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Abstract

Ultra-wideband (UWB) is a fast technology that has recently attracted considerable interest
in the research and standardization communities, due to its ability to provide high data rate
at low cost and low power consumption. The objective of this thesis is to propose a new
UWB system for high data rate wireless personal area network (WPAN) applications,
based on the well-known multiband orthogonal frequency-division multiplexing (MB-
OFDM) solution supported by the WiMedia Alliance.

In a first step, we analytically investigate the use of a linear precoded OFDM
(LP-OFDM) waveform for UWB systems. The resulting scheme reduces in practice to a
simple addition of a precoding matrix, or equivalently spreading sequences, to the
MB-OFDM transmission chain, which does not increase the system complexity signifi-
cantly. The precoding function is then analytically optimized and different resource alloca-
tion strategies based on a classical target symbol-error-rate (SER) approach and on a new
mean bit-error-rate (BER) approach are investigated. Efficient allocation algorithms
maximizing the system range and throughput, and minimizing the system mean BER, are
thus proposed for different application scenarios. The numerical results of simulations car-
ried out on the different adaptive and non-adaptive schemes show that the LP-OFDM sys-
tem outperforms the MB-OFDM system in terms of throughput and range. This is due to
the spreading gain provided by the linear precoding component, and to the efficiency of the
proposed algorithms.

In a second step, a global UWB system approach is carried out. This system study,
complementary to the analytical one, points out the advantages of appropriately adding the
linear precoding to the MB-OFDM solution. Furthermore, a MIMO component is added to
the LP-OFDM system in order to improve the system robustness as well as to provide a
data rate of 1 Gb/s. System simulation results show that the joint use of MIMO and
LP-OFDM schemes in UWB leads to a significant system improvement compared to the
MB-OFDM system. Thus, the proposed MIMO LP-OFDM system can be advantageously
exploited for high data rate UWB applications at reasonable additional system complexity.

This work was carried out at the Institute of Electronics and Telecommunications of
Rennes (IETR) — National Institute of Applied Sciences (INSA). It was sponsored by Or-
ange Labs RESA/WIN/CREM (France Télécom R&D) within an external research con-
tract. This research was also part of the European Community ICT FP7 OMEGA project
OMEGA.
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Résumé étendu en Francais

Introduction

L’ultra large bande ou UWB (ultra-wideband) est une nouvelle technologie a fort potentiel
pour les futurs réseaux personnels WPAN (wireless personal area networks) a trés haut
débit et faible portée. L objectif de cette these est de proposer une nouvelle forme d’onde
de type LP-OFDM (linear precoded orthogonal frequency division multiplexing) pour les
applications WPAN, visant a améliorer la solution MB-OFDM (multiband OFDM) suppor-
tée par la WiMedia Alliance.

Dans un premier temps, une étude analytique est menée sur ’apport de la composante
de précodage au systtme UWB, cette composante se réduisant en pratique a une simple
addition d’une matrice d’étalement fréquentiel. La fonction de précodage est ensuite opti-
misée et différentes stratégies d’allocation dynamique des ressources sont étudi¢es. En
considérant une approche classique tenant compte du taux d’erreur symbole (TES) ainsi
qu’une nouvelle approche tenant compte du taux d’erreur binaire (TEB) moyen, différents
algorithmes d’allocation dynamique visant & maximiser la portée ou le débit du systéme,
ou a minimiser le TEB moyen du systéme, sont proposés. Les résultats analytiques mon-
trent 1’avantage d’utiliser une composante de précodage pour les applications UWB dont le
canal est trés sélectif en fréquence.

Dans un second temps, une étude systéme complémentaire a 1’étude analytique est ré-
alisée pour le systtme LP-OFDM UWB. Une composante MIMO est ajoutée au systéme,
d’une part pour augmenter la portée du systéme a bas et moyen débit, et d’autre part pour
augmenter le débit du systéme qui peut atteindre dans ce cas 1 Gb/s. Les résultats de simu-
lation sur le systéme proposé montrent que ce systéme est plus performant que le systéme
MB-OFDM pour les débits déja offerts par la norme, et qu’il offre par ailleurs un débit
double du débit maximal proposé par la norme conjointement avec de meilleures perfor-

mances en terme de TEB.
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Chapitre 1

Les communications ultra large bande

Introduction

L’UWB se présente comme une technologie attractive pour les systemes de communica-
tions radio a trés hauts débits depuis 1’an 2002 quand la FCC (Federal Communications
Commission) a réglementé les systtmes UWB en imposant un masque spectral avec une
densité spectrale de puissance (DSP) limitée a -41,3 dBm/MHz. Ce premier chapitre pré-
sente une introduction générale aux techniques UWB. Il décrit les origines et les motiva-
tions qui ont conduit au développement des systemes UWB. Les problemes de régularisa-
tion et de normalisation ainsi que les principales applications UWB sont présentés. De
plus, les deux principales techniques de modulation considérées pour les applications
WPAN UWB a tres haut débit, 'IR-UWB (impulse radio UWB) et la MB-OFDM (multi-
band orthogonal frequency-division multiplexing) sont décrites, suivies d'une comparaison
entre ces deux techniques. Enfin, le modele de canal considéré par 'IEEE 802.15.3a pour
des applications UWB et adopté dans cette thése est présenté.

Définition et régularisations

L UWB est une technique de transmission radio qui consiste a utiliser des signaux s’étalant
sur une large bande de fréquences, typiquement de I’ordre de 500 MHz a plusieurs GHz.
Une définition aujourd’hui communément admise est que les signaux UWB ont un rapport
largeur de bande sur fréquence centrale, ou fractional bandwidth, au moins égal a 20% ou
bien une largeur de bande supérieure a 500 MHz.

Aux Etats-Unis, la FCC a alloué un spectre s’étalant de 3,1 a 10,6 GHz pour les appli-
cations UWB sans licence, avec une limite de DSP de -41,3 dBm/MHz sur tout le spectre,
alors qu’en Europe I’ECC (European Communications Commission) a imposé une limite
de DSP beaucoup plus faible, sauf sur la bande de 68,5 GHz. Des mesures similaires sur
la puissance d’émission des systetmes UWB ont aussi été prises dans le reste du monde.
Ces séveres limitations en puissance ont pour but principal de réduire les interférences

avec les systémes a bande étroite dont le spectre est masqué par celui de I’'UWB, tels que
I’UMTS, le GSM et le WLAN.
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Normalisation

En 2001, le groupe de normalisation des réseaux personnels WPAN IEEE 802.15 avait
organisé le Task Group 3a visant a définir une couche physique trés haut débit basée sur un
systtme UWB. Le débat pour une solution unique s’articulait autour de deux propositions
qui ont divisé les participants du groupe : I’étalement de spectre UWB (IR-UWB) et la
modulation OFDM a bandes multiples (MB-OFDM). Malheureusement, les travaux du
groupe IEEE 802.15.3a ont ¢été stoppés en janvier 2006 faute d’un accord général sur une
solution unique. Néanmoins, d’importants groupes industriels, comme ’'UWB Forum et la
WiMedia Alliance se sont engagés dans la conception d’équipements basés sur la techno-
logie UWB en adoptant respectivement la solution IR-UWB et MB-OFDM. La solution
WiMedia semble étre aujourd’hui une solution dominante pour les applications UWB a
trés haut débit, et serait sans doute adoptée pour les futurs systémes Bluetooth 3.0 et
WUSB (Wireless USB). En outre, d’autres standards basés sur la technologie UWB exis-
tent également, tels que '’IEEE 802.15.4a qui définit une nouvelle couche physique pour
les applications WPAN a bas débit.

Applications
Les applications de I’'UWB sont diverses. Comme pour la plupart des technologies de com-
munications durant les derniéres décennies, les applications militaires ont fortement
contribu¢ au développement de 'UWB. Depuis 2002, ’'UWB est devenu I’un des candi-
dats principaux pour les applications WPAN a bas et trés haut débit. La technique UWB
est aussi utilisée dans les applications radars, médicales, et de positionnement. Dans cette
these, nous nous intéressons uniquement aux applications WPAN a trés haut débit.

Enfin, le modéle de canal utilis¢ dans cette étude est celui adopté par la commission
IEEE 802.15.3a, qui est une version modifiée du modele de Saleh-Valenzuela pour les ap-

plications indoor.
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Chapitre 2

Spécifications du systéeme

Introduction et motivations

Le deuxiéme chapitre présente les principales techniques de transmission exploitées dans
cette thése. Tout d'abord, le principe des modulations multiporteuses, en particulier le
concept d'OFDM, est détaillé. Ensuite, le principe d’étalement de spectre est décrit, suivi
par une présentation des principaux schémas de modulation résultant de la combinaison
des techniques d’étalement de spectre et de modulation OFDM. La deuxiéme partie de ce
chapitre est consacrée a la description du systtme WiMedia MB-OFDM qui est considéré
comme le point de départ de nos études. Les performances du systétme MB-OFDM sur les
canaux UWB sont présentées, suivies par une discussion des avantages et inconvénients de
cette approche. Ensuite, nous proposons une nouvelle forme d’onde basée sur 1’addition
d’une technique d’étalement de spectre, ou d’une fagon équivalente, des principes de pré-
codage linéaire, a la modulation OFDM du syst¢eme MB-OFDM. Puis, nous discutons des
avantages de cette approche et des motivations qui ont conduit a ce choix. Ce systéme pro-
posé sera nommé LP-OFDM (linear precoded OFDM) par la suite.

La solution MB-OFDM

La solution MB-OFDM est basée sur une modulation OFDM et une technique multibande
qui divise le spectre UWB en 14 sous-bandes de 528 MHz chacune. La plupart des études
ont été réalisées sur les trois premiéres sous-bandes. Le systtme MB-OFDM est composé
de 100 sous-porteuses de données et les constellations utilisées sont la MAQ-4 (modulation
d’amplitude en quadrature) pour les faibles débits, et la DCM (dual carrier modulation)
pour les hauts débits, ce qui conduit a une transmission de 200 bits par symbole OFDM.
Les avantages de la solution MB-OFDM résident principalement dans sa faible complexité
technique, la modulation OFDM présentant un grand degré de maturité et étant déja adop-
tée par plusieurs standards (e.g., DVB-T, DVB-H, ADSL, 802.11a, etc.).

