yi(x) endfor endif go to Step 3.

Algorithm 1 is based on the idea that whenever a nonzero owigdis found (Step 3), the remaining
coordinates having smaller indices and corresponding éonttminal positions of the same transmit
antenna are set to zero without checking the boundarieseofphere along these dimensions (Step
2). This follows from the structure of the transmitted inf@tion vectorA that can be divided int®
sub-vectors each consisting Bf— 1 zeros and one non-zero component that belongs tivitHeAM
constellation. In a similar way, all-zero sub-vectors areided (Step 3). This can be seen as “forcing”
the algorithm to zigzag only between valid nodes. This aflgor avoids calculating and spanning many
intervals corresponding to the set of valid coordinatesother words, if a non-zero coordinate is found
at them-th component of a given sub-vector, algorithm 1 “shortwits’ the remainingn— 1 dimensions
at higher levels (levels with smaller indices).

5.3.3 SD with PPM-PAM constellations (algorithm 2)

At thei-th level, and for some given values &fc enum(A,B)) for | =i+ 1,...,PM, algorithm 1 tries
to find the set of valid values @& verifying:

2 2

2z —rja—&2<d—T (5.5)

PM
Z—rijg— Yy rija
j=1+1

PM
Z— ) nija;
=l

whereT; and§; are updated recursively in the order frd®M to 1 andd is changed adaptively along
the search (at level 1). We argue that the complexity of &lgor 1 follows from solving eq. (5.5)
over PM dimensions. We propose to grotp equations in the form of eq. (5.5) together and to solve
them simultaneously. This is rendered possible because atitucture of the PPM-PAM constellations.
TheseM equations are solved at levéls— 1)M +1 for p=P,..., 1. Grouping theM equations at levels
(p—1)M+1,...,pM, we obtain:

2

A > Tipm,jdj| <d-=Tp (5.6)
m=1 j=t(p.m)

where f(p,m) = (p—1)M +mandT is changed recursively after eabh levels. 2P corresponds to
the M-dimensional vector composed of the elemexisiym 1, - - -, Zom Of the PM-dimensional vector.

The m-th component ofP is denoted by, We construct the vecto?,...,aP) in the same way.
As in the preceding algorithnm; ; is the(i, j)-th element oR.
Given that only one value amorg py),...,a¢pm) can be different from zero, determining the

boundaries at the levél(p,nT) is equivalent to solving (fom' =1,...,M):

M 2
> ‘Zf(#)—rf<p,m>,f<pm>af<pm>—E'pm <d-Tp (5.7)
m=1
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where:
PM

Em= > Ti(pm.id (5.8)
j=f(p+1)

We introduce the following notationafﬁ) = ay(pm) andR™) is theM x M matrix composed of the
elements y form=(i—1)M+1,...,iM andm = (j—1)M+1,..., M. Finally, R") = R(), Thek-th
column of a matrixX is denoted by . For a given value ofr/ € {1, ...,M}, eq. (5.6) can be expressed
as:

HZ(")—afT?)I{?T}—E;,szgd_Tp (5.9)

whereg is aM x P matrix whosep-th column is given by:

Ep= Y alRRY (5.10)
p=p+1

wherecy € {1,...,M} is the position of the pulse transmitted by thleth antenna. These values are
obtained by back-substitution. The boundaries at the lg¥el 1)M +c are determined taking into con-
sideration that the amplitudes at leves—1)M+1,...,(p —1)M+cy — 1, (P —1)M+cy +1,...,pM
are all equal to zercaf;g,/) is allowed to vary between the boundaries at this level. @detection of the
symbol transmitted from thp-th antenna, the different notations that we introducedjin(®.9) and eq.
(5.10) can be visualized as in what follows (Whh= 4, c, = 3, cp 1 = 2 andcp = 1):

I LB N EEE N EEE U EE e
G

——
ZP) RP) REP (¢ q =2)

,Cpt1

EEE I S S
[ N
[ N
[ N
| S

We now give the pseudo code of algorithm 2. In what follolivstands for thévl x M identity matrix.
Algorithm 2 (Input: z, R, P, M, M’, C. Output:a)
Step 1: Seti =P, T =0, §.; = Ov, d = C (sphere squared radius).

Step 2: Ifd<TgotoStep4eIsé_(z )T(z(i)—E) d+T.,form 1,...,M,
a=RN RN b=—RY (2 a.)a b2—af. If < 0AY = BY = 0Oelse

A = max (1— M’ [7_10; \/S-‘ >
BY — min <|v|’ _1, {MJ >
a

endif, x = Al) — 2 endfor ¢ = 1 endif.
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Step 3: x,(Q = xﬁi]) +2,if xﬁi]) > B,(T? go to Step 4 else go to Step 5 endif.

Step4: ¢=c+1,ifcg=M+1ifi =Pterminate elsé =i+ 1 endif endif go to Step 3.

i =i—1go to Step 2 endif.

Step5: If i>1 &1 =30 xRig™, Ty =T+ 1|20 - & - xRE 2,

Step6: d=Ti+[|ZV —& 1 — xR |2 If d <dletd=d, for p=1,...,P &, = X”I.;, endfor endif
go to Step 3.

Algorithm 2 is the recursive solution of eq. (5.9). It is egalent to considering levels where each
level hasMl sub-levels whose boundaries are determined jointly. Niatethere is no need to the function
“enum” as in algorithm 1 because the checked amplitudedavelv belong to the s€t-1,...,+(M'—

1)} rather than{0,+1,...,+(M'—1)}.

Fig. 5.2 compares the complexity of algorithms 1 and 2 fofed&nt hybrid constellation sizes
for systems with 2 transmit antennas, 2 receive antennad dimjer PRake on CM2. The ordinate
corresponds to the valugy/tj for i = 1,2 wheret; is the average time needed by algoritifj = 0,1,2)
to detect one symbol vector. The signal to noise ratio is fie®0 dB and the initial sphere radius is
set to infinity. For example, the combined 32-PPM-16-PAMsdteltation corresponds to a generated
lattice with 28 valid points in a 64 dimensional space. In this case, algorit can “shortcut” up to 31
dimensions and converges 6 times faster than algorithm Bul®eshow that algorithm 2 has the best
convergence time.

T
2 PAM
4 PAM
8 PAM
16 PAM s

0004

10+

0 5 10 15 20 25 30 35

number of modulation positions

Figure 5.2: Solid and dashed lines correspond to algorittamdLalgorithm 2 respectively. 2 transmit
antennas, 2 receive antennas and a 1-finger PRake are used.
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5.4 Sphere detection based on Schnorr-Euchner enumeratidiSE)

5.4.1 SE with PAM constellations

The Schnorr-Euchner enumeration strategy was first applifldL 3] for searching for the closest lattice
point. This enumeration enhances the spanning of the aithheissterval at each level of the received
symbol vector. Consider for example tki¢h level for a certain value &< {1,...,P}. Designate by x
the value of the received signal after applying a zero-fayaecision feedback equalization (ZF-DFE)
(in other words gk is considered in the subspace of the transmitted consteljatDesignate bR the
upper triangular matrix obtained by applying a QR decontfmrsion the channel matrix and denote
by ri j its (i, j)-th component. When determining the squared Euclideaardistbetween the received
vector and the current node (the point we are checking in ilsedgorithm), the influence of theth
level is determined by the quantity:

(5.11)

a<,k—xk>2

o = (o022 (2

whereV = R~ (implying thatVi = rlglf sinceR is upper triangular)x, is thek-th component of the
checked lattice point and the squared Euclidean distargigds by:

P
=5 d2 5.12

kzl k (5.12)
where the interference of the levdds-1,...,P on thek-th level is eliminated recursively by applying a
ZF-DFE. Suppose th& has positive diagonal elemendg,is a second degree functionxf The integer
that minimizesd? is given byx, = round ) where the function rour(@) roundsx to the closest integer.
The second closest lattice point is givenay- 1 (resp.xq« — 1) wheneck > X (resp.eck < X«). In other
words, spanning the interval corresponding to the valudledt-th coordinate of the lattice point in the
order of increasing distance is equivalent to the follonemgimeration:

roundec k) , roundeck) +p , roundeck) —p , roundeck) +2p , roundeck) — 20, ... (5.13)

wherep = sign(exk — Xx) (sinceVkx > 0fork=1,...,P).

For finite constellations, this spanning can be readily rinedliin order not to check lattice points
that are outside the boundaries of the transmitted coastell The Schnorr-Euchner enumeration with
a 4-PAM constellation is represented schematically in Big. The enumeration is the same as in eq.
(5.13) but nowp is replaced by @. Moreover,ip, for a certain integet, is replaced by-(i + 1)p each
time one of the upper or lower boundaries is exceeded. Theifirs when bothip and— (i + 1)p exceed
the constellation’s boundaries, the search process isrtated and the resulting point-(M’ — 1) for
M’-PAM) corresponds to the point that has the largest distémooe the received point.

A possible implementation of the sphere decoder based o8d¢haorr-Euchner enumeration and
taking the boundaries of’-PAM constellation into consideration is given below:

SE with PAM (Input: z V = R™1, P, M/, C. Output: &)

Step 1: Setk =P+ 1, dist(k) = 0, p =0, bestdist= C (sphere squared radius)
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Step 2: newdist= dist(k) + p?,
if (newdist< bestdisj& (k # 1) go to Step 3 else go to Step 4 endif.

Step 3: ifk=P+1,e x_1 =Vzelse
fori=1,..., k—1,6x 1= 6&x—pVik endfor endif.
k=k—1,dist(k) = newdist X = [exk], X = max1— M’ X), xx = min(M’ — 1, %),
P = (&k — Xk)/Vik, stefk) = 2signp), go to Step 2.