Le systeme LP-OFDM proposé

Afin d’améliorer les performances du systéme, nous proposons une forme d’onde de type
LP-OFDM en ajoutant une fonction d’étalement. La solution LP-OFDM, lorsqu’elle per-
met 1’acces multiple entre les utilisateurs, consiste a attribuer a chaque utilisateur un bloc
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Figure 1 : Représentation schématique de la forme d’onde LP-OFDM.

de sous-porteuses qui lui est propre, en respectant un schéma de multiplexage fréquentiel.
L’étalement est choisi selon I’axe fréquentiel afin d’améliorer la robustesse du signal vis-a-

vis de la sélectivité fréquentielle des canaux UWB et des brouilleurs a bande étroite.

Une représentation schématique du signal LP-OFDM pour trois utilisateurs occupant
les trois premicres bandes MB-OFDM est donnée figure 1. La forme d’onde LP-OFDM est
utilisée dans le contexte UWB en allouant a chaque utilisateur un groupe de 100 sous-
porteuses utiles, occupant I'une des sous-bandes de largeur égale a 528 MHz. Chaque
sous-bande propre a un utilisateur est ensuite divisée en différents blocs contenant un
nombre de sous-porteuses égal a la longueur L du code d’étalement. De plus, comme dans
la solution MB-OFDM, la gestion multi-utilisateur est facilitée par 1’utilisation de codes
temps-fréquence (TFC) qui assurent des sauts en fréquence d’une sous-bande a une autre a
la fin de chaque symbole OFDM.

Avantages du LP-OFDM

Le systeme LP-OFDM est plus robuste que le systtme WiMedia vis-a-vis de la sélectivité
fréquentielle des canaux UWB et des brouilleurs a bande étroite, grace a la composante
d’¢étalement. De plus, 1’allocation des ressources est plus flexible puisque 1’étalement ap-
porte un degré de liberté supplémentaire. En outre, I’estimation de canal en réception est
plus simple que celle d’un systtme MC-CDMA (multicarrier code-division multiple-
access). En effet, une méme sous-porteuse n’est affectée que par un seul canal relatif a un
seul utilisateur, alors que dans un systétme MC-CDMA, une sous-porteuse est affectée par
les différents canaux des différents utilisateurs. D’autre part, dans la solution WiMedia, des
conflits entre utilisateurs augmentent considérablement dés que quatre utilisateurs sont
considérés. En revanche, avec le systtme LP-OFDM, la dimension des codes peut étre ex-
ploitée pour partager une méme sous-bande entre 2 voire 3 utilisateurs si nécessaire. Le

signal généré dans un bloc donné correspond alors a un signal MC-CDMA.
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Chapitre 3

Principes d’allocation des ressources, approche
du taux d’erreur symbole

Introduction et motivations

L’allocation des ressources est un aspect fondamental dans la conception des systémes a
porteuses multiples. Ce chapitre est consacré a I'étude des principes d’allocation dynami-
que des ressources pour les applications OFDM et LP-OFDM. L’exploitation de cette allo-
cation dynamique pour les systtmes UWB constitue un réel avantage du fait que le canal
UWB indoor varie lentement dans le temps, ce qui réduit I’augmentation de la complexité

des systeémes.

Une présentation générale des principes de gestion des ressources est d'abord donnée et
les principales stratégies d'optimisation, a savoir la maximisation du débit et la maximisa-
tion de la marge, sont décrites. Les solutions classiques pour les systtmes OFDM sont pré-
sentées et les nouvelles solutions optimales pour les systtmes LP-OFDM sont dérivées. De
nouveaux algorithmes d’allocation sont proposés et les performances du systéme LP-
OFDM sont comparées a celles du systtme OFDM. Notons que dans ce chapitre, une ap-
proche classique basée sur un taux d’erreur symbole (TES ou SER) cible est considérée,
alors que dans le chapitre 4, une étude basée sur une nouvelle approche du taux d’erreur
binaire (TEB ou BER) moyen du systéme est exploitée. Enfin, une étude d'optimisation
supplémentaire basée sur une distribution dynamique des codes temps-fréquence (TFC)
entre les utilisateurs d'un systtme UWB est proposée. Les différents résultats d'optimisa-
tion présentés dans ce chapitre montrent que la composante de précodage linéaire peut €tre
efficacement exploitée pour les applications UWB a trés haut débit, et que le systeme LP-

OFDM est plus performant que le systétme OFDM.

Capacité du systéme LP-OFDM

Le systéme LP-OFDM est optimisé afin d’améliorer les performances en terme de portée
ou de débit, grace a 1’ajout de la composante d’étalement. Pour mieux se concentrer sur
I’é¢tude de I’étalement, seules les fonctions de précodage et OFDM sont considérées. Les
autres fonctions de la chaine globale de transmission, comme le codage de canal, ne sont
pas prises en compte dans I’étude présentée dans ce chapitre. Afin d’optimiser analytique-
ment le systétme LP-OFDM, une détection ZF (zero-forcing) est utilisée.
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Le débit total en bit par symbole d’un systeme LP-OFDM utilisant une détection ZF
est donné par

RLp-oFpm =i§log2 l-irl L Bt (D)
b=l k=1 FZ;:1(1/|hn,b|2) No |

avec B et L le nombre et la longueur des blocs, Kj, le nombre de codes d’étalement dans le

bloc b, I" la marge de bruit des constellations MAQ, Exp 1’énergie allouée au code k du bloc
b, avec la contrainte de DSP

Ky ~
> Exp<E, Vb, (2)
k=1

ou E est la limite de DSP. Le systéme est ensuite optimisé en considérant deux cas : le cas
ou I’on se limite a une MAQ-4 fixe pour rester dans le cadre de la norme WiMedia, et le

cas ou I’on considére un ordre variable de constellation.

Maximisation de la portée du systeme LP-OFDM a constellation fixe

Dans un premier temps, nous considérons uniquement la MAQ-4 et un nombre N de sous-
porteuses utiles par sous-bande. Nous cherchons le nombre optimal B de blocs, et par suite
la longueur optimale L des codes d’étalement, qui maximise la marge de bruit, et par con-
séquence la portée du systtme LP-OFDM, en considérant un débit cible de 2N bits par
symbole OFDM. Nous trouvons que pour maximiser la marge de bruit ou la portée du sys-
teme LP-OFDM, un seul bloc LP-OFDM doit étre utilisé, et par suite la longueur des codes
doit étre égale au nombre de sous-porteuses utiles. L’avantage de cette solution est qu’il
n’est pas nécessaire de connaitre les coefficients du canal a 1’émission pour répartir les

sous-porteuses entre les blocs.

Optimisation du systéeme LP-OFDM a constellations variables

Dans un second temps, nous considérons des constellations variables de type MAQ-4,
MAQ-8 et MAQ-16, afin de mieux bénéficier de la capacité du canal. La réponse du canal
UWRB variant lentement dans le temps, nous pouvons considérer une connaissance parfaite

du canal a I’émission. Le probléme de maximisation du débit peut étre donné par

2
1+l - L 5 Ex
b1 k=1 an:1(1/|hn,b| ) No

3)

K
avec Z Ekp < E, Vb
k=1
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Apres résolution de 1’équation (3), la répartition optimale des bits et énergies devient

Rikb=| Ry /L]+1, vk e[1:mp], Vb,
Rkp=|Ry /L], vk e[my +1: L], b,
avecmb=LL(2R*’/L_LR“/LJ—1)J et R, =Llog; 1+l L E 4)

CY (s ) No |

_ s No (.5
Evp =— 2R 1), Wk, Vh.
kb 12 Z; |hn,b |2 ( )

De méme, le probléme de maximisation de la marge ou de la portée peut étre donné par

E L2 1

XFN L 2 K R ’
0 o 1hnsf) X (2% -1)
B K B B
avec zz Rk,b :sz =R.
b=1

b=1 k=1

ma Vb,

)

Résultats analytiques

Les figures 2 et 3 présentent quelques résultats numériques obtenus en appliquant les algo-
rithmes d’allocation dynamique des ressources aux systtmes OFDM et LP-OFDM. Nous
trouvons que la forme d’onde LP-OFDM a un grand avantage sur celle proposée par la
solution WiMedia. Avec les algorithmes proposés, nous pouvons transmettre des données a
des niveaux d’atténuation supérieurs aux niveaux d’atténuation limites de la solution Wi-
Media. En outre, cette composante d’étalement permet aux sous-porteuses d’un méme bloc
de grouper leurs énergies pour transmettre un ou plusieurs bits supplémentaires alors que le
systtme OFDM est incapable d’exploiter toute 1’énergie disponible sur chaque sous-
porteuse.

Exploitation du TFC dynamique

Finalement, nous proposons une étude supplémentaire qui choisit les TFC pour les diffé-
rents utilisateurs d’une fagon dynamique, afin de maximiser la portée du systéme LP-
OFDM. En effet, la proposition décrite par la norme WiMedia consiste a choisir les TFC
d’une fagon régulicre sans tenir compte de 1’état de la réponse du canal de chaque utilisa-
teur et de chaque sous-bande. Un algorithme qui maximise la portée du systtme LP-OFDM

en choisissant les TFC d’une fagon dynamique est proposé. Les résultats obtenus par cet
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algorithme s’avérent trés avantageux par rapport a ceux obtenus par la solution WiMedia.
D’ou I'intérét de cette exploitation du TFC qui nous permet de transmettre des données a

des niveaux d’atténuation plus élevés que ceux de la solution WiMedia.

|
| | —#— Adaptive OFDM B
—— Adaptive LP-OFDM

Average throughtput (bit/subcarrier)

Subcarrier index

Figure 2 : Débit moyen par sous-porteuse pour les systemes OFDM et LP-OFDM adapta-
tifs utilisant des ordres variables de constellation.
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Figure 3 : Débit total des systémes obtenu en utilisant 1’algorithme de maximisation du
débit avec des ordres variables de constellation, pour différents niveaux d’atténuation.
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Chapitre 4

Minimisation du taux d’erreur binaire moyen

Introduction et motivations

Aprés avoir présenté dans le chapitre précédent les différentes stratégies d’allocation des
ressources qui peuvent étre proposées pour le systtme LP-OFDM suivant une approche
classique considérant une contrainte en TES, nous proposons dans ce chapitre différentes
stratégies d’allocation pour 'UWB basées sur une nouvelle approche du TEB moyen.
L'idée est d'optimiser les performances du systtme LP-OFDM en tenant compte de la va-
leur du TEB moyen du systéme. Ainsi, le probléme d’optimisation peut étre de minimiser
le TEB moyen du systéme pour un débit cible donné afin d’améliorer sa robustesse, ou
vice versa, de maximiser le débit du systeme sous une contrainte sur le TEB moyen. Ce-
pendant, dans ce chapitre nous présentons le probléme de minimisation du TEB moyen
(MBM ou mean BER minimization) pour un débit cible donné.

Minimisation du TEB moyen a constellation fixe

Dans un premier temps, nous considérons uniquement la MAQ-4 (comme dans WiMedia)
et un nombre N de sous-porteuses utiles par sous-bande. Le probléme de minimisation du
TEB moyen d’un systéeme LP-OFDM multibloc s’écrit

1 B

min 21 PBy).

; (6)
avec Z L, =N,

b=1

avec Pby le TEB moyen d’un bloc b donné par

Pbb:lerfc LoE o ! . (7)
2 ZNo 3" (1/]hny )

L’¢étude analytique montre que les performances du systeme dépendent fortement du rap-
port SNR (signal-to-noise ratio) considéré. Ainsi, le systtme OFDM est plus performant

en terme de TEB moyen pour les faibles valeurs du SNR et le systeme LP-OFDM est plus
performant pour les moyennes et fortes valeurs du SNR. De plus, les valeurs limites du
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SNR qui définissent quel systeme est plus performant sont déterminées analytiquement. Un
algorithme qui minimise le TEB moyen du systéme en utilisant des longueurs variables de
code d’étalement est ensuite proposé. Les résultats de simulation, présentés dans la figure
4, montrent que le systétme LP-OFDM utilisant cet algorithme (MBM) est toujours plus
performant que le systtme OFDM et le systéme LP-OFDM utilisant une longueur de codes
d’étalement constante.

—@— Constant length L = 1
—}— Constant length L = 16
—A— Constant length L = 96

= === Proposed MBM algorithm

Mean BER

Figure 4: Performances de I’algorithme de minimisation du TEB moyen avec des lon-
gueurs variables de code d’étalement a constellation fixe.

Minimisation du TEB moyen a constellations variables

Dans un second temps, nous considérons des constellations variables de type MAQ-4,
MAQ-8 et MAQ-16, afin de mieux bénéficier de la capacité du canal. La réponse du canal
UWRB variant lentement dans le temps, nous pouvons considérer une connaissance parfaite
du canal a I’émission. Le probléme de minimisation du TEB moyen d’un systéme LP-

OFDM monobloc est donné par

®)

K K
avec ZEKSE et ZRk=R,
k=1 k=1

avec Pby le TEB moyen du code k donné par
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2
Pbszizerfc % 3 L 5 %2; "
k Zn=1(1/|hn| ) 0 —

)

La répartition optimale des bits dans le cas d’un systtme LP-OFDM multibloc est ainsi

donnée par

ﬁk,bztﬁb/KEJH, Vb, vk e[l:my],
Rico =| Ry /Ks |, b, ke[ m,+1:Kj |,

avec My =R, - K| Ry /K5 |, (10)

2

Kp ~ Round ELEe(ﬁn—O.415)/1A4427_1
32R 1

Ry déterminé par un algorithme de type greedy.

Les performances de I’algorithme de minimisation du TEB moyen (MBM) utilisant des

ordres variables de constellation et une longueur d’étalement constante L =16 sont présen-

tées dans la figure 5. Nous remarquons que cet algorithme minimise considérablement le

TEB moyen du systéme par comparaison aux systtmes OFDM et LP-OFDM avec une
constellation fixe MAQ-4.

Mean BER

[ | === OFDM with fixed QAM
LP-OFDM with fixed QAM A

—F— LP-OFDM with MM algorithm [=E===

—@— LP-OFDM with MBM algorithm [ _ T

10'5 77777 [ S Y WS WS . WSS Y S Y
-10 5 0 5 10 15
SNR (dB)

Figure 5: Performances de 1’algorithme de minimisation du TEB moyen utilisant des or-

dres variables de constellation et une longueur constante de code d’étalement.
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Chapitre 5

Optimisation du systeme MIMO LP-OFDM UWB
global

Introduction et motivations

Apres avoir étudié analytiquement le schéma de précodage linéaire propos¢ dans les chapi-
tres précédents et présenté ses avantages quand il est combiné avec une modulation
OFDM, nous considérons ici une étude globale du systtme LP-OFDM UWB qui tient
compte des différentes fonctions de la chaine de transmission. Ce chapitre est divisé en
deux parties. La premiere partie présente les performances du systtme LP-OFDM proposé
dans un contexte SISO (single-input single-output). Aprés une discussion sur les principa-
les stratégies de choix des paramétres qui améliorent les performances du systéme, la lon-
gueur du code d’étalement est optimisée, et les résultats de simulation obtenus vérifient les
résultats analytiques obtenus dans le chapitre 4. La deuxiéme partie du chapitre est consa-
crée a I'étude des techniques MIMO (multiple-input multiple-output) pour les applications
UWB. Apres une présentation générale des techniques MIMO, un nouveau modele de ca-
nal MIMO UWB réaliste, développé au sein de I'[ETR, est décrit. Un schéma temps-
espace de type Alamouti est proposé pour le systtme LP-OFDM dans le but d’améliorer la
portée du systéme en considérant une constellation MAQ-4, et puis d’offrir un débit double
grace a la combinaison de la composante MIMO avec une constellation de type MAQ-16.

Systeme LP-OFDM dans un contexte SISO
Dans le systéme SISO LP-OFDM proposé, les différents blocs de la chaine de transmission

ainsi que les parametres OFDM sont quasiment les mémes que ceux du systétme WiMedia,
dans le but de ne pas trop augmenter la complexité du systeme par comparaison a WiMe-
dia. De plus, la composante d’étalement se réduit a une simple addition d’une matrice or-
thogonale de Walsh-Hadamard. Les sous-porteuses adjacentes sont ensuite réparties sur les
différents blocs LP-OFDM, ce qui réduit la SI (self-interference). L’un des principaux
avantages du systéeme LP-OFDM est qu’il offre un grand choix de débits grace aux diffé-
rentes sélections possibles du rendement de codage du canal et du nombre de codes
d’étalement. Les résultats de simulation du systéme LP-OFDM global pour différentes
valeurs de longueur d’étalement vérifient les résultats analytiques obtenus dans le chapi-

tre 4 et montrent que 1’ajout d’une composante d’étalement optimisée offre un gain variant



XXVi Résumé étendu en Frangais

entre 0.5 et 1 dB environ par rapport au systtme WiMedia, comme on le constate a la fi-

gure 6.

14 \ \ \

| | |
13| -| —#— WiMedia system |- - -
—@— LP-OFDM system

12

T T e

10f — -

E,/N, (dB)

Data rate (Mb/s)

Figure 6 : Performances du systéeme SISO LP-OFDM pour les différents débits proposés :

rapport E, / N, nécessaire pour obtenir un taux d’erreur binaire cible de 107,

Systéme LP-OFDM dans un contexte MIMO

Dans cette étude, nous proposons d’ajouter un schéma temps-espace de type Alamouti au
systtme LP-OFDM, avec deux antennes a I’émission et deux antennes a la réception.
Grace a ses caractéristiques orthogonales, le décodage ML (maximum likelihood) de ce
schéma se résume a un simple décodage linéaire, ce qui réduit le colit du récepteur. En
considérant une seule constellation MAQ-4 comme dans WiMedia, I’ajout de la compo-
sante MIMO améliore la portée du systéme pour des débits proches de ceux proposés par
WiMedia. D’autre part, en augmentant 1’ordre de la constellation jusqu'a la MAQ-16, le
systtme LP-OFDM résultant offre de trés hauts débits variant de 614 Mb/s a environ
1 Gb/s.

Le modele de canal MIMO utilisé dans cette étude est un nouveau modele géométrique
statistique, développé au sein de I'IETR. Il est basé sur le principe du modele

3GPP/3GPP2, utilisant les parameétres géométriques du modele IEEE 802.11n avec une
réponse impulsionnelle SISO du modele IEEE 802.15.3a.

Résultats analytiques

Les performances des systemes SISO et MIMO LP-OFDM pour les différents débits pro-
posés sont présentées figure 7. Pour les bas et moyens débits (de 51,2 a 460 Mb/s), le sys-
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téme MIMO LP-OFDM proposé est plus performant que le systétme WiMedia en terme de
robustesse, et par conséquence, en terme de portée. Ainsi, le systtme MIMO LP-OFDM
offre un débit de 460 Mb/s avec un gain de 5,2 dB comparé au systéme WiMedia. D’autre
part, le systtme MIMO LP-OFDM offre un débit trés proche de 1 Gb/s, qui est le double
du débit maximal offert par WiMedia, conjointement avec de meilleures performances en
terme de TEB. Notons que ces résultats sont obtenus avec un espacement d’antennes ré-
aliste de 5 cm entres les deux antennes a la fois a I’émission et a la réception. En conclu-
sion, le systtme MIMO LP-OFDM proposé peut étre avantageusement exploité pour les
applications UWB a trés haut débit.

—— WiMedia

18| —@— SISO LP-OFDM, with TFC

—A— MIMO LP-OFDM, d = 1 cm, w/o TFC
—&— MIMO LP-OFDM, d = 1 cm, with TFC
—&— MIMO LP-OFDM, d = 5 cm, w/o TFC
—— MIMO LP-OFDM, d = 5 cm, with TFC
14| —©— MIMOLP-OFDM,d =20cm,withTFC | _ - _ _ L __~+~~

o MIMO LP-OFDM, 4 decorrelated
SISO channels IEEE 802.15.3a

16

12F -

1) R . S £ _ AT e ____

E,/N, (dB)

1000

Data rate (Mb/s)

Figure 7 : Performances des systémes SISO et MIMO LP-OFDM pour les différents débits
proposés, 4 un taux d’erreur binaire cible de 10™.
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Conclusion

Dans cette theése, nous avons proposé un systeme LP-OFDM pour les applications UWB
trés haut débit. Tout d’abord, nous avons montré analytiquement que la forme d’onde LP-
OFDM a un grand avantage sur I’OFDM classique proposé par la solution WiMedia.
L’ajout d’une composante d’étalement selon I’axe fréquentiel s’avére une bonne solution
qui offre une meilleure robustesse vis-a-vis de la sélectivité fréquentielle du canal UWB.
En outre, cette composante d’étalement permet aux sous-porteuses d’un méme bloc de
grouper leurs énergies pour transmettre un ou plusieurs bits supplémentaires alors que le
systtme OFDM est incapable d’exploiter toute 1’énergie disponible sur chaque sous-
porteuse. De plus, des algorithmes d’allocation dynamique des ressources on été proposés
dans le but de maximiser le débit ou la portée, ou de minimiser le TEB moyen du systéme.