Step 4: if newdist< bestdist & = x, bestdist= newdistelseifk = P, terminate els& = k+ 1 endif.
X(K) = x(K) + stegk),
if x(k) <1—M’orx(k) >M"—1, stegk) = —stefk) — 2sign(stegk)), x(k) = x(k) + stegk)
endif.
if x(k) <1—M’orx(k) >M’—1, go to Step 4 endif.
P = (&xk — %) /Vik, stek) = —stek) — 2sign(stegk)) go to Step 2.

where:

—M'+1 (5.14)

/_
[X] = 2round<w>

corresponds to choosing the closest element oMh&AM signal se{ +1,...,+(M'—1)} tox.

T~

closest lattice point received point

Figure 5.3: The Schnorr-Euchner enumeration with a 1-dgiozral 4-PAM constellation. The black
points correspond to the 4-PAM amplitude levels-1,+3}) while the gray points correspond to the
infinite extension of the 4-PAM (the set of odd integers). lklines are used each time the enumeration
results in a point that falls outside the boundaries of tHeA#M constellation. The plotted parabola
corresponds to the squared Euclidean distance betweeadbiged point and the visited lattice point.

5.4.2 SE with PPM constellations

Consider the case of multi-dimensional PPM or PPM-PAM aalfetions. The received vector of length
PM is now seen as composedPfayers. However, in this case, each layer is composed of erbype
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of dimensionM rather than a finite interval of points (of dimension 1) ashwitAM constellations.
The M components of each hypercube can not span different irgeindependently because only one
component can have a nonzero value. Suppose that, for algien(composed d¥l dimensions), we
can efficiently order all the valil-dimensional sub-vectors of the PPM or PPM-PAM constelfaas
a function of their increasing distances from a certain iecepoint. In this case, the sphere decoder
based on the Schnorr-Euchner enumeration can be readilifieabbly replacing the natural span given
in eq. (5.13) by the new ordering function.
Consider thek-th level and denote bR the M x M matrix composed of the elementg of the
PM x PM matrix Rfor i, j = (k—1)M +1,..., kM. Designate b3Rr(TI1()m the (m,m')-th element ofR™
for mm = 1,...,M. The enumeration given in eq. (5.13) can not be applied oh eae of theM
components of thi-th level independently while setting the ot 1 components to zero. In fact, for
them-th component of th&-th layer, no ZF-DFE is applied on the components 1, m— 1 of this layer.
Consider first the case M-PPM and denote bg* the M-dimensional vector obtained by applying
ZF-DFE on the level&k+ 1,...,P. The influence of thé-th layer on the squared Euclidean distance
when a pulse is transmitted at threth position is given by:

(5.15)

0 () - -

whereE (K £ RK k) R('f% andl. , correspond to thetrth column ofR%) and theM x M identity matrix

| respectively. Therefore, it is easy to sort tHevalid sub-vectors of th&-th layer by ordering thé/
elements of the following set in increasing order:

{—2RHTEW+ RMTRS ; m=1.... . m} (5.16)

Therefore, a principle similar to the Schnorr-Euchner earation can be applied with PPM constel-
lations. For PPM constellations that are orthogonal ateébeiver (the modulation duration is larger than
the channel delay spreadR s diagonal and the sorting function in eq. (5.16) is eqemato sorting the
M components oE ) in a decreasing order (given that the applied QR decompasgiéisults in a matrix
R with positive diagonal elements).

The decoding algorithm is given after fixing the followingtations. p is a M-dimensional vec-
tors. e and E are MP x P matrices. x and Order are M x P matrices. The entries ddrder be-
long to the sef{1,...,M}. X x corresponds to thk-th column of matrixX. X(P) corresponds to the
elements(p—1)M + 1,..., pM of the MP-dimensional vectoX for p=1,...,P. In the same way,
X(PP) corresponds to thil x M matrix composed of the elemeng; of the PM x PM matrix X for
i=(p-1M+1,...,pMandj= (P —1)M+1,....pM for p,p = 1,...,P. The function DiagX)
returns a vector composed of the diagonal elements of thexm&t The function soifx) returns the
indices of the components of vectowhen these latter are arranged in an increasing order.

SE with PPM (Input: z, R, P, M, C. Output:d)
Step 1: Setk =P+ 1,dist(k) =0,V = R™1, p = Oy, bestdist= C (sphere squared radius)

Step 2: newdist= dist(k) +p'p,
if (newdist< bestdisj& (k # 1) go to Step 3 else go to Step 4 endif.
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Step 3: if k=P+1,e x_1 =Vzelse
fori=1,...,k—1,&)_, =&} —Vv{i¥p endfor endif.
k= k- 1,dist(k) = newdist E'} = Rk¥e',

Ordery = SOI’t(-Z(R(k»k))T E:(,II? 1 Diag ((R(k,k))TR(k,k)))

k kK
stefk) = 1, pogk) = Ordefstek) ks X k = |- pogk), P = Esz) — R:(,po)s(k) go to Step 2.
Step 4: if newdist< bestdistfori=1,...,P, a1 = x.; endfor
bestdist= newdistelseifk = P, terminate els& = k+ 1 endif.
stegk) = stegk) +1,
if stegk) > M, go to Step 4 endif,

k kK
pogK) = Ordeflsierk) k» Xk = |- pogk)s P = E:fk> — R:(.poé(k) go to Step 2.

5.4.3 SE with PPM-PAM constellations

We would have obtained the same algorithm if the functiomt"stan be replaced by an efficient sorting
function for the PPM-PAM constellations. Unfortunatelydering theMM’ elements of a1-PPM-M’-
PAM constellation is not a simple task and the complexityhig brdering might increase with the value
of M’. In what follows, we present a modified algorithm that perfsra “joint” M-dimensional span. Itis
not necessary to sort all the valiM’ elements, it is sufficient to develop an efficient way thahpes to
generate thd-dimensional vectors, at each layer, in a recursive marnast lke the Schnorr-Euchner
enumeration). In this case, the recursion is stopped if thetgalls outside the current sphere. The
complexity of the proposed solution does not increase MithAs all the other decoders, the complexity
increases wittM because this results in increasing the dimensionality ettgnal subspace.

The main difference between the Schnorr-Euchner enurnartdr PAM constellations and the pro-
posed enumeration strategy for PPM-PAM constellations foldows. For the enumeration with finite
PAM constellations, falling outside the boundaries of thastellation can be simply remedied by per-
forming a jump in the opposite sense (third line of Step 4 M3k algorithm with PAM). This is possible
because we are sure that this double jump results in an Beiaahe Euclidean distance as shown in
Fig. 5.3. For PPM-PAM, we must be sure that the next candidatie is a valid node before passing
to this node. In fact, the relative increase in the minimustatice resulting from this jump (at a certain
component of a given layer) must be compared with the inereakiced by passing to a next candidate
node at the other components of the same layer.

To be more explicit, we further highlight this point by an exale. Consider a 2-PPM-4-PAM con-
stellation given by:

{(-3,0),(-1,0),(1,0),(3,0),(0,-3),(0,—1),(0,1),(0,3) } (5.17)

and represented in Fig. 5.4. In this example, the closetdagioint to the received point is given by
(3,0). Applying the SE enumeration on the x-axis, the next lattiode in the sense of increasing the
minimum distance is the poir{iL,0). Continuing the SE enumeration on this axis, the next cateid
node is(5,0). This is not a valid 4-PAM point and the SE enumeration wikg#o the poin{—1,0).
Denote byda_.g the relative increase in the minimum distance when passom point A to point B.
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®)

received point

closest lattice point

Figure 5.4: The enumeration with a 2-dimensional 2-PPMA#RonNstellation. This enumeration must
be performed jointly between the points of the x-axis and/thgis that correspond to the two modulation
positions.

While d10)—(50) < d(1,0—(0,1), We haved10)_.(—10) > d10—(021 and therefore, unlike the SE, the
next node i0, 1) rather than the node obtained by performing a double SE juomp (1,0) (the point
(—=1,0)). Therefore, a joint 2-dimensional enumeration is needetlithe values oflx g at the two
different levels of the same layer must be only evaluated mpared) for valid pointd andB. An
example of a 2-dimensional span is shown in Fig. 5.4. In génaM-dimensional span must be applied
and a new decoding algorithm for PPM-PAM is needed.

We first give the pseudo code of the function “decide” that il used in the decoding algorithm.
Consider then-th component of thé-th layer withm e {1,... M} andk € {1,...,P}. If the mth
coordinate of thévi-dimensional sub-vector at thketh layer is given bw_panfr'f), then the influence of
thek-th layer ond2,, is given by:

o2 = HR(") (e(k)—x pan{,'?l.m)H 2 ||E0 _yx panf,'?R.(k)Hz (5.18)
= (EM)TE® — 2x_pant? (R (x_panm¥)2( (5.19)
2 EM)TEW 1 nextpogmetn(fn (5.20)

Therefore, when thenth level of thek-th layer is considered alone (the levels.1,m— 1 m+
1,...,M have zero values and tineth level is considered as a PAM constellation), then thusllean be
spanned in the following way:

X pam§n X pamqf 4—2pm , X pamqf me , X pamqf 4—4pm , X pamqf ,... (5.21)
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where:
KT E(K)
®_ (Rm)'E (5.22)
(RITRG
x_panf,'? = {Xr(nkw ; p,(#) = sign(Xr(nk> —x_panf,'?) (5.23)

At the k-th layer, the input of the function “decide” consistsR¥ andE). The outputs consists of
the M-dimensional vectoraextpos pam¥, X andx_pam¥) whosem-th components are given in eq.
(5.20), eq. (5.22) and eq. (5.23) respectivelypant¥) contains the coordinates of the first node to be
visited at theM levels of thek-th layer (if these layers are consider separatefgxt pos parmi® stores
the distance corresponding to these nodes wiiffeis used to determine the SE span atithéevels. At
this stage, we know simply the starting point of each one @MHevels as well their corresponding SE
enumerations without taking into account the possibilitpassing from one level to another during the
joint M-dimensional span (for example, in Fig. 5.4, when passiogfi2) — (3), (5) — (6), (6) — (7)
and(7) — (8)).