D’autre part, complémentairement a I’étude analytique, une étude du systéme global
LP-OFDM a ét¢é effectuée, prenant en compte les différents blocs de la chaine de transmis-
sion. Dans un premier temps, les résultats de simulation obtenus dans un contexte SISO
vérifient les résultats analytiques trouvés précédemment, et montrent que le systéme LP-
OFDM est plus performant que le systtme WiMedia. Dans un second temps, une compo-
sante MIMO a été ajoutée dans le but d’améliorer la portée du systéme en considérant une
constellation MAQ-4, et d’offrir un trés haut débit grace a une combinaison des techniques
MIMO avec une constellation MAQ-16. Le systtme MIMO LP-OFDM résultant offre un
débit avoisinant 1 Gb/s, ce qui est le double du débit maximal offert par WiMedia, avec
méme de meilleures performances en terme de TEB.

Les résultats théoriques et pratiques dans cette thése ont conduit a des contributions
dans le cadre du projet Européen FP7 OMEGA et dans le cadre d’un contrat de recherche
externe avec Orange Labs RESA/WIN/CREM (France Télécom R&D). Les solutions ob-
tenues ont abouti a la publication de deux revues et sept communications internationales, et

a la soumission d’un article de revue et de deux articles de conférence supplémentaires.
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Introduction

WIRELESS home networks at gigabit speed are a pivotal technology for realizing the
world vision of the future internet. The demand for gigabit home networks is driven
by the emerging future internet services running over new high-speed wireless access net-
works and the rapidly growing number of communicating devices in the home. Current
home networks suffer from the fact that many devices are limited to transmission rates of
54 Mb/s in case of wireless links, or require troublesome wiring to achieve higher rates.
Thus, the existing home networks are at risk of becoming a bottleneck when fed by higher
speed networks.

The future internet will offer extremely high bandwidth in core and access networks.
Home area networks play a key role in realizing the benefits of this high bandwidth and
making it tangible for the users by providing critical access to this infrastructure for end
devices within the home. Future home area networks must enrich the lives of users, for
example by allowing visual communications with their friends or relatives and by enabling
interactive experiences through entertainment. In short, users must have the ability to con-
trol their virtual as well as their physical environment via home networks, and will require
such networks to be simple to install without any new wiring. For instance, mobility and
freedom of movement in viewing documents, pictures and videos with high throughput
wireless transmissions are a prerequisite.

One of the most promising radio communications candidates for the future high data
rate home networks is the ultra-wideband (UWB) technology. UWB radio has received
great attention in both academia and industry for applications in wireless communications
since 2002 when the Federal Communications Commission (FCC) of the USA reserved an
unlicensed frequency band between 3.1 and 10.6 GHz for indoor UWB applications. This
FCC decision led to the introduction of many UWB-based industrial standardization
groups, such as IEEE 802.15.3a (high data rate) and IEEE 802.15.4a (very low data rate).

The idea behind UWB is to transmit a signal on a very large frequency band with a
very low transmit power, which provides very high data rates at low cost. The large UWB
spectrum overlays several existing and future spectrums allocated for other systems, e.g.
WLAN and WiMAX, which led to significant difficulties to define a worldwide regulation
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for UWB systems. The spectral mask defined by the FCC for the USA raised controversy
in other countries as many studies showed that this mask does not guarantee that UWB
systems will not interfere with other systems. In Europe for instance, after intensive dis-
cussions within the European regulation bodies, a much constrained spectral mask was
proposed for UWB applications, which significantly reduces the potentials of UWB sys-
tems. Thus, the objective of this thesis is to propose a new UWB system that can cope with
the different UWB constraints, including the stringent power limitations. In short, different
enhancements on the physical layer of the existing UWB systems, including the addition
and optimization of linear precoded OFDM, MIMO and resource allocation schemes, are
considered to improve the system performance in terms of throughput, robustness and

range.

Thesis overview and contributions

This work was carried out at the Institute of Electronics and Telecommunications of Ren-
nes (IETR) — National Institute of Applied Sciences (INSA). It was sponsored by Orange
Labs RESA/WIN/CREM (France T¢lécom R&D) within an external research contract (no.
46 136 582) of three years. This research was also part of the OMEGA project [1], which
is an Integrated Project in the ICT area funded by the European Commission under the
Seventh Research Framework Programme (FP7). It consists of 20 European partners from
industry and academia, including France Télécom R&D, Siemens AG, Thomson, Infineon,
Telefonica, IETR, University of Oxford and University of Udine.

The objective of the OMEGA project is to set a global standard for ultra broadband
home area networks. The new standard will enable transmission speeds of 1 Gb/s via het-
erogeneous communication technologies, including power line communications and wire-
less connections. Thus, OMEGA aims to make home area networks as easy to use as elec-
tricity from the socket, putting an end to the coverage limitations as well as the wiring clut-
ter in the home. With OMEGA’s gigabit home network, users will get easy access to high-
bandwidth information and communication services such as 3D gaming, enhanced interac-
tivity, virtual reality, high-definition video as well as e-health applications and services for
the exchange of user-generated business or multimedia content.

This dissertation is organized as follows. In Chapter 1, we present a state of the art of
the UWB technology. The first part of this chapter provides a historical overview of UWB,
discusses the regulatory and standardization issues, and lists the main UWB applications.
Next, we describe the two main modulation techniques considered for WPAN high data
rate UWB applications, based on impulse radio and multiband orthogonal frequency-
division multiplexing (MB-OFDM), followed by a comparison of these two techniques.
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Finally, we present the indoor channel model that we will use for the UWB system simula-
tions.

In Chapter 2, we first describe the main transmission techniques that are exploited in
this thesis, mainly the multicarrier modulation and spread spectrum techniques. Then, we
present the main modulation schemes resulting from the combination of these two tech-
niques. The second part of this chapter describes the MB-OFDM system, which is the start-
ing point of our studies, and discusses its performance, advantages and drawbacks. After-
wards, we present the proposed linear precoded OFDM (LP-OFDM) system for UWB ap-
plications, which can be seen as an evolution of the MB-OFDM approach. We discuss the
main advantages and motivations that led to this system choice.

In Chapter 3, we first present the resource allocation principles and optimization
strategies, namely, the rate maximization and margin maximization. These principles can
be efficiently applied for indoor UWB communications without significantly increasing the
implementation complexity, thanks to the slow time variation of the UWB channel. Classi-
cal solutions for OFDM systems and new optimal solutions for LP-OFDM systems are
then detailed, taking into account the UWB characteristics. Note that in this chapter, a clas-
sical target symbol-error-rate (SER) approach is considered. Finally, an additional optimi-
zation study based on a dynamic distribution of the time-frequency codes between users of
an UWB system is proposed. The different optimization results show that the linear pre-
coding component can be efficiently exploited for high data rate UWB applications, and
that the LP-OFDM system outperforms the OFDM system of the WiMedia solution. The
proposed new allocation algorithms and the results presented in this chapter have led to
publications [C1]-[C6], listed at the end of this section.

In Chapter 4, we propose different allocation strategies for UWB, based on a new
mean BER approach. The idea is to optimize the LP-OFDM system performance taking
into account the system mean BER value instead of the SER value. First, we present an
efficient resource allocation algorithm that reduces the mean BER of a LP-OFDM UWB
system using only a single QPSK constellation. Then, in order to further improve the sys-
tem performance, we consider variable constellation orders and we propose a study that
minimizes the mean BER of OFDM and LP-OFDM systems for a given target throughput.
The simulation results show that the proposed algorithms reduce the system mean BER
significantly, compared to the MB-OFDM system. This work has led to publications [J3],
[C8] and [C9I].

Chapter 5 presents the global UWB system study taking into account the different
functions of the transmission chain. The first part of the chapter discusses the performance
of the proposed LP-OFDM system in a single-input single-output (SISO) context. Analyti-
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cal results obtained in previous chapters are verified here through system simulations. In
the second part, after a brief overview on multiple-input multiple-output (MIMO) technol-
ogy, we study the efficiency of MIMO for UWB applications. A new realistic MIMO
UWB channel model developed at IETR, which will be used for the system simulations, is
described. Then, a low complexity Alamouti space-time scheme is combined with the
LP-OFDM scheme. The objective is first to improve the system range while maintaining a
QPSK constellation, and second to provide very high data rates of around 1 Gb/s through a
joint combination of MIMO with a 16-QAM constellation. Simulation results of the global
MIMO LP-OFDM system show the advantage of combining MIMO and LP techniques in
UWRB, in terms of performance and flexibility. Besides, this work has led to publications
[J1], [J2] and [CT7].

Finally, in the Conclusion and perspectives section, we summarize this thesis and

give some concluding remarks as well as suggestions for future research directions.
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Chapter 1

Ultra-wideband communications

ULTRA—WIDEBAND (UWB) is a fast emerging technology that has attracted considerable
interest in the research and standardization communities for wireless communica-
tions. This first chapter presents a general introduction to UWB communications. It de-
scribes the origins and motivations that led to the development of UWB systems. The regu-
latory and standardization issues are then discussed and the main UWB applications briefly
presented. In addition, the two main modulation techniques considered for high data rate
WPAN UWB applications, based on impulse radio and multiband orthogonal frequency-
division multiplexing (MB-OFDM) respectively, are described, followed by a comparison
between these two techniques. Besides, the indoor channel model considered by the Insti-
tute of Electrical and Electronics Engineers (IEEE) 802.15.3a standardization group for
UWB applications and adopted in this thesis is presented. Finally, after having presented a
general overview of UWB communications, this chapter is concluded with a listing of the
main UWB specifications and objectives that will be considered in our studies, including

the modulation and applications choices.

1.1 Historical overview

Although considered as a recent breakdown in wireless technology, UWB has experienced
over 45 years of technological developments, traveling from the lab, to the military, and
recently into commercial prototyping and implementation. The term “ultra-wideband” was
used for the first time in the late 1980s, by the U.S. Department of Defense [2]. The UWB
technology has been known by many other names, including impulse radio, short-pulse,
baseband communication, carrier free communication, nonsinusoidal, super wideband, fast
frequency chirp, monopulse and Walsh waves communication [3], [4].

The spark-gap transmission experiments of Marconi and Hertz in the late 1890s repre-
sent some of the first experiments in a crude form of impulse radio. In other words, the
first wireless communication system was based on UWB. However, owing to the technical



8 1. Ultra-wideband communications

limitations, narrowband communication was preferred to UWB. Besides, spark gaps and
arc discharges between carbon electrodes were the dominant wave generators about 20

years after Hertz first experiments.

The modern era of UWB radio started in the early 1960s with some work in time-
domain electromagnetics, and was led by Harmuth at Catholic University of America, Ross
and Robins at Sperry Rand Corporation, and Van Etten at the United States Air Force
Rome Air Development Center. The development of the sampling oscilloscope by both
Tektronix and Hewlett-Packard in the 1960s and the corresponding techniques for generat-
ing sub-nanosecond baseband pulses sped up the development of UWB.

By the early 1970s, the main focus moved to develop radar and communications de-
vices. The first ground penetrating radar based on UWB was commercialized in 1974 by
Morey at the Geophysical Survey Systems. In 1973, the first U.S. patent on UWB commu-
nications was awarded [5]. During the 1970s and 1980s, practical development work con-
tinued and pioneering contributions were made by Bennett and Ross [6] and Harmuth [7].
Bennett and Ross presented many examples of radar and communications applications
based on UWB technology. Other applications, such as positioning systems, liquid-level
sensing, and automobile collision avoidance, were also developed. Most of the applications
and development occurred in the military or in work performed under classified U.S. gov-
ernment programs. However, the late 1990s saw the move to commercialize UWB com-
munication devices and systems. Thus, different companies pursuing commercial opportu-
nities, such as XtremeSpectrum, were formed.

A substantial change occurred in February 2002 when the U.S. Federal Communica-
tions Commission (FCC) issued a Report & Order that authorizes the commercial and unli-
censed deployment of UWB in the USA [8]. A 7.5 GHz spectrum was allocated for UWB
applications, with a given spectral mask for both indoor and outdoor applications. This
spectral allocation has initiated an extremely productive activity for industry and academia.

1.2 UWB principles and characteristics

When UWB technology was proposed for commercial applications, there were no defini-
tions for the signal. The Defense Advanced Research Projects Agency provided the first
definition for UWB signals based on the fractional bandwidth B¢ of the signal which is
defined as [4]

(1.1)
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where fy and fi are respectively the higher and lower -3 dB point in the spectrum. This first
definition provided that a signal can be classified as an UWB signal if By is greater than
0.25. In February 2002, the FCC approved that any signal having a -10 dB fractional
bandwidth larger than 0.20, or a bandwidth greater than 500 MHz, is characterized as an
UWRB signal.

UWRB technology has a number of features that make it attractive for consumer com-

munications applications. In particular, UWB systems
e Provide high data rates.
e Have potentially small size, low complexity and low cost.
e Are resistant to multipath and interference.

e Allow ranging and communication at the same time.

The advantages of UWB systems in terms of data rate compared to narrow bandwidth
systems can be understood by examining the Shannon famous capacity equation which is
expressed as [9]

C :W10g2(1+%], (1.2)

where C is the maximum channel capacity in b/s, W the channel bandwidth in Hz, and
S/N the signal-to-noise ratio (SNR). From this equation, we notice that to improve the
channel capacity, we can increase either the system bandwidth or the SNR. However, the
capacity grows linearly with the bandwidth, but only logarithmically with the signal power.
For this reason, communication engineers in general prefer to increase the system band-
width rather than the power, to achieve higher data rates. Consequently, systems using the
UWB spectrum can be designed to achieve high bit rate better than narrow bandwidth sys-

tems.

UWRB systems can be implemented in low cost, low-power integrated circuit processes
thanks to the baseband nature of the signal transmission. Unlike conventional radio sys-
tems, the UWB transmitter produces a very short time-domain pulse, which is able to
propagate without the need of an additional radio-frequency (RF) mixing stage [10]. The
UWRB signal spans frequencies commonly used as carrier frequencies due to its very wide-
band nature. Consequently, the signal will propagate well without using additional up-
conversion and down-conversion stages. Besides, single chip complementary metal-oxide-
semiconductor (CMOS) integration of UWB transceiver contributes directly to low cost,

low power and small size devices.
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Because of the large bandwidth of the transmitted signal, UWB transmissions can re-
solve many paths, and consequently very high multipath resolution is achieved. For in-
stance, a Gaussian monocycle UWB transceiver experiences only a 1.5 dB fading margin
in dense multipath, which is very low compared to deep fades experienced in narrowband
systems [11].

Finally, the ultra-short duration of UWB waveforms offers the ability to provide high
precision ranging and high-speed data communication. For instance, UWB radios offer
timing precisions much better than the global positioning system (GPS) and other radio

systems [12], as well as opportunities for short-range radar applications.

1.3 Regulatory bodies

1.3.1 UWB regulations in the USA

In the FCC Report & Order of 2002 [8], a 3.1-10.6 GHz spectrum was allocated for unli-
censed use of UWB devices in the USA. As depicted in Figure 1.1, this very wide spec-
trum overlays several existing allocated spectrums (UMTS, GSM, WLAN, fixed satellite
services...), as well as many spectrums that will be allocated for future services (WiMAX,
future mobile systems). Thus, the problem is twofold. First, UWB must mitigate or be able
to operate in the presence of these strong interferers. Second, reciprocally, UWB must not
provide substantial interference to the users of these narrowband services. In order to opti-
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8 Cordless phones
T Microwave ovens
S
0
Ee,
2 .
= Part 15 Limit
E p— - - - | — — — —
LLl
uwB
0915 2 24 31 5 10.6

Frequency (GHz)

Figure 1.1: UWB spectrum overlaying existing narrowband systems.
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mize spectrum use and reduce this interference, the FCC imposed very restrictive rulings
and a power spectral density (PSD) spectral mask that must be respected by the UWB sig-
nal. Besides, a large number of studies on interference and coexistence of UWB with other

systems have been carried out since the FCC decision [13]-[16].

According to the FCC spectral mask, illustrated in Figure 1.2, the PSD of an UWB sig-
nal measured in 1 MHz bandwidth must not exceed -41.3 dBm, which complies with the
FCC Part 15 general emission limits to successfully control radio interference. We also

notice in this figure that the PSD limit is even much lower for particularly sensitive bands,
such as the GPS band (0.96-1.61 GHz).

On the other hand, the FCC decision has generated studies and considerations of radio
spectrum implications within many administrations around the world. As a result, the In-
ternational Telecommunication Union-Radiocommunication Sector (ITU-R) created Task
Group 1/8 (TG 1/8) to study UWB radio coexistence issues.

1.3.2 UWB regulations in Europe

In Europe, the process of regulation has been ongoing for a considerable time and has ex-
perienced repeated delays after the FCC decision in 2002. The two main organizations in-
volved in the European UWB regulations are the European Conference of Postal and Tele-
communications Administrations (CEPT) focused on the harmonization of telecommunica-
tions regulations across its member countries, and the European Telecommunications
Standards Institute (ETSI) working on developing a European standard for UWB.

The deployment of the first UWB chipsets in the USA has put pressure on the Euro-
pean regulation bodies to issue a first decision, in order to avoid the invasion of unauthor-
ized and potentially interfering systems on the European market. Consequently, in March
2006, the European Communications Commission (ECC) published its first decision on
UWRB regulations in Europe [17]. Figure 1.2 summarizes the spectral mask defined by the
ECC. In the frequency band 6—8.5 GHz, the ECC decided that high and low data rate UWB
applications can be implemented, with an emission mask of -41.3 dBm/MHz. However, in
the other frequency bands, the PSD limits were much lower than the ones defined by the
FCC. Besides, another decision was reached in December 2006 settling the case of the 3.1—
4.8 GHz band [18]. In the 3.1-4.2 GHz band, by using appropriate mitigation techniques
such as detect and avoid (DAA) technique, the PSD limit can be raised to -41.3 dBm/MHz.
In the 4.2-4.8 GHz band, the emission mask is equal to -41.3 dBm/MHz without mitiga-
tion techniques until December 2010, since this band is considered for future mobile appli-

cations.
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Figure 1.2: UWB spectrum mask for indoor communication systems.

Similar decisions have been taken or are under process by regulation bodies in other
countries. Japan regulation authority (MIC) for instance issued a regulation that is close to
the European one.

1.4 Standardization
1.4.1 IEEE 802.15.3a

The standardizations activity of wireless personal area networks (WPANs) takes place in
the IEEE international standards working group 802.15. In late 2001, the IEEE established
the 802.15.3a study group to define a new physical layer concept for short range high data
rate WPAN applications. This was to serve the requirements of companies wishing to de-
ploy very high data rate applications, such as video transmission, with data rates greater
than 110 Mb/s at a distance of 10 m. The technical requirements, including high data rate,
short range, system scalability, low cost and low power, led to the adoption of UWB tech-
nology by the standardization group.

The IEEE 802.15.3a task group considered two primary waveform approaches. The
first approach is based on a multiband orthogonal frequency-division multiplexing (MB-
OFDM) technique supported by the Multiband OFDM Alliance (MBOA) and the WiMedia
forum, which merged in March 2005 and are today known as the WiMedia Alliance [19].
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WiMedia board members include Alereon, HP, Intel, Kodak, Microsoft, Nokia, Philips,
Samsung Electronics, Sony, STMicroelectronics, Staccato Communications, Texas In-
struments and Wisair. The second approach considers an impulse radio spread spectrum
technique (IR-UWB) supported by the UWB Forum (mainly, XtremeSpectrum and Mo-
torola). The IEEE 802.15.3a was trying to reach a consensus between these two leading
industry groups for more than three years without success, until January 2006 when the
task group was withdrawn. More information on the standard efforts of IEEE 802.15.3a
can be found in [20].