In addition tonext pos parmi¥), X(® andx_pam¥, the function “decide” returns the scalgsesand
ampthat correspond to the position and the amplitude of thessldattice point respectively. The pseudo
code of the function “decide” is given by:

decide(Input: Y, R, M’. Output: pos amp x_pam X, next pos metric)
Y. =RTY ; ¥y =diag(V1)
Y, =Diag(R'R) ; Y, =diag(Y2)
X= Diag <?1 (?2) 71)
X+M -1
2
x_pam= max(1—M’,x_pam) ; x_pam=min(M’—1,x_pam)

X_pam= 2round< ) -M+1

nextposmetric= —2Diag(Y;diag(x_pam)) -+ Diag (\?2 (diag(x_pam))2>

pos= arg min(next posmetric) ; amp= x_pampos

In what follows, the variablestep flagl andflag areM x P matrices. At thek-th layerstepy is
a M-dimensional vector that permits to determine, at each énleedV levels, the difference between
the next generated node and the current node. Throughoatgbsthm, stepis permanently modified
to assure thax_pammy + stepnk (the next node) is always a valid PAM symbol wherpamy, (the
current node) is valid. This constraint is added since, ggamed earlier, only valid points must be
considered. Note thatep,k can be equal to zero. In this case, performmn@any, + stepnk permits
to pass to then-th level (from anyone of the othéi — 1 levels). Once thetrth component is allowed to
have a nonzero valuste pnx is updated according to:

{200 —a0i6oi......ipi . 2sign(ipfy), ... ~2sigr(iphy) } (5.24)

wherep¥ is defined in eq. (5.23).is the integer for whick_pammk +ipt falls outside the boundaries
of the PAM constellation for the first time. When this happefiaglny is set to zero. In this case, for
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testing the remaining nodes, we 8tepnx = —Zsigr(ip,(#)). Whenx_pamyk + stepnk falls outside the
boundaries for the second times, the spanning is stoppée atth level and we seflagm to one. All

the levels of thek-th layer are spanned whetag. x = 1. The pseudo code of the sphere decoder with
M-PPM-M’-PAM constellations is given by:

SE with PPM-PAM (Input: z, R, P, M, M’, C. Output:a)

Step 1: Setk =P+ 1,dist(k) = 0,V = R1, p = Oy, bestdist= C (sphere squared radius). L@ be a
very large positive number.

Step 2: newdist= dist(k) +p'p,
if (newdist< bestdisj& (k # 1) go to Step 3 else go to Step 4 endif.

Step3:if k=P+1,ex 1 =Vzelse
fori=1,....k-1e} = e(i& V(00 endfor endif.
k=k— 1, dist(k) = newdist E =Rk k)e(fg
[pogk),amp(k),x_pam, X. k, next posmetric | = deciddEﬂ?, R M)
Xk = ampK)!: pogk)
stepk = Oum, SteRogk)k = 2SIgN(Xstepk) k — Xstepk) k)
flag.xk = Om, flagl. x = 1m
if (X_pamogk) .k + St€Rogk) k < 1—M’) or (X_pampogi) k + St€Rogk) k > M’ —1),
ste ok k = —2SigN(steRogk) k), Flaglpegi) x = 0 endif
p= E:( K _am k) (kp‘;)s(k go to Step 2.

Step 4: if newdist< bestdistfori =1,...,P, a1 = x.; endfor
bestdist= newdistelseifk = P, terminate els& = k+ 1 endif.
if M_, flagmk = 1 go to Step 4 endif
generate the next node:

- _ (kk \Te®
next pos metricse i k = —2 (R_’pos(k)) E'\ (X_Pampogk) k + St€Rhosk) k)
kk o\ o(kk 2
+ <(R:(.po>s(k)> R:(.po>s(k)> (X_Parmbogi) k + SteRogio k)~ + Coflagposi) k

pogk) = arg mMinn-1,... m(Next pos metricn)
X_Pamyogk) k = X_pan'bos(k%k + Ste hogk) .k
if ste Brogk) k = 0, ste Bogk) .k = Zsign(Xpos(k%k — x_parrbos(k%k) else

ste Bogk) .k = (—1) flaglpoik)’kste Bogk) k — 2f|aglpos(k)7ksign(ste q)os(k%k)
endif.
if (X_pampogi) k + St€ ok k < 1—M’) or (X_pampogi) k + St€ogk) x > M’ —1)
if f|aglp05(k)7k #£0, f|aglp05(k)7k =0,ste Rogk) k = —25igr(ste q)os(k%k) elsef Iagpos(k%k =1 endif.
if (x_parrbos(k%k—i—steq)os(k%k <1- M/) or (x_parrbos(k%k—i—steq)os(k%k >M — 1), flagpos(k%k =1
endif endif.
amp(k) = X_pampogk) k» X,k = aMpPK)I. pogk), P = E(k —am [:(k) p S(k) go to Step 2.
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Figure 5.5: Convergence of SE with respect to algorithm 2 wil-finger PRake on CM2.

Lines 8 and 9 of Step 3 as well as lines-114 of Step 4 assure that the next node does not fall
outside the boundaries of the PAM constellation. This is wext pos metric,ogx) « can be evaluated at
the fourth and fifth lines of Step 4. At these lines, haviilgg,ogk) « €qual to one avoids spanning the
level pogk) of thek-th layer. Updatingste gogi) k @s in the ninth line of Step 4 permits to generate the
enumeration given in eq. (5.24).

In Fig. 5.5, we compare the convergence times of the SE andthgn 2 with 4-dimensional constel-
lations. Simulations are performed over CM2 witkx P uncoded MIMO UWB systems and a 1-finger
PRake. The initial sphere radius is set to infinity in botresa§ he ordinate correspondstigtse where
t> andtsg are the convergence times of algorithm 2 and the SE respéctivhe superiority of the SE is
evident especially for large dimensions (the dimensitpaiequal to #).

5.4.4 SE with a Fano-like metric bias

The complexity of the sphere decoders can become excessingl especially at low signal to noise
ratios. For these SNRs, the first node, corresponding to @hailpoint (or the output of a ZF-DFE
receiver), can be very far from the closest node. Theretbeealgorithm will zigzag between a large
number of nodes before reaching the ML solution. The comrarg of the sphere decoders can be en-
hanced by enhancing the quality of the first checked node. ekample, the first checked point can
correspond to a MMSE-DFE receiver rather than a ZF-DFE veceilhis approach can result in some
performance losses (especially at low SNRs) since thetmeguloise term has a non-Gaussian compo-
nent. However, MMSE-DFE preprocessing can be beneficiaksiery important enhancements in the
convergence time can be obtained at the expense of limitédrpence losses [104]. In the same way,
a V-BLAST-like ordering can be applied on the columns of tharmel matrix in order to have the best
possible decisions at the lower layers [112]. For PPM and ##AM constellations, this ordering must
be applied on groups &fl columns (refer to section 5.2).

Another possible simplification is by spanning limited paof the set of admissible values at the
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different layers. The smaller the number of spanned poinfedpecially at lower levels), the lower the
complexity of the resulting decoder. The authors of [103pmsed relating the length of the spanned
intervals to the noise variance and the channel matrix hyguaiFano-like metric bias. For PAM con-

stellations, define the sequengd&}f_; by:

Fe=Fc1+a0NVi 1k 5 k=2,...,P (5.25)

whereF; = 0, 02 is the noise variance and = R-1. The scala € [0 1] controls the achieved com-
promise between complexity and performance. The modificatof the algorithm given in section 5.4.1
are straightforward. Step 2 of the considered algorithros replaced by:

Step 2: newdist= dist(k) + p?, fanodist= newdistt Fx
if (fanodist< bestdisj& (k # 1) go to Step 3 else go to Step 4 endif.

In the same way the first line of Step 4 is replaced by:
if fanodist< bestdist...

The same modifications can be applied on the algorithms giveection 5.4.2 and section 5.4.3 and
used for the detection of PPM and PPM-PAM constellationgeetively. In this case, the sequer{ée}
is determined from:

M
Fc=Fe1+00% Y Vik gmimk-2mim 3 K=2,...,P (5.26)
m=1

with F; = 0.

5.5 Numerical Results

In this section, we perform computer simulations in ordecdampare the complexity and performance
of SE and the associated decoder with the Fano metric. Weeatapare the MMSE-DFE and ZF-DFE
preprocessing. In what follows, we fix= 0.5 in eq. (5.26) and no column ordering is performed.

We first consider spatial multiplexing with 4-PPM-4-PAM ebellations over CM2. 5 transmit an-
tennas, 5 receive antennas and a 1-finger PRake are usedthblbte this case, the decoding process
consists of searching for the closest point amoffyvalid points in a signal space of dimension 20. The
resulting SER curves are shown in Fig. 5.6. The complexityeésisured by the average number of eval-
uations of Step 2 (of the algorithm given in section 5.4.3)tmmnsmitted symbol vector. This complexity
is plotted in Fig. 5.7 as a function of the SNR. Results shat the performance losses resulting from
using the Fano metric are small especially at high SNRs. ¥amele, with ZF-DFE at an error rate of
0.3, the SE decoder with the Fano metric results in a loss oftal6wB while converging three times
faster than the SE decoder. For the SE, applying MMSE-DRHtees a performance loss of abou70
dB at high SNRs. However, MMSE-DFE significantly decreakesiumber of visited lattice points.

The same simulation setup is repeated in Fig. 5.8 and Fidoua @ith the diversity scheme using the
modified Hermite pulses (refer to section 3.1). In this cése pbetter conditioned channel matrix at the
receiver side reduces the complexity of the decoders. THeaSractically the same performance as the
SE with the Fano metric with both ZF-DFE and MMSE-DFE. For#NRs higher than 15 dB, the babai
point corresponds to the closest lattice point and therdiffealgorithms have the same complexity.