However, many forums are still engaged in international standardization efforts for
high data rate UWB WPAN applications, including the European Computer Manufacturers
Association (ECMA). For instance, shared members of WiMedia Alliance and ECMA
submitted new WiMedia UWB platform specifications to ECMA in early 2005. These
specifications led ECMA International to release two international ISO-based standards,
ECMA-368 [21] and ECMA-369 [22], for high data rate UWB applications in December
2005.

1.4.2 IEEE 802.15.4a

In March 2004, the IEEE established the 802.15.4a to define a new physical layer for low
data rate WPAN applications [23]. The primary interest in developing this alternate physi-
cal layer is to provide communications and high-precision ranging and location capability,
ultra low power, and very low complexity systems. Potential applications are sensors, in-
teractive toys, smart badges, remote controls, and home automation. In March 2005, two
optional physical layers consisting of an UWB impulse radio and a chirp spread spectrum
(C-SS) were selected.

1.4.3 Other standards

UWB technology is also a serious candidate for many other standardization groups, like
IEEE 802.15.3c [24] for example, which is developing a millimeter-wave-based alternative
physical layer for WPAN applications with over 2 Gb/s data rate, such as high speed inter-
net access, streaming content download (video on demand, HDTV, etc.).

Another communication protocol using the UWB technology is the wireless universal
serial bus (WUSB). Wireless USB is based on WiMedia Alliance UWB common radio
platform which is capable of sending 480 Mb/s at distances up to 3 meters. In addition, the
next generation of Bluetooth (Bluetooth 3.0) is also planning to adopt an UWB radio based
on WiMedia Alliance platform.
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1.5 Main applications

As with many wireless communication technologies, the military has been the major driv-
ing force behind the development of UWB. In particular, UWB radar applications have
been developed by the U.S. military for many years. Using the location and communica-
tions characteristics of UWB, one very interesting military application is the asset location
system developed by Multispectral Solutions and the U.S. Navy [25].

Since the UWB spectrum allocation in 2002, UWB has become a serious candidate for
a huge number of wireless applications. Due to its very wide bandwidth, UWB can be effi-
ciently used for radar imaging systems, including ground penetration radars, wall radar
imaging, surveillance systems, and medical imaging [26]. The excellent time resolution
and accurate ranging capability of UWB can be used for vehicular radar systems for colli-

sion avoidance for example.

One of the most promising commercial application areas for UWB technology is the
WPAN environment. This is due to the UWB performance, particularly in terms of data
rate, which exceeds the performance of all the current wireless local area network (WLAN)
and WPAN standards. Many manufacturers and research projects, including the ICT FP7
European project OMEGA [1], are actually investigating UWB as the primary wireless

means to connect devices, such as televisions, DVD players, camcorders, and audio sys-

- == Wired / Wireless backbone
WPAN (UWB)

Figure 1.3: An example of a home networking setup using UWB technology.



1. Ultra-wideband communications 15

tems, together to remove some of the wiring clutter inside the house. Figure 1.3 presents an
example of home devices that can be wirelessly connected together using UWB technol-
ogy. Besides, UWB WPAN applications can be divided into high data rate and low data
rate applications. High data rate mode is particularly important when we consider high-
definition televisions or rapid file sharing and video downloading applications, whereas
low data rate mode is used for home network systems not so demanding in terms of speed,
such as a wireless mouse for instance.

1.6 Modulation techniques

UWRB systems have historically been based on impulse radio concepts. However, since the
FCC decision, different modulation techniques have been proposed for UWB applications.
In this section, we describe the two main modulation techniques considered by the IEEE
802.15.3a study group for high data rate WPAN applications: the IR-UWB and the
MB-OFDM techniques.

1.6.1 Impulse radio

The impulse radio scheme is based on the generation of a series of very short duration
pulses so-called monocycles (of the order of hundreds of picoseconds). Each pulse has a
very wide spectrum that must adhere to the spectral mask requirements. This type of
transmission does not require the use of additional carrier modulation since the pulse
propagates very well in the channel. A pioneering contribution in this field is the time hop-
ping pulse position modulation (TH-PPM) proposed in 1993 by Scholtz [27]. Note that the
main impulse radio approach considers a single frequency band for UWB signals, contrar-
ily to the MB-OFDM technique, which divides the UWB spectrum into several sub-bands
as will be detailed later on.

One transmitted symbol is spread over many monocycles to achieve a processing gain
used to combat noise and interference. Commonly used pulse shapes are the derivatives of

Gaussian functions. The first-order Gaussian monocycle can be expressed as

w(t) = é(c —Lj eo's(‘t’Cjz , (1.3)

(&) (&)

where A is an amplitude normalization constant, ¢ related to the pulse width, and ¢ a time-
shifting term. A typical example of a Gaussian monocycle in the time and frequency do-
mains is presented in Figure 1.4, with 2o =1ns. It can be seen from Figure 1.4 (b) that

the Gaussian pulse spreads its power over a wide range of frequencies, and it has virtually
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Figure 1.4: First-order Gaussian monocycle.

no DC and low-frequency components, which makes it suitable for UWB communications
[28].

1.6.1.1 Data modulation techniques

A number of modulation techniques, classified as time-based or shape-based, may be used
with the UWB impulse radio systems. The most commonly used modulations are described
below.

Pulse amplitude modulation

The pulse amplitude modulation (PAM) is a technique where the amplitude of the pulse
varies to carry digital information. The classic binary PAM can be implemented using two
antipodal Gaussian pulses. The transmitted binary baseband PAM signal is presented as

s(t)=djw(t), (1.4)

where W(t) is the UWB pulse waveform, j the transmitted bit (“0” or “1”), and dj an in-
teger number given by

_17 j:():
dj= 1.5
. {+1, j=1. (1-3)

The commonly used transmitted pulse is the first derivative of the Gaussian pulse given in

(1.3).
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On-off keying

The on-off keying (OOK) is a modulation scheme where the presence or absence of a pulse
means that the transmitted digital information is “1” or “0”, respectively. The transmitted
signal is defined as in (1.4), with

0, j=0
d,-:{’ 1=5 (1.6)

Thus, the difference between OOK and PAM is that nothing is transmitted in OOK when a

“0” bit arrives.

Pulse position modulation

PPM is the most common modulation scheme in the literature. With this modulation, each
pulse is delayed or sent in advance by a certain value ¢ of a regular time scale. The signal

can be presented as
s(t)=w(t-5d;), (1.7)

where dj is given by (1.6), and & may be chosen according to the autocorrelation charac-

teristics of the pulse [29].

Pulse shape modulation

Pulse shape modulation (PSM) is an alternative to PAM and PPM for UWB impulse radio
systems, where different pulse shapes are used to represent different information bits.
Many pulse sets have been proposed in the literature for PSM systems, such as modified
hermite polynomial functions (MHPF) [30] and wavelets [31], and all exhibit orthogonal
properties.

1.6.1.2 Multiple access schemes

In order to reduce interference from UWB transmissions, a randomizing technique is ap-
plied to the transmitted signal, which makes the UWB transmission spectrum more noise-
like. The two main approaches that randomize the pulse train and provide multiple access
schemes for impulse radio systems are the time-hopping (TH) and direct-sequence (DS)
techniques.

Time-hopping UWB
In the TH technique, the position of each impulse is defined by a pseudorandom code.

When the pseudorandom code is used within a large time frame, the spectrums of the
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transmitted pulses become much more noise-like. In addition, the pseudorandom TH
scheme minimizes collisions between users in multiple access systems, where each user
has a distinct pulse shift pattern [32]. Besides, this scheme can be considered as a time-
hopping spread spectrum (TH-SS) technique, since a processing gain can be achieved by

increasing the number of pulses used to carry a single data bit.

The TH technique can be combined with PAM, PPM and PSM. However, OOK can
not take advantage of the TH because of the blank transmission of bit “0”. The transmitted

signal for user m can be analytically expressed for PAM modulation as [33]

N
sM (1) =2 D w(t- jTs=nTr —ci"Te Jdf™ (1.8)

j n=l

and for PPM modulation as

N
s(M (t)= ZZW(t — jTe=nT¢ —ci™T, —5d}m)), (1.9)
i

n=l

where | is the bit index, N the number of transmitted impulses per data bit and T the total
symbol duration. Tg is divided into N frames of duration T¢, thus Ts =NT¢, and each
frame is also divided into slots of duration T;. Each impulse is transmitted in one of the N
frames, and its position inside the frame is determined by the pseudorandom code sequence
c{™ that can have the values {—1,+1} .

Direct-sequence UWB

In the DS technique, each user is assigned a pseudorandom sequence which controls pseu-
dorandom inversions of the UWB pulse train. A bit is then used to modulate this sequence
of pulses. The DS technique can be combined with PAM, OOK and PSM schemes, but not
with PPM which is intrinsically a TH technique. The transmitted signal for user m using
PAM or OOK is given by

N
sM (1) =>> w(t—jTs—nTe)ci™d{™, (1.10)
jn=

1

where T; is the UWB pulse length and Ts the total symbol duration given by Ts =N T, .
The DS-UWB system uses a RAKE receiver that benefits from multipath to improve

the reception. However, the complexity of the system increases linearly with the number of

RAKE fingers and the receiver sampling rate. For instance, a m-RAKE receiver requires m

complex multiply operations for every chip processed.
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1.6.2 Multiband OFDM
1.6.2.1 Multiband technique

Many companies have proposed a multiband technique for UWB applications in order to
solve common problems encountered when working on a single-band impulse radio tech-
nology. These problems include [20]
¢ Inflexible spectrum mask because the occupied spectrum can not be easily altered
since it is dictated in large part by the pulse-shaping filter.
e Implementation difficulties and active circuits design giving rise to increased cost
and power consumption.
e High sample rates in digital-to-analog (DAC) and analog-to-digital (ADC) con-
verters.

e Vulnerability to strong interferers.

¢ Single-band UWB not well suited to low cost RF-CMOS implementations.

A multiband UWB signaling can be seen as a simple division of a single UWB signal
into multiple sub-bands in the frequency domain. These sub-bands may be transmitted in
parallel or sequentially and may be received by separate receive paths or one single re-
ceiver. Multiband schemes can be classified between two main approaches: pulsed multi-
band and multiband OFDM.

1.6.2.2 Pulsed multiband

A pulsed multiband approach dividing the UWB spectrum into several bands of around
500 MHz bandwidth was proposed in the literature. Pulsed transmissions use a constant
pulse shape to obtain the frequency-domain properties for each sub-band. The information
is modulated using PPM or binary phase-shift keying (BPSK) and transmitted on each
band using narrow time-domain pulses, on the order of 2 to 4 ns [34]. Receiver detection
schemes applicable to single-band UWB pulses can also be used.

1.6.2.3 Multiband OFDM approach

Multiband OFDM (MB-OFDM) is the main approach considered by UWB standardization
committees. It was first proposed by Anuj Batra et al. from Texas Instruments for the IEEE
802.15.3a task group [35], [36]. This approach is based on the combination of an OFDM
modulation with a multiband technique that divides the UWB spectrum into multiple sub-
bands. The OFDM modulation can be separately applied in each sub-band, and conse-
quently a further frequency division of each sub-band into a further parallel multiband
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Figure 1.5: UWB spectrum bands in the MB-OFDM system.

scheme is obtained, which provides a much finer degree of granularity in the frequency
domain.

The multiband technique proposed in the WiMedia Alliance MB-OFDM scheme di-
vides the UWB spectrum into 14 bands of 528 MHz each, as illustrated in Figure 1.5. The
first 12 bands are then grouped into four band groups consisting of three bands each. The
last two bands are grouped into a fifth band group. In addition, in the ECMA-368 specifi-
cation [21], a sixth band group is also defined within the spectrum of the first four, consis-
tent with usage within worldwide regulatory regulations. Initially, most of the studies in
the literature have been performed on the first band group from 3.1 to 4.8 GHz.

Since this thesis is mainly focused on the MB-OFDM approach, the description and
performance evaluation of the MB-OFDM system will be detailed in Chapter 2.

1.6.3 Impulse radio and MB-OFDM comparison

One of the main advantages of single-band impulse radio modulations is that the transmit-
ted signal can be easily generated in the analog domain using analog circuits. However, the
analog circuits and mixed-signal circuits, such as the ADCs, in the receiver are difficult to
design when the signal bandwidth is very large. In addition, these circuits will likely con-
sume a large amount of current in order to process the signal at a high data rate and main-
tain a sufficiently low noise figure. Moreover, a large number of RAKE fingers are re-
quired in order to capture sufficient energy in a dense multipath environment, which sig-
nificantly increases the digital baseband complexity [20].

The pulsed multiband approach solves the single-band impulse radio problems related
to the very large occupied bandwidth, since it uses sub-bands of approximately 500 MHz

bandwidth. Consequently, the information is processed over a much smaller bandwidth,
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reducing the design complexity and power consumption, and improving spectral flexibility.
However, the main disadvantage of this approach is that it is difficult to collect significant
multipath energy using a single RF chain. The multipath energy collection can be im-
proved by adding several RF chains, but this will increase power consumption and devices
cost. Another disadvantage of the pulsed multiband system is that when employing a small
number of RAKE fingers, its performance is very sensitive to group delay variations intro-
duced by the analog front-end components [20].

On the other hand, the MB-OFDM approach benefits from the same multiband advan-
tages as the pulsed multiband approach, as well as from the well-known OFDM advan-
tages. For instance, the MB-OFDM system is able to capture multipath energy efficiently
with a single RF chain. In addition, it offers relaxed frequency-switching time require-
ments and increases the spectral flexibility. One particularly important issue for UWB sys-
tems is to minimize interference with other existing services. The MB-OFDM system is
well suited for interference avoidance, since the OFDM subcarriers can be precisely cho-
sen to reduce interference to and from narrowband systems, without having to sacrifice a
whole band. In addition, MB-OFDM technology was designed specifically to be built in
low cost CMOS processes [20], which makes it easier to integrate into a single-chip solu-
tion. One of the few drawbacks of MB-OFDM is that the transmitter is slightly more com-
plex because it requires inverse discrete Fourier transform (IDFT), and the peak-to-average
power ratio (PAPR) may be slightly higher than that of the pulse-based multiband system.

These numerous advantages of the MB-OFDM system over the impulse radio system
made us choose the MB-OFDM system as the starting point of this thesis studies. Note also
that these advantages led to the adoption of the MB-OFDM technique in different interna-
tional standards and applications, e.g. ECMA WiMedia, Wireless USB, and Bluetooth.

1.7 UWB indoor channel model

With the fast evolution of UWB technology, understanding the UWB channel has become
very important for designing, testing and comparing different UWB systems. Thus, an ac-
curate channel model is required to design efficient modulation and coding schemes, and to
develop associated signal processing algorithms. Since the late 1990s, a number of propa-
gation studies for UWB signals have been carried out and led to some notable publications
by Cassioli, Win, Molisch, Scholtz, and Foerster [37]-[42]. However, UWB channel mod-
els are still far less comprehensive than narrowband models since more than thirty years of
studies have been spent on narrowband wireless channels. Besides, narrowband models

can not be easily generalized to UWB channels due to some basic differences in the propa-
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Table 1.1: Multipath channel characteristics.

CM1 CM2 CM3 CM4
Mean excess delay (ns) 5.05 10.38 14.18 —
Delay spread (ns) 5.28 8.03 14.28 25
Distance (m) <4 <4 4-10 10
LOS/NLOS LOS NLOS NLOS NLOS

gation process and resulting models. In fact, in UWB channels, each multipath component
can lead to delay dispersion, due to the frequency-selective nature of reflection and diffrac-
tion coefficients [33]. In addition, the UWB signals are received with excellent delay reso-
lution. Therefore, only a few multipath components can often make up one resolvable mul-
tipath component whose amplitude statistics is not complex Gaussian anymore. Particu-
larly, due to the very fine resolution of UWB waveforms, different objects or walls in a
room could contribute to different clusters of multipath components.

In early 2003, the IEEE 802.15.3a committee adopted a new UWB channel model for
the evaluation of UWB physical layer proposals [43]. This model is based on the well-
known Saleh-Valenzuela (SV) model for indoor channels [44], but with modified fading
statistics to fit the properties of measured UWB channels.

The impulse response of the multipath model is described as

Z R
hi(t)=G; ai(z,p)5(t-Ti(2)-7i(z.p)), (1.11)
z=0 p=0
where G; is the log-normal shadowing of channel realization i, T; ( Z) the delay of cluster z,
aj (Z, p) and 7 (Z, p) represent the gain and the delay of multipath p within cluster z, re-
spectively. Independent fading is assumed for each cluster and each ray within the cluster.
The cluster and path arrival times can be modeled as Poisson random variables. The path
amplitude follows a log-normal distribution, whereas the path phase is a uniform random

variable over [0,27].

The IEEE 802.15.3a also defined four different channel models (CM1 to CM4) for the
UWB system modeling, each with arrival rates and decay factors chosen to match different
usage scenarios and to fit line-of-sight (LOS) and non-line-of-sight (NLOS) cases. The
main characteristics of the proposed channel models are listed in Table 1.1, and typical
realizations of the UWB channel in the time and frequency domains are presented in



1. Ultra-wideband communications 23

Figure 1.6. The frequency diversity of model CM4 is clearly much higher than the fre-
quency diversity of model CM1.

1.8 Conclusion

In this first chapter, we have presented a general overview on UWB technology which
makes the reader familiar with the UWB environment. In brief, UWB has emerged as an
exciting technology for wireless communications since 2002 when the FCC allocated a
7.5 GHz spectrum for unlicensed use of UWB devices. As described in Section 1.5, UWB
holds enormous potential for wireless applications, which can be divided into high data
rate and low data rate communications. This thesis focuses on the very high data rate
WPAN applications. Besides, we have seen that there are two main modulation schemes
considered for WPAN environment: the MB-OFDM and IR-UWB techniques. Since MB-
OFDM seems to be the most promising candidate for high data rate WPAN applications,
due to its numerous advantages over IR-UWB and its wide support by the standardization
and industrial groups, this thesis will focus on the MB-OFDM approach. Different modifi-
cations will be proposed in the following chapters to improve the performance of the MB-
OFDM system. On the other hand, the primary regulations and PSD constraints that will be
taken into account are the ones imposed by the FCC, but some simulation results consider-
ing the European regulations will also be presented. Finally, the channel model that will be
used for the single-input single-output (SISO) UWB applications is the one adopted by the
IEEE 802.15.3a committee.
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Figure 1.6: An example of UWB channel realizations for models CM1

on the first MB-OFDM band, in the time and frequency domains.



Chapter 2

System specifications

HE second chapter presents the main transmission techniques exploited in this thesis.

First, the principle of multicarrier modulations, and particularly the concept of OFDM,
is detailed. Then, the spread spectrum technique is described followed by a presentation of
the main modulation schemes resulting from the combination of spread spectrum tech-
niques with OFDM modulation.

The second part of this chapter is dedicated to the description of the MB-OFDM sys-
tem which can be considered as the starting point of our studies. The MB-OFDM system
performance with UWB channels is presented, followed by a discussion of the advantages
and drawbacks of this approach. Afterwards, a new scheme based on the addition of a
spread spectrum technique, or equivalently linear precoding principles, to the OFDM
modulation of the MB-OFDM approach is proposed and the main advantages and motiva-
tions that led to this system choice are presented. This proposed system, which can be seen
as an evolution of the MB-OFDM approach, will be referred to as linear precoded OFDM
(LP-OFDM) system in the sequel.

2.1 Transmission techniques

2.1.1 Multicarrier modulations

2.1.1.1 Principle

The multicarrier modulation is a concept that helps in reducing the detrimental effects of
multi-path fading in communication systems. It was proposed for the first time by Doelz
et al. for the U.S. military HF communication applications in the late 1950s [45]. Today,
the multicarrier modulation is of increasing interest since it can now be implemented using
powerful integrated circuits optimized for performing discrete Fourier transforms (DFT).
Because of its increasingly widespread acceptance as the modulation scheme of wireless

25
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networks of the future, it attracts a lot of research attention, in areas like time-domain
equalization, PAPR reduction, phase noise mitigation and pulse shaping.