136 5. DECODING THE MULTI-DIMENSIONAL CONSTELLATIONS

10

SER

10

[[ &= MMSE

=¥~ Layered Space-Time

[| == SE, ZF-DFE

” =0~ Fano, ZF-DFE

10 | =+~ SE, MMSE-DFE -

f| =+= Fano, MMSE-DFE
I

I &
0 5 10 15 20 25 30
SNR per bit (dB)

Figure 5.6: Performance of spatial multiplexing with 5 s&nit antennas, 5 receive antennas and a 1-
finger PRake on CM2. A 4-PPM-4-PAM constellation is used.
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Figure 5.7: Complexity of the decoding algorithms with 4MRR-PAM, 5 transmit antennas, 5 receive
antennas and a 1-finger PRake on CM2. Spatial multiplexingesl.
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Figure 5.8: Performance of the diversity scheme using nemtliflermite pulses on CM2. A 4-PPM-4-
PAM constellation is used with 5 transmit antennas, 5 recaitennas and a 1-finger PRake.
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Figure 5.9: Complexity of the decoding algorithms with 4MNRR-PAM, 5 transmit antennas, 5 receive
antennas and a 1-finger PRake on CM2. The diversity schemg omidified Hermite pulses is applied.
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Conclusion and Perspectives

In this work, we studied space-time coded impulse radicesystover highly frequency selective multi-
antenna channels as a possible candidate solution foefotoadband wireless personal area networks.
Nonconventional modulation schemes that were exclusiveptical communication systems are now
used over radio frequencies necessitating the design otading schemes that can combine the advan-
tages of impulse radio and multi-antenna communications.

In particular, we presented the design of appropriate &it and fully diverse ST codes with any
number of transmit antennas. The advantage of such an appiredéhat a user located very close to
an access point can exploit the multiplexing benefits, whileser at farther locations may benefit from
an enhanced diversity order as well. For very high data rngséesis that do not employ any pulse
repetitions, these benefits are obtained at the expense ofe powerful software processing (ISC in
section 3.2) or a more sophisticated RF circuitry (the usEl@inite pulses in section 3.1). For more
conventional high data rate systems that perform coheneegriations, the decoding complexity is the
same as that of spatial multiplexing thanks to the propasted-pulse coded schemes. For these schemes,
an additional robustness against multiple access ingréer was obtained via the design of simple and
efficient low-dimensional amplitude-randomizing matsi¢kat can be used in conjunction with the time
hopping sequences.

For PPM and PPAM constellations, we proposed novel codihgrees that are based on “position
permutation” (construction 1 in section 3.4.1) and “pasittombining” (construction 2 in section 3.4.2).
These modulation-specific codes have the additional adgastof being energy-efficient and informa-
tion lossless and they outperform the classical approacomdtructing totally-real ST codes based on
cyclic division algebras. Since practical UWB systems aqgeeted to associate PPM with PAM con-
stellations having limited number of amplitude levels (ther words PPM or biorthogonal PPAM), the
modulation-specific codes that do not have a hon-vanishégrehinant become particularly appealing.
The totally-real modulation-specific codes are capablesliveking the same performance levels as the
complex-valued prefect codes for sufficiently high dimenai constellations.

The principles of inter-symbol coding, inter-pulse codarmgd modulation-specific coding were fur-
ther extended to the construction of distributed ST schdorehie nonorthogonal amplify-and-forward
cooperation strategy with any number of relays. Furtheentposition permutation” was shown to be
sufficient for achieving full diversity with all PPM and PPA8bnstellations. Moreover, the modulation-
specific ST codes and distributed AF ST codes turned out t@bmal with binary PPM (in the sense
of maximizing the coding gain). New decode-and-forwaraitegies were also proposed for coherent,
non-coherent and differential UWB systems. Studying theesed diversity-multiplexing tradeoffs and
error rates over realistic indoor UWB channels showed tkalbéting the spatial diversity in a co-located
or distributed manner can be very beneficial to IR-UWB system
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We also considered the problems related to the receivegmesid decoding algorithms. The ISI
and MUI were included in the presented system model whicmiiexd to evaluate the performance
of dense and high data rate UWB networks. As for the decislookb we proposed to modify the
sphere decoding algorithm to efficiently decode the noalimparse multi-dimensional PPM and PPAM
constellations. We also presented the performance of ptilmal linear decoders that are appealing with
correlation receivers that suffer from limited co-chanmtérference. An analytical analysis over the
IEEE 802.15.3a channel models permitted to have more itssigihthe implications of these channels
on the performance of single-antenna as well as multi-aatds\WB systems. While the presented
analysis and code construction was limited to TH-UWAB, thieesion to DS-UWB is straightforward.

The realized work has given rise to a certain number of opestipns that are worth to be considered
in future work. The future research perspectives incluggaliowing aspects:

e MIMO-UWB radio channels are much less understood than timitional single-antenna UWB
channels. While the proposed codes were considered aggumaorrelated sub-channels, the
impact of the spatial correlation on the code design andesygierformance can be evaluated
when an appropriate and a widely approved MIMO-UWB channad@his adopted. In this case,
the impact of the relative delays between the first arrivingtiapath components on the system
performance can be also determined. The statistics ovene¥vechannel models can be further
exploited for an appropriate design of two dimensional&ele Rake receivers that enhance the
energy capture.

e While we presented aspects related to the physical layeoagarative UWB systems, the cross
layer design can give more insights on the studied problemn ekample, the important localiza-
tion capabilities of IR-UWB systems can be exploited to mte the choice of the cooperating
relays and to determine the number of relays that is suftic@m@achieve a certain compromise
between performance and complexity.

e Optimizing the mapping of the information bits on the PPM BARI symbols. In this case, serial
concatenation schemes based on turbo codes or LDPC codessiagdthe proposed ST block
codes as inner codes can be evaluated. In this case, ativéeitatoder is used at the receiver
side and an analysis of the Extrinsic Information TransfeXIT) chart determines what mapping
strategy to be adopted in order to accelerate the conveegdrtbe considered schemes. The non-
linearity of the PPM and PPAM constellations and the nohaayonality of the ST codes render
this problem a non-trivial one. Moreover, efficient lattiezluction techniques and trellis coding
schemes that were recently proposed for the Golden code enextbnded to the new modulation-
specific codes that have a layered structure.
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Appendix A

SIMO-UWB channel measurements and
characterization

w— oncrete

- Bmgf@i WFOOS =+ RX positions
o Crid une + TX positions

5% Wooden Box / Desk

Figure A.1: Map of the explored environment.

A total number of about 100 SIMO channel measurements weferpeed in a line-of-sight (LOS)
condition. The limited number of measured channels doeg@hit the construction of a statistical
multi-antenna UWB channel model. However, these measurenage sufficient for highlighting some
important aspects concerning the general behavior of ranténna UWB channels. In particular, we are
interested in characterizing the fading margins and théamarrelations of these channels.

The explored environment corresponds to a typical laboyAtalustrial environment of approxi-
mately 4x 14n?. The ceiling (3 m) is composed of iron sheets and metallieriseaT he floor and the
walls are constructed from concrete materials. The rooriie @mpty except for the presence of some
metallic elements. A map of this environment is presentdedn A.1. The receiver is fixed at one of the
four positions represented by the bold points while thesimatter is moved on the remaining positions.

The transmitted pulse occupies the bandwif®1 4.5] GHz. At the receiver side, an array of 4
antennas is used. The diameter of the ground plane is eq8@lrtom and the antennas are separated by
a distance of 85 mm. Given that the four receiver branchesatrperfectly identical, all the elements
involved in the receiver link before the oscilloscope areaoluted out from the measurements (cables
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and low noise amplifiers). Therefore, the measurementegoond to the the convolution of the physical
channel with a reference signal that corresponds to theobation of the impulse responses of the
transmit and receive antennas. This reference signal hasatiah of 2 ns approximately.

We first determine the fading margin. Among the four meassrtdgchannels corresponding to a
certain position of the transmitter and the receiver, wemeine the ratio between the maximal value
and minimal value of the energy integrated over a durafionThe variance of this ratio, calculated
over all pairs of transmitter and receiver positions, cgpoads to the fading margin. The fading margin
versusT; is plotted in Fig. A.2. Results show that the fading margindsnegligible for small integration
times. In particular, a practical Rake receiver with 5 fimg@r = 10 ns) suffers from a fading margin of
about 3 dB even in LOS situations. On the other hand, spatiatsity is not very beneficial with very
high order Rakes that profit from an important multi-pathedsity.

The spatial correlation between the different antennagoisegl in Fig. A.3. In particular, we de-
termine the cross-correlation coefficients among the sndenmas (separated by.35cm) and among
adjacent antennas (separated by &n). Results show that the entire channel responses pnesgn
low correlation levels. However, given that the channetslaDS, the first arriving parts of the received
signals (corresponding to the strongest multi-path corapt®) are more correlated than the other parts
of the signals. The relatively low spatial correlation skaivat spatial diversity can be beneficial for
UWB systems.

The channel impulse response is divided into small timemats called “bins” of 2 ns corresponding
to the duration of the reference signal. We next analyzeghta correlation between the different time
bins. This is an important indicator on the performance o&lRRreceivers when extended to multi-
antenna situations. To derive this kind of information,febin is correlated with the reference signal.

For thel-th bin and then-th SIMO channel realization, designategfy (1) the result of this correla-
tion at thei-th receive antenna £ 1,...,4) and let:

A = argrrp%ﬂ g (T)‘ (A1)
whereT,, = 2 ns is the duration of the reference signal.

The correlation between the signal at the output oflthie Rake finger of the-th receive antenna
and the signal at the output of th¢h finger of thej-th receive antenna is given by:

E oA
I’i’j’| = 1 (A.2)
(=) ]e ) ])
where the average is determined over the SIMO channel a¢ialis (the superscripi.

Fig. A.4 presents the averagerpf over the receive antennaand j that are separated by3cm,
17 cm and 2% cm. Given that the channels are LOS and due to the preserdarhinant first path
in the first bin of the different channel impulse responses first bins show relatively high correlation
levels in the order of ®. Starting from the second bin, the correlation betweerothiputs of the Rake
receivers falls below 0.4 for different antenna separatidre behavior is similar with different antenna
separations showing the inutility of separating the rezaintennas by more tharb&m. Note that the

results were presented in LOS conditions that correspotidetavorst case situation (in what concerns
spatial correlation). NLOS channels are expected to shexeraorrelations.
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Figure A.2: Fading margin over a 4-element linear antenreyaf length 2% cm.
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Appendix B

Performance of bi-orthogonal Signalling

From eq. (2.39), th&1 decision variables are given by:
Xt = Xet —mSm + Ny (B.1)

where X, = qu:le:laq,p,m. From eqg. (2.38), the joint probability density function tbe noise is
given by:

1 —12,+ 20mm NNy — N2
PN, M) = 2n02VeXp< - ;crzvzm .

Zap%qpmn _ Xmw

/ 2
wherepmm = =5~ W, y=4/1-pZ,y ando _ZEXO

Apply the following transformation on the Gaussian randariablesn,, andnyy:

u 1 1 1 n
M

thenu andv are zero-mean independent Gaussian random variables wéudgeces are given by:

PNo
2E
P No

02 = 02(1+ pmat) = == (Xo+ Xm_m) (B.3)

2

05 = 0%(1— pmm) = 2, (Xo—Xan-m) (B.4)

The conditional error probability d#1-PPM-2-PAM constellations can be determined from:

1 M-1

IDe/H = 2|V| bz;tl z I:)e/ H,sn=b) (B.5)

where Ry s,-b) corresponds to the probability of erroneous detection wlhguilse with amplitude
b = 4+1 was transmitted during the-th modulation position. Following from the amplitude syminy
of the bi-orthogonal PPAM constellation, eq. (B.5) simplifio:

1Mt 1 M=
e/H_M Z IDe/Hs,m 1) §MNZ e/H (B-G)
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where F(g'/“H is given by:
(m) M-1
Po =Pemi(Sm=1—sa=-1)+ 5 Pou(sn=1—sw)
m =0 nv£m

M-1
=POm<O0sn=1)+ %  p(Xw|=> [Xm|;5n=1)
m=0,m#m

2E¢
:Q< Pl\ifo>+ll+|2

where:

l1 =P X <Xn < —Xnr s Xow <0 Sp=1)

Xt —m—X0— Ny
/ / P(Nm, nrrf)dnmdnm(
Xm( —Xo+Ngy

X0 Xy - m

dw [ pjdw)
1 2
~ ol (1 afh)
where eq. (B.9) follows from Fig. B.1 and:

_m Es _
Qé%:Q(xOJFX'” )Q( (Xo+ Xm mr))

202

2 Xo—Xm-m o Es(XO_menY)
Q’“"*_Q( 202 )Q( PN )

l2=P(—Xr <Xm <Xy ; Xw >0;Sn=1)

+oo Xy —m—Xo+Nyy
_/ / P(Nm, Ny )0, Gn
m—Xo— nm
400
e PO g PV
V2 V2

In the same way:

1 2
~ (1) o
Replacing equations (B.10), (B.11),(B.12) and (B.14) in(@y8), we obtain:

2ESZ ) (xq’p’o M-1 1 2 1 2
tho B S ol ol nlhadh
m=8m#£m

whereqﬁw and Qﬁw can be expressed in a more explicit form as:

o) =Q (\/ESZ(W (Agpo+ (—1)i10‘q7p,m—m())

PNo

(B.7)

(B.8)

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)
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IR 4

Figure B.1: The different integration areas.

Qn(:zﬂ depends uniquely oogpm-ny @and therefore on the difference between the pulse positions
Taking this into account, and summing up the terms corregipgnto the same position difference, the
conditional error probability in eq. (B.6) simplifies to:

2E Oq.p.0 2 M1
P <Q| st?—lzoqp + o Zl (M —m) (zpr%l) P 2a>r$,1>a>r$,2>> (B.17)
m=

200 \/ EsSqp(0apo : Ni—lﬁlaq«,pﬂm) (B.18)

where:
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Appendix C

—lisnotanormin Q(1++/3)

For(y,8,081) = (1,14 +/3,1—+/3), the determinant of eq. (3.17) verifies:

V13detCreq) = &+ a3+ 2(ardr +agas) —2(a3+a5)
= (a%+c%) —3(b*+d?) (C.1)

wherea=a; +ap, b=ay, c=az + a4 andd = ay.

In order to show that the minimum determinantﬁt3 is achieved for all constellations, we need to
prove that eq. (C.1) equals to zero &b, c,d € Z only whena= b= c=d = 0. Suppose that?+¢?) =
3(b? +d?), writeaandc as:a = 30+, andc = 3qe -+ rc With ro, re € {0,1,2}. 3|a? +¢? = 3|r2 +r2. It
is straight forward to find that the only case whef€3-r2isr, =, = 0= 3|a, 3|cand 9a2 +c2. From
eq. (C.1), %2+ c? = 3|b?+d? an in the same way|Band 3d. Thereforea, b, c,d are all divisible by 3.
Writing a= 3a/, b= 30/, ¢ = 3¢ andd = 3d’, we obtain an identical equatida’® + ¢’?) = 3(b/? 4 d?)
whered’,b/,c’,d’ € Z. We can repeat the above operation and divide all paramiegeBsindefinitely.
Therefore, the only possible solution is wheab=c=d =0= a;=ay=az=a4= 0. As a conclusion:

C.2
(0»070»0)76(3173276\3734)6 ( )

1
\/—1—3
since/13detCzeq) € Z\{0} for (a1,ap,a3,a4) # (0,0,0,0).

Another more elegant solution consists of using pkadic numbers [115] to show that there is no
elementx € K whose norm verifies N,g(x) = —1 whereK = Q(8) with 6 = 1+ +/3. Any element
x € K can be written ag = a; + a0 = a+ bv/3 whereay, a»,a,b € Q with a= a; +ay andb = a,. We
will show that the equation:
Ni/g(X) = a® —3p% = —1 (C.3)

has no solution in the field of 3-adic numhb@g and consequently has no solutionkn LetZ; = {x €
Q3,V3(x) > 0} be the valuation ring 0Q3 [115]. Using the embedding @ in Qs, eq. (C.3) can be
written in Q3 as:

a>—3b>=2+3x; abeQ, xeZs (C.4)

We take the valuations of both sides of eq. (C.4):

va(a? — 3b%) = v3(2+ 3x) (C.5)
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to show thata andb must be inZ3. Sincex € Z3:
v3(2+ 3x) > min{v3(2),v3(x)+1} =0 (C.6)
Since both valuations are distineg(2) = 0 andvs(x) > 0), we have:
va(a? — 3b%) > min{2v3(a),2vs(b) +1} =0 (C.7)

Moreover we have equality since both valuations are distiBquation (C.7) holds i¥3(a) = 0 which
impliesa € Z3 and consequentllg € Z3. Equation (C.4) can be now written as:

a®—3b>=2+3x ; abxeZ; (C.8)

Reducing eg. (C.8) modulaz3, we find that 2 should be a square in @Fwhich is a contradiction and
therefore there are no elemeatd € Q that verify eq. (C.3).
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Appendix D

Properties of constructionl

D.1 Diversity Order

In this section, we determine the dimensions of the hybriMHFHAM constellation for which the code
in eq. (3.48) is fully diverse for a given value of

Designate byAC(X,...,X,) the difference between two codewords having the structvengn eq.
(3.48).X; is aM-dimensional vector that can be written 5= xi(l) - xi(z) where:

n-1

® _ < ®ai.

X =>x%;08 k=12 (D.1)
£ )]

where the vectorxi(f? belong to theM-PPM-M’-PAM constellationc given in eq. (1.8) fok = 1,2,
i=1...,nandj=0,...,n—1. In other words, the vectob§, ..., X, belong to the set given by:

n-1 )
ﬂZ{Z)(aj—a’j)e’ | @0,@p, ---,8n-1,8n_ 1 € C} (D.2)
j=

The proof now consists of finding the set of valueshffor which the following relation holds:
rank(AC(Xy,...,%Xn)) =nfor (Xg,...,X,) € 2™\ {(Om,...,0m)}.

For an elemenk € K | k = Z?;é k6!, kj € Q will be referred to as thg-th coordinate ok. In eq.
(D.2),a0,ay,...,a1-1,8),_, are integer multiples of the columns of thkex M identity matrix. Therefore,
elements ofa have the property that at most two of their components cae Hagir j-th coordinates
different from zero forj =0,...,n— 1.

AC(Xg,..., %) will be referred to ad\C for simplicity. ranKAC) < nif 3ky,...,k,—1 such that:

n—-1
AC, = Zl ki AC; (D.3)

whereAC; is thei-th column ofAC. Moreoverks,...,k,_1 € K since all of the elements &C are inK.

Proposition D.1 Equation (D.3) is verified if the vectors X. ., X, verify the equation:
n-1 )
MX;:(Z)A,-QUX;:OM;i:l,...,n (D.4)
=

whereQ is the permutation matrix given in eq. (3.501,...,An_1 € Q andAg = 1 resulting inar €

QMXM_
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Proof: We first give an example with = 3. Inserting eq. (3.48) in eq. (D.3), we obtain:

Xz = KkiXi+koXo
O'(Xg) = Qk]_O'(Xg) + kzO'(Xl)
0% (X)) = Qkio%(Xp) + Qkao?(Xa)

Since the entries d@ are rational numbers, ther(Q) = Q and the above equations can be written as:

X3 = kiXp+koXo
Xo = Q0%(ky)Xs+0%(k2)Xe
X1 = QO'(kl)X2+QO'(k2)X3

Solving these equations, we conclude that the ved{piwr i = 1,...,3 must verify:
(Im +A1Q +A2Q%) X; = Oy (D.5)

A1 = — (Trgg(0%(ka)ka) + N jg(k2)) 5 Az = =N /g (ke) (D.6)

In the same way, witihh = 4 antennas, we have:

(IM +A1Q —I—)\zQZ—I—)\:gQS) X = Om (D.?)

M = —Ng g (ks) — Trg g (ki (ks)) — Trig g (ko0 (k) 0% (ka)) — %TFK/@(kzcz(kz))
A2 = Ng/g(ke) — Trig /g (k0% (k1) 03 (ke)) — Trie /g (ko0 (k2) 0% (ke) 02 (Ks) )

+ %TrK/Q(0(k1)03(k1)K302(k3))
A3 = —Ng/g(ki)

We return now to the general case. The columnd®fare considered as-dimensional vectors
composed of the parametric variab@sXy,. .., X, and their conjugates. Therefore, eq. (D.3) results in
n linear equations. Taking th@g — i)-th conjugate of thé-th equation foi = 2,...,n, eq. (D.3) can be
written as:

ki ko Kn-1 -1 [ % ]
" k) . 0" key) -1 Qo™ lk) || X
: - Q0" 2(k;)) Qo™ 2?(ky) | =Own (D.8)
2(ky1) 1 ; Xn-1
“1 Qolky)  Qo(ke) o Qo) JL Ko
R

The last equation is verified if:

detR)X;=0u;i=1,...,n (D.9)
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when calculating the determinaiRjs considered asmx n matrix andQ is taken as a parameter (rather
than aM x M matrix). By rearranging the rows &, we obtain:

detR) = det([RT,R! ;,...,R},RI]T) = detR)
R

(D.10)

whereR; is thei-th row of i. R has the same structure as the matrix expression of the elerota
division algebra. In particular:

R =C(-1,0(ky),...,0(kn-1))
where the expression @f is given in eq. (1.20). From [39] and Proposition 1.1, thefficients of the

powers ofQ in detC) are linear combinations of norms and traces that belon@.taConsequently,
parameterized bQ, detR) is a polynomial with rational coefficients having a degrea of1:

(D.11)

n—-1 )
detfR) = Z)\iQ' 7 A0y A1 €Q (D.12)
i=
Moreover, it can be easily shown thag= 1 and\,_1 = —Ng g (k1). Finally, replacing the parameter
Q by its corresponding matrix form, we obtain eq. (D.4).
Consider the casél > n. The matrixa/ in eq. (D.4) takes the form:

M1 0 0 )\n—l )\1 ]
A1 o - 0 :
)\2 )\1 1 0 0 )\nfl
M= : : (D.13)
0 )\n71 )\1 1 0
: 0 Ap1 - A 1 0
0 0 A1 - M 1 |

where the number of zero entries in each rowofis equal toM — n.

From eq. (D.13), it can be seen that the matrix composed ofittste(M — n+ 1) rows and the
first (M —n+ 1) columns ofas is a lower triangular matrix whose diagonal elements areaalil to 1.
Therefore, its determinant is equal to 1 and consequentigsta rank oM —n+ 1. Designate by the
rank of &/ . Thereforey > M — (n—1). In an equivalent manner:

r=M-k; ke{0,1,...,n—1} (D.14)

Since eq. (D.4) is valid for all values ofwe fixY = X;. Denote byY,, the mth component o¥ for
m=1,...,M. The j-th coordinate o/, is denoted by for j =0,...,n—1.

Fork=0, MY =0y =Y = 0y. Therefore, the only matri&C that is rank deficient is the all-zero
matrix.

Fork =1, theM components ok can be determined from a single parameteWithout loss of
generality, we také = Yy. In this caseYy = Bmt With Bm € Q* form=1,...,M — 1 sincem € Q"*M,
t =0=-Y =0y. In other words, if one of the componentsYois equal to zero, thek=1 and™ Y = Oy
imply thatY = Oy. For nonzero vectors, denote Wy ; the first non-zero coordinate f; for a certain
value of j € {0,...,n—1}. SinceBn € Q*, all the components of will have their j-th coordinates
different from zero. Thereforey, will not belong toa whenM > 3 since, from eq. (D.2), any element
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of 4 can have a maximum number of two components whetfecoordinates are different from zero
V]j. Therefore, the only vector of that verifiesat Y = Oy whenr =M —1isY = Oy. As a conclusion,
whenk = 1, the code is fully diverse for:

M > max{3,n} (D.15)

as a special case, whan= 2, the code is fully diverse favl > 3.
Fork > 1, the components of can be parameterized liyparameters. Without loss of generality,
these parameters are taken to be equ#itac. 1,- .., Ym. The other parameters can be expressed as:

k.
Yo=Y B Yy_kyj ;i m=1,....r (D.16)
=1
whereB,(%), . .,[3,(1'? can not be equal to zero simultaneously fioe 1,...,r. We will consider the two

following cases.

Case 1: Suppose that there is only one element anfgng, 1, ..., Yy that has itsj-th coordinate
different from zero for a given value gf In other words, there are no two or more elements that have th
same coordinate taking a nonzero value. Note that this egayalhappen sinde< n— 1. Denote byj,
the first nonzero coordinate W, _x.|. Among the first components of there are; components whose
ji-th coordinates are not equal to zero witkcx; <r forl =1,... k. Along with Yy _k.1, this results in
a total ofr; + 1 components oY having theirj-th components different from zero. Tkecoefficients

B,(%), ey [3#?) can not be all equal to zero simultaneously for a given vafua eerifying 1 < m<r. This
implies that there are at leashonzero coefficients amorﬁil),...,B(lk),...,B§1>,...,[3§k>. This results
in: SEn >,

Y will fall outside of 2 (and consequently the code will be fully diverse) wheneler {1,... ,k} ||+
1> 2. In this case, the maximum size of the constellation forcWwhi remains ina corresponds to the
case whem = 1forl =1,...,k. Now, z};ln > r implies thatk > r. Given that the maximal value &f
is equal ton— 1, Y falls outside ofz whenr > k implying that:

M>2n—1 (D.17)

When considering the second case, we limit ourselves to dhetellation sizes that respect eq.
(D.17) (or equivalently > k).

Case 2: Following from the structure af, the complementary of case 1 takes place when there exist
two distinct valuek’,k” € {1,... k} such thaty_.x andYy_x.k have theirj-th coordinates different
from zero for a certain value gfec {0,...,n—1}. Designate by thek x k matrix whosg(i, j)-th element
is equal toBi(” fori,j=1,... k Y describes the linear dependence of the kirsbomponents o¥ on
YM_ki1,---,YMm. Given the lower triangular structure of the matrix commbseé the firstk rows andk
columns ofar and since > k, this implies thaty" has a rankk.

Among the firsk components of, designate by; < kthe maximum number of components having
their j-th components equal to zero simultaneously. Since theamorjzth coordinates are contained
uniquely inYy_krx andYy_k.«, this implies that there existg indexesl (1),...,1(r1) such that:

! k’ .
Bl(i((i))YM*kJrk’«,J' + Bf(i))YM—kJrk”.j =0;i=1,...,n (D.18)

From eq. (D.18)r; = k implies that thek’-th and thek”-th columns ofY are linearly dependent
which is in contradiction with the fact thaf has a full rank. Consequentty < k and among the firgt
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components of there is a minimum of — (k— 1) components whosgth coordinates are different from
zero. Along withYy_k:k andYy_k.k, this will result in a total off — (k— 3) components o¥ having
nonzeroj-th coordinatesY will fall outside of 2 whenever — (k— 3) > 2 implying thatM > 2k — 1 or
equivalentlyM > 2(n—1). Therefore, the values & respecting eq. (D.17) will result in fully diverse
codes in this second case.

Form eq. (D.15) and eq. (D.17), we conclude that the proposdd is fully diverse witn transmit
antennas iM > 2n—1.

From eq. (D.13)as is a circulant matrix that can be expressed as:

M :iaigi (D.19)

whereay = Ao = 1 (sinceQM =1y), oy =\ fori=1,...,.n—1 anda; =0 fori=n,...,M — 1.
From [116], the eigenvalues af can be expressed as:

;Q)M)\M i k=0,....M—1 (D.20)

wherewy = exp(3L) is theM-th root of unity.

Any subset composed of distinct elements of1,wy,...,w\ 1} forms a free set oveR if 2 <
n < (M) wherez (.) is the Euler’s function. Consider the case wher@) > n. In this casepy # 0
fork=1,...,M —1 sincely,...,An_1 multiply different elements of the sétl,...,«M 1} and since
Ao =1 Onlyyy = Z{‘:‘Ol)\i can be equal to zero. Thereforer rank( ) > M — 1. From what preceded,
MY =0u; Yea,re{MM—-1} =Y =0y for M > max{3,n}. The conditionM > max{3,n} is
verified by the values dfl that respect (M) > n (sinceM > £ (M) ¥M). This implies that the code is
fully diverse with all values oM respectinge (M) > n.

Finally, the proposed scheme achieves full transmit dityevath n transmit antennas arid-PPM-
M’-PAM constellations if:

Me{m|m>2n—-1}u{m| £(m)>n} (D.21)

Note that the above proof does not dependvBnTherefore, full diversity is achieved for the values
of M respecting eq. (D.21) and for all valuesif.

D.2 Coding Gain

Consider the codewor@ given in eq. (3.48). Denote b®() the M x n matrix composed of the rows
iM+1,...,(i+1)M of C fori =0,...,n— L. Thej-th row ofC) is denoted byC{". In the same way,
Xi m denotes thenth component of thiv-dimensional vectoK; form=1,...,Mandi=1,...,n. For
notational simplicity, we set”(x) = x("). From eq. (3.48)C(") takes the following form:

(i) (i) (i) (i)
| Xciamy 0 Xomy X1 o Xadia
ch = : : P (D.22)
(i) (i) (i) (i)
Xolizamy 7 Xamwy Kam o Kadim
wheret(.) stands for the cyclic permutation of ordegiven by:

(i) = (i+k—1) modM +1 (D.23)
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Lets = {Xy,..., X} be the set composed nfvectors drawn randomly from the setgiven in eq.
(D.2). ForM > n?, among then vectors ofs, there exists1— 1 vectors whosenth coordinates are all
equal to zero for a certain value wfe {1,...,M}. This follows from the structure of whose elements
can contain a maximum number af Bonzero components. In what follows, we show that the code ha
a non-vanishing determinant fdt > n?.

Without loss of generality, suppose thétm = - -- = Xn_1m = 0 for a given value ome {1,...,M}.
Proposition D.2 Xy m= -+ = Xp_1m = 0 implies that defC"C) > 1 unless Xm = 0.
Proof:

del(CTC):%A %ﬂ %ﬂ (det<[CiT1"'CmT>>2

i1=lip=11+1 ip=ip_1+1
T\ 2
i1:1i2:%+1” in=(N"T)M+1 (det([CE C'T”] ))

M 2M nM
:.g % % <det<[(Ci(lo))T (Ci(n”—l))T]T>>2 (D.24)

I1:1i2:1 in:l

>

Construct then x n matrix ¢’ as:

) (1) 1 )
Crim) Xom o Xm0 R inedm)
o : _ : - S 5 (D.25)
(n-1) -1 -1 -1
Criim xmyo S
ciY Xm0 Yaam Xam
SinceXym=---=Xn_1m=0, ¢’ is upper triangular. From eq. (D.24):
2 2
det(CTC) > (det(C'))" = (Ng,g(Xam)) (D.26)
Since, N /g (Xnm) € Z* for Xy m # O, this completes the proof of proposition D.2.
Proposition D.3 Xym= -+ = Xy_1m = 0 implies that defCTC) > 1 unless X rm = 0.
Proof: Construct the matri’ as:
1 1 1 1
Cr’ Xomm Xtm X
C/ - Cr(r?;l) = (nsfl) - (nfl) (.n',ll) (;71) (D.27)
) Xz,n(m) o Xn—l,n(m) xn,n(m) xl,m
Crm) Ximm - Xn-1mm)  Xnmm)
SinceXym=---=Xn_1m=0, ¢’ is lower triangular. From eq. (D.24):
2 2
det(CTC) > (det(C'))” = (Ng,o(Xnmm)) (D.28)
completing the proof of proposition D.3.
Proposition D.4 Xym= -+ = Xy_1m= Xy4+1mm) = - = Xnmm = 0 implies that defCTC) > 1 unless

Xy rim) = 0.
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Proof: For a given value ofY, define the functiorf(.) as:
f(k)=(1-n"—-k) modn+1 (D.29)

Construct then x n matrix C’' such that:

T (f(0 f(0 f(0 £(0) T
cion 1 [ Xmm o X Xm0
C = Cf(T?il) . (n—1) (n—1) (n—1) (n—1) X(n—l) D.30
= cl© = Xz,n(m) Xn’,n(m) Xn’+1,n(m) Xn,n(m) 1.m (D-30)
n_(m) Ximm) Xymm)  Xviimm) Xomi(m)
clhr-1) () o) ) T e
- m . L Xn’+1,n2(m) Xn,rrz(m) Xl,n(m) Xn’,n(m) |

ForXym= - = Xy—1m = Xys1mm) = --- = Xaqm) = 0, C' is a lower triangular matrix. From eq.
(D.24):

T 2 2
completing the proof of proposition D.4.
Proposition D.5 detC"C) > 1 unless C= Oyyixn.

Proof: Suppose thaX; m=--- = Xy_1mand detCTC) < 1. This implies tha¥nm = X nm) = 0 from
proposition D.2 and proposition D.3 respectively. NOWm = --- = Xn_2m = 0 andX;, ym) = 0 imply
thatXo mm) = - - = Xn—1,mm) = O from the recursive application of proposition D.4 fof=n-1,...,2.
Finally, from proposition D.2X; rm) = - - = Xq_1,mm) = 0 implies thatX; nm) = 0.

Therefore Xy m= -+ = Xp_1.m = 0 and defC"C) < 1 imply that them-th andri(m)-th components
of X1,...,X, are all equal to zero. NOWS; sym) = -+ = Xq_1.ym) = 0 and defCTC) < 1 imply that
1i(m)-th andt?(m)-th components oXy, ..., X, are all equal to zero. Starting the same operation again
we conclude that dé.tTC) < 1 only whenX; = --- = X, = Oy sincettdefines a bijection over the set

S={1,...,M} and consequentlyrtt(m),...,T™~1(m)} spans the entire s&for any value ofm¢c S,
This proves that wheh > n?, de{CTC) > 1 for all values oM’

D.3 Information Losses

Consider the codewor@ given in eq. (3.59). Concatenating the columngofertically one after the
other, we obtain:
vedqC)=d[a] - al]" (D.32)

where® is an’M x nM matrix. In what follows, we will show that the matri® is unitary. ® can be
written as:
o=[o] .- of]" (D.33)

Following from the layered structure of the codewords, thiestituent matrices of dimension x
n’M take the following formk=1,...,n):

Py = WMPYK? (D.34)
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whereY;, = Q! ® Inv andQ, is then x n permutation matrix given by:

Qn ==
In—l 0nxl

Onen 1 ] (D.35)

In this case, the permutation matrix in eqg. (3.50) can beewiasQy. ThenM x nM matrix Wy is
given by:
Wk:diag(IM v Qm - QM) (D36)

k times n—k times

M is anM x n?M matrix related to the rotation matri® given in eq. (3.59) by:
M=M®Iy=diag(M1 --- Mp)XIu (D.37)

whereaf; is thei-th row of ¢ . Finally, the matrixP is given by:

1 0 0
00 - 1
o1 - 0
For example, witm = 3 transmit antennas:
[ 1@ Omxmin Om xMn Omxmn M1®@Im Omxmn
®1=1| Ouxmn  Oumxmn  M2@Qm | ; P2=| M2®Im  Ovxmn  Omxmn
| Ovxmn - M3®Qm Omxmin Omxmn  Omxmn  M3®Qpm

[ O1n Onen 911
®3=| O1xn M2 Opn | ®lIm
| M3 Oixn Ouxn

From eq. (D.34), we hav@kdbl = lpm Since the matrice¥y, M, P andY,, are all unitary (the matrix
M is unitary since the rotation matrix is unitary by construction). Now, for any integdeandk’, we
have:

DDy = WMPYK (YK TPTMTW]
— WM (P& Inw) (Qﬁ*k@) |nM) (Qﬁ*@ |nM> (P @ lom) MTW]
—YM (PQﬁ'—kPT ® |nM> MTW]
—y, (zm (PQK"‘PT ® |n> m' @ |M) Wy (D.39)
If a vector is multiplied byQX, then itsi-th component is permuted to th&(i)-th position where:
(i) = (i+k—1) modn+1 (D.40)
In the same way, multiplying b (or P~1) is equivalent to the following permutation:

pn(i) = (1—1i) modn+1 (D.41)
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Therefore, multiplying by the matriRQﬁ‘kPT is equivalent to applying the permutation:

fa(i) = Pn (15 " (Pn(i))) = 715 ¥ (i) (D.42)

Given that the matrit is block-diagonal, then the matriit ( PQK—*PT In> omT" ineq. (D.39) is
an x n matrix having the property that each one of its rows can haweost one nonzero value. From
eq. (D.42), the indices of the elements of this matrix that passibly have nonzero values are equal to
(i, f1(i)) fori=1,...,n. Their values are given by:

MiMan,l

= MM ):6(k’—k) ;i=1,...,n (D.43)

T
(i
whered(.) is the Dirac delta function. The last equality follows frohetfact that the fully diverse
rotation matrixa/ is constructed to be unitary [100].

Finally, from eq. (D.39) it follows that:

(i)

DDy = Ihmd(k—K) (D.44)

showing that the matrig given in eq. (D.33) is unitary.
As in [47], we write the input-output baseband relation & MIMO system Y = \/EHC+ N) as:

vedY) = \/E(IT®H)vec(C)+veo(N) (D.45)
:\/§(|T®H)¢[a1 qu]T+veqN) (D.46)

H/

wherep is the SNR and” = nis the temporal extension of the ST code.
From eq. (D.46), the capacity of equivalent (coded) charsngiven by:

1 P

(c) _ = Ll I\ T

C(p,n.1) = =Enlog, (det(lm+ = (H'®)(H'®) )) (D.47)

wherer is the number of rows dff and the facto% follows from the number of channel uses.
Since® is unitary andH’ is block diagonal, then eq. (D.47) can be written as:

c(p,n,r) = %EH log, ((olet<|r n %HHT))n) (D.48)
— Enlog, (olet(lr + %HHT)) (D.49)
—=C(p,n,r) (D.50)

whereC(p,n,r) is the capacity of the uncoded MIMO channil)( This proves that the code given in eq.
(3.59) is information lossless for all number of transmitegimas.
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Appendix E

Properties of construction?2

E.1 Choice ofQ

We write theM x M matrix Q given in eq. (3.61) as:

QYY) = Iy, 2Q(8) ; QO)= [ _Czi(ee)) ?l,'lig)) ] (E.1)

Suppose thaf’ is chosen such that(Q'(6')) = Q'(6'). This choice will be discussed at the end of
this section. Asin Appendix D.1, designate&®(X, ..., X,) the difference between two codewords that
is associated with the vectoxs, ..., X, belonging to the set given in eq. (D.2). The linear dependence
between the columns &C when this latter is rank-deficient results in eq. (D.4) sit®’) remains

invariant when applying the embeddingslidf Equation (D.4) can be written in a more convenient way
as:

9 (8)X = (EMQ"(G’)>X@=X; pi=1...,n (E.2)
=1

whereAq,...,An_1 are rational numbers.
Q'(@') is a rotation matrix verifying Q'(8'))! = Q'(j®). This implies thatQl(8') = Q(j®’) since
Q(0) is a block-diagonal matrix. Therefore, the matnix(6') in eq. (E.2) takes the following form:

[ x(0) y®) 0 0
-y(®) x(®) 0 0
@)= 1 (E-3)
0 -0 x0) y@#)
|0 e 0 —y(e) x(©) |
where:
n—-1
x@) = Zl)\j cogj®) (E.4)
J:

n—-1
yE) = Y Ajsin(je) (E.5)
=1
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From eq. (E.2)X; is an eigenvector ofi (8') for i = 1,...,n. Moreover, since we are limited to
real-valued constellations, thefcan only be associated with the real eigenvaluex ¢f').
Solving the characteristic equation @f (8') results in:

((x(e’)—u)2+ (y(e’))2>% =0 (E.6)

wherep stands for the eigenvalue of (8'). pis real only whery(8’) = 0. In this case; is the eigen-
vector associated with the eigenvalue- x(6'). The idea is to choos& such thaix(6') = 0 whenever
y(0) = 0. In this case, ify(8') # 0, X; is complex-valued and hence it does not belongitoWhen
y(0') =0, thenp=x(8') = 0 andX; is the all-zero vector for=1,...,n.

From eq. (E.5), this can happen whisin(6'),...,sin((n—1)0')} forms aZ-basis of degrea— 1.
In this casey(6') = 0 implies that\; = --- = A,_1 = 0 which implies thatx(6') = 0 from eq. (E.4).
As a special case, we choo8esuch that{1,sin(®),...,sin((n— 1)8')} forms ann-dimensionalZ-
basis. Let?’ = 2. The set{1,exp(i¢),...,exp(N’ — 1)i#')} forms a basis of degree (N’) over Z[i]
and consequently the s€t$,cog®'),...,cof(N'—1)8)} and{1,sin(®),...,sin((N'—1)6")} form two
basis of degree (N) overZ. Therefore, the desired property is obtained wiz¢N’) > n.

Finally, K is chosen to be the real subfield of the cyclotomic field assediwith theN-th root of
unity (K = Q(2cog3)) and (N) = 2n). Thereforeg(Q(6')) = Q(&') whenN andN’ are relatively
prime.

E.2 Diversity Order with 2-PPM

For 2-PPM constellations, the elements of theseagiven in eq. (3.65) can be expressedas- a]'
wherea € K. In other words, for any elemefte 4, we haveQA = —A whereQ has the structure given
in eq. (3.62). Therefore, the difference between two coddsvtakes the following form:

B X1 X2 ... Xn 7
—X1 —X2 T —Xn
—0(Xn) o(x1)

—0(n)  —o(x1)

AC(Xq,.... %) = . : =
. . . 0”72(X2)
: —0"2(xp)
—0" (%) —0" (x) " i(xp)
| —0"L(xp) —0" (%)) —0"(xa)

whereX; € 4 is written asX; = [x —x]|" fori =1,...,n. WhenAC is rank deficient, consider the
relation given in eq. (D.3) that follows from tHé-linear dependence between the columnA®f The
dependence between the columns of the last two rows of ef) i(Eplies that:

X1 = — 377 0(Kj )X
_ r_l—Jl 1 . j T.fn(J) (E.8)
X = 321 0(Kj )Xy

whereT{ is the permutation given in eq. (D.40). Equation (E.8) ireglihat the linear dependence
between the columns &C is possible only wher; = 0. In a more general way, the linear dependence
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between the columns of tH@(n—i) + 1)-th row of eq. (E.7) can be written as:

z o' (Kj)%i () + Z (Ki)%e ) (E.9)
—1+1
S zloi(kj)xm(j) + Zlcri <krn§i(j)> Xj (E.10)
= =
Whenx; = --- =x_1 = 0, this implies that:
n—-i
=1

In the same way, the linear dependence between the coluntins(@n—i) + 2)-th row of eq. (E.7)
whenx; = --- = Xj_1 = 0 can be written as:

X =3 0 (k) (E.12)

Equations (E.11) and (E.12) imply that= 0. Applying eq. (E.11) and eq. (E.12) recursively for
i =2,...,nalong with eq. (E.8) (fox;) imply thatx; = --- = x, = 0. From eq. (E.7), this implies that
the only rank-deficient matriAC is the all-zero matrix. This shows that the choice(dfjiven in eq.
(3.62) results in fully diverse ST codes with 2-PPM conatehs for any number of transmit antennas.

E.3 Coding Gain with 2-PPM

In a way similar to eq. (D.24), de&ACTAC) verifies the following relation:
: ) n-0y717Y)
detACTAC) > Z Z <det<[(ACil )T (6 )T] >> (E.13)

whereAC}i) is the j-th row of the 2x n matrix AC) composed of th¢2i + 1)-th and the 2 + 1)-th rows
of AC. Following from eq. (E.7)AC{) has the following form (foi = 0,...,n— 1):

Aclh) — g “Xn—i+1 0 —Xn X1 X2 o X (E.14)
—Xn—i+1 0 —Xn X1 X2 o0 —Xn
Note thatACf)) = —ACéO) = [Xy -+ Xa]. Given that the absolute value of the determinant of a matrix

remains invariant if one of its rows is multiplied by1, thenACS) can be replaced bytACéi> in eq.
(E.13). Therefore, eq. (E.13) can be written as:

2

detACTAC) > 2 i Z <det<[(AC§0))T (ACi(zl))T '--(ACi(nnl))T]T>>2

i>=1 n=1

ézé S (det(c’(izs--. in)))? (E.15)
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where:
C'(iz,rin) = | (ACO)T (~1)2(aC)T oo (—1)n(ac™ )T !
[ X1 Xo X3 X ]
j10(%) o(xe) o(x2) ok 0(%n-1)
= | §20%(%-1)  j20%(%0)  0%(x1) 0%(Xn—2) (E.16)
| 10" M) jne10™ M) o jae10™ M%) 0" H(xa) |

C(ismsin-1)

wherej, = (—1) fork=1,...,n— 1. Therefore, eq. (E.15) can be written as:

defac’™aC)>2 § - Y (det(C(ju,-, jn-1)))? (E.17)
E O(J1,esjn-1)

Since jx appears in only one row aof (ji,...,jn-1) for k=10,...,n—1, then the highest power
of jx that appears in the determinant ofji,..., jn—1) is equal to one for the different values kf
Consequentlyd(j1,..., jn—1) can be expressed as:

2
O(j1,--+sJn-1) = ( > Cpy.pn 1 (155 Jn-1) fplm.’p“) e19
(P1,-,Pn-1)€{0,1}1-1

- Z Cp17<~7pn—1(j17"'7jn—l)cp/l ..... p’nfl(jlr--ajn—l)fpl ..... pn,lfp’b“vp’ni1 (E.19)

(PpoPp-p)e{0.2}1-1
(P —-Pp_p)e(on-1

where the coefficientsy, . ,(j1,-..,jn—1) are given by:

n—-1
Copoopns (J15---5 n-1) = [ §f (E.20)
P1;-+;Pn-1 n ll:! |

fo.....pn1 IS @ certain function ok, ..., X, and their conjugates (it can be equal to zero). For example,
whenn = 3:
foo = Nk /g (X1)
f1.0 = —%20(x3)0?(x1)
fo1 = N /g (X2) — X10(X2)0?(Xa) — X30(X1)0?(X2)
f11=Ng/q(Xs)
From the structure of the matrix given in eq. (E.16), thediwihg relations hold for any value of

fo ..... = NK/Q(X]_) X fl,...,l = (—1)n+lNK/Q(Xn) (E.Zl)

Given thatp, € {0,1} for| =1,...,n—1, from eq. (E.20), it follows that:
z z Cpl 77777 pn—l(jlr-'ajl’l—l)cp& ,,,,, %71(j17"'7jn—1): Z (J]F?l+p3-) z (Jrr])iJ]r_pn)
j1=%1 jai==+1 j1=%1 jn_1=+1

0; (P1,---s Pn-1) # (PL,---5 Pho1)
= 3 (E.22)
{ 2I’l 1; (ply'-'vpnfl):(pgl_w"vp;]fl)
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Therefore, from eq. (E.17):

de(ac’ac)>2" y L o (E.23)
(p1,---,pn-1)€{0,2}"-1

>2"(§. 0+ ff..1) (E.24)

=2 ((NK/@(Xl))2+ (NK/Q(Xn))2> (E.25)

Since N¢/g(x) € Z for all values ofi, this implies that déACTAC) > 2" unless when N/g(x1) =
Nk (%) = 0.

Suppose that N/g(x1) = Ng/g(%)) = 0 implying thatx, = 0. The only time whenj; appears in
eq. (E.16), it is multiplied by (x,) which is equal to zero. Thereforg, will not appear neither in the
expression o€y, o 1 (j1,...jaa) NOrinthat ofd(js,. .., jn-1). Thisimplies that eq. (E.19) and eq. (E.20)
can now be written as:

2
6(]2,...,jn1):< > Coo.oopn 1 (025 dn-1) Fpm. . p“) (E.26)
(P2,--,Pn_1)€{0,1}n-2

where: .
nf
Cppopns(J25- -5 in-1) = [ §f” (E.27)
P2;-++;Pn—1 n lI:L |

.....

deACTAC) > 2" > fo o (E.28)
(P2;.--,Pn-1)€{0,1}"-2
2
> 2" (Ni /g (%n-1)) £29)

implying that detACTAC) > 2" unlessx,_1 = 0. Proceeding recursively in the same way, and notic-
ing that at stefk, jk is multiplied by the conjugates of;,...,X,—k+1 in €g. (E.16), we deduce that
detACTAC) > 2" unlessxg = --- = X, = 0.

As in Section 3.2, limiting the construction in an ideal wadsndamental parallelotope has a volume
of 1 is equivalent to multiplying the codewords by a diagamalrix whose determinant is equal@%;
Therefore, the coding gain of the proposed code with 2-PPd/hdransmit antennas is equal to:

1
n

= 2d;

Sie

Brmin = min (det(ACTAC))
AC(Xq,....Xn)
(Xq,--Xn)€AM{ (051,025 1)}

(E.30)

1
On the other hand, the perfect codes achieve a coding galip"obverZ [64]. From eq. (3.33), this

1 1
implies that the coding gain is equal td4" and 2 " with PAM and PPM constellations respectively.
This shows that the proposed scheme achieves the same gaaimgs the perfect codes.
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