The delay spread of a multipath channel, like the UWB indoor channel for instance,
can cause inter-symbol interference (ISI) when adjacent data symbols overlap and interfere
with each other due to different delays on different propagation paths. The number of inter-

fering symbols in a single-carrier modulated system is expressed as

: T
N =| —==1, 2.1
e o

where [—| is the ceiling function which returns the smallest integer value bigger than or
equal to its argument value, 7., the maximum delay spread of the channel and Ty the
symbol duration. From (2.1), we notice that for high data applications with very short
symbol duration (Ty < 7ax ), the effect of ISI increases. Consequently a higher complexity
receiver is required. Thus, a compromise between the ISI effect and the system data rate
that depends on the symbol duration value has to be achieved.

The principle of multicarrier modulation is to convert a serial high-rate data stream
into multiple low-rate sub-streams which are then modulated on different frequency sub-
channels, called subcarriers. If we consider N serial data symbols with a symbol duration
T4, these symbols will be simultaneously transmitted on N different subcarriers, with a
new symbol duration Ts = N Ty, but with a same total data rate as with single-carrier
modulation. Hence, the duration of the transmitted symbol is multiplied by a factor of N
which reduces the ISI, and consequently the number of interfering symbols in a multicar-
rier modulated system becomes

Nigi = [%—J - 2.2)

Increasing the number N of subcarriers reduces not only ISI, but also the signal distortions
introduced by the channel since each subcarrier becomes very narrow and can be consid-

ered as flat.

However, this ISI reduction is subject to a second kind of interference: the inter-carrier
interference (ICI). The first frequency-division multiplexing (FDM) systems proposed to
reduce overlapping between subcarriers by increasing the frequency spacing Af between
them. However, this ICI minimization approach is not interesting in terms of spectral effi-
ciency. In fact, a spectral band two times larger than the one of a single-carrier system is
often required. A smarter approach for FDM consists in overlapping the subcarriers while
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respecting orthogonal conditions in time and frequency, which optimizes the spectral effi-
ciency. This combination of orthogonality concepts with FDM techniques gave rise in the

1960s to the first orthogonal frequency-division multiplexing (OFDM) system [46].

The orthogonality properties of OFDM symbols are related to the used pulse shaping
functions. From the several functions proposed in the literature [47], the rectangular func-
tion is the most widely used. This function corresponds to a rectangular window over the
symbols, with a duration Ty, equivalent to the duration of one OFDM symbol. In the fre-
quency domain, it generates a sinc (sinus cardinal) function for each subcarrier of the gen-
erated signal. In order to achieve frequency orthogonality between the signals on the N
subcarriers, a minimum spacing between each two adjacent subcarriers is required. Pre-

suming rectangular pulse shaping, the minimum subcarriers spacing is given by

1
A¢ = f (2.3)
Figure 2.1 represents an OFDM signal in the time and frequency domains. In the time
domain, the OFDM signal can be seen as a superposition of different sinusoidal functions
with a period equal to the inverse of the corresponding subcarrier frequency. In the fre-
quency domain, the OFDM signal is represented by adjacent sinc functions separated by
At . Note that for large values of N, the OFDM spectrum becomes flatter in the occupied

frequency band.

0.75
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(a) Time domain (b) Frequency domain

Figure 2.1: Example of three subcarriers within an OFDM symbol.
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2.1.1.2 Guard interval and guard subcarriers

As described previously, the ISI effects can be considerably reduced by increasing the du-
ration Ts of the OFDM symbols, and consequently by increasing the number N of subcar-
riers. However, T can not be indefinitely extended due to the limitations imposed by the
coherence time of the channel. To completely avoid the effects of ISI, a guard interval (GI)
has to be inserted between adjacent OFDM symbols.

The guard interval is a cyclic extension of each OFDM symbol which is obtained by

extending the duration of the symbol to
T =Ty +Ts, (2.4)

where Tg is the duration of the GI, such that Tg > 7max . Note that the spacing between sub-
carriers is still equal to 1/Ts, which leads to a loss of orthogonality between subcarriers at
the transmitter, and thus to an ICI increase. However, this can be restored at the receiver if
during the rectangular window on which the fast Fourier transform (FFT) is applied, each
of the sinusoidal signals constituting the OFDM symbol includes an integer number of
periods. This integer number of periods is usually obtained by making the GI a repeat of
the symbol end. One disadvantage of this method is that it leads to a loss in spectral effi-
ciency equivalent to Ts /(Ts +Tg ) .

On the other hand, since the rectangular function generates a sinc function for each
subcarrier, the OFDM signal spectrum has an infinite band even if there is a strong ampli-
tude reduction on the borders of the band. Thus, a filter is often needed to limit the spectral
occupation, which introduces a distortion on the subcarriers present on the borders. One
solution consists in transmitting no information data on a certain number of subcarriers at
both extremities of the spectrum. These reserved subcarriers are so-called guard subcarri-
ers. Note that here also a loss in spectral efficiency has to be taken into account.

2.1.1.3 OFDM signal

The OFDM symbol is composed of N subcarriers having a frequency f, = fo +nA;, with
n=0,...,N—1 and f, the first subcarrier frequency, used for the parallel transmission of
N symbols, noted X,. Symbols X, are complex elements whose values depend on the type
of the used constellation. By applying a rectangular function H(t) and without taking the
GI into account, the normalized expression of the OFDM signal generated over [0:Ts[ can

be expressed as

1 N-1 Jzﬁ(fo+ﬂjt
N Z Re{x I1(t) e ) (2.5)
n=0
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Let f. = fo+ N /2T represent the center frequency of the signal, thus the signal during the
useful part of the OFDM symbol becomes

N
n——

_ - t
s(t)—Re{H(t)ejz”fcthl Xn e’z’[( 2)1}, (2.6)
n=0

JN
which can also be written as
s(t)=Re{s(t) I(t) e 27%t}, (2.7)

where §(t) is the complex envelope of the signal s(t) before rectangular windowing, hav-
ing a spectrum interval of [-N/2Ts : N /2Ts]. § (t) can then be sampled at a frequency
fs = N /Ts and the resulting samples at the moments mT, /N are given by

el TN (2.8)

This result shows that the signal can be easily generated using an IDFT. Similarly, a DFT
can be applied at the receiver to retrieve the transmitted symbols. Note that direct and in-
verse fast Fourier transforms (FFT and IFFT, respectively) provide an efficient implemen-
tation of the DFT. Also note that multiplying by (—l)m in (2.8) yields to a frequency cen-
tering around the null frequency in order to obtain a baseband representation of the trans-

mitted signal.

The sampled sequence obtained after the GI addition is passed through a DAC whose
output would be the signal waveform S(t) with a duration Ts given in (2.4). The signal is
then up-converted and the RF signal is transmitted through the channel. Afterwards, the
received signal waveform r(t) is obtained from the convolution of s(t) with the channel
impulse response h(z,t) and the addition of a noise signal n(t). r(t) is passed through an
ADC, followed by a GI removal. The resulting sequence is then multicarrier demodulated
by inverse OFDM exploiting a DFT (or FFT). Finally, assuming that the fading on each
subcarrier is flat and that ISI is removed and ICI avoided, the received symbol can be ex-
pressed in the frequency domain as

yn:han+ﬁn, n:O’...,N_l, (2.9)
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Figure 2.2: OFDM transmission system.

where h, and 0, are the flat fading frequency response and the noise of the n™ subcarrier.

Figure 2.2 summarizes the different steps of a digital OFDM transmission.

2.1.14 Advantages and drawbacks
Today, the OFDM modulation is the primary technology adopted by a large number of

standards and products, for wired and wireless communications. These standards and ap-
plications include asymmetric digital subscriber line (ADSL), power line communication
(PLC), WLAN (IEEE 802.11 a, g, n, HIPERLAN/2), digital audio broadcasting (DAB),
digital video broadcasting (DVB-T, DVB-H), beyond 3G mobile communication (3GPP
LTE), Wireless MAN (IEEE 802.16, WiMAX), and UWB (WiMedia, ECMA).

This wide interest in OFDM technique is due the numerous advantages that OFDM of-
fers. The main OFDM advantages include

e High spectral efficiency.

e Efficient implementation using FFT.

e Robustness against ISI.

e Robustness against narrowband interference.

e Flexible spectrum adaptation can be realized (notch filtering).

e Different constellations can be applied on individual subcarriers, which allows

numerous resource allocation strategies as will be seen in Chapter 3.

However, OFDM suffers from some drawbacks such as
e High PAPR, which requires high linear amplifiers.

e Sensitive to Doppler spread.
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e Sensitive to time and frequency synchronization problems.

e Loss in spectral efficiency due to the guard interval insertion.

21.2 Spread spectrum concepts and combination with multicarrier
schemes

2.1.2.1 Spread spectrum principle

Spread spectrum (SS) techniques have been implemented since the 1950s when they were
first applied for military applications. Originally, the two main motivations for SS adoption
were the anti-jamming tactical communications and the low probability of intercept [48].
With the fast evolution of mobile radio communications in the last two decades, spread
spectrum techniques have found important commercial applications in cellular networks
and wireless personal communication networks. The numerous application fields for
spread spectrum techniques include interference rejection, multiple access, multipath re-
ception, diversity reception, high resolution ranging, and accurate universal timing. Today,
SS principles are adopted by many communication standards, such as the cellular mobile
radio IS-95 standard [49], the 31 generation universal mobile telecommunications system
(UMTS) that adopts a wideband code-division multiple access (W-CDMA) scheme [50],
IEEE 802.11, IEEE 802.15.4 (ZigBee), and the GPS systems.

Spread spectrum techniques consist in spreading a transmitted signal over a wide fre-
quency band, much larger than the minimum bandwidth required to transmit the informa-
tion. Same as with UWB technique, the advantage of spreading the spectrum can be under-
stood by observing the Shannon equation given in (1.2). Hence, to transmit a certain
amount C of information without error, we can use either a narrow bandwidth W with a
high SNR, or a large bandwidth W with a low SNR, which is the case of spread spectrum
systems.

Different techniques based on spread spectrum principles can be implemented. Some
examples include the following techniques and combinations of these techniques [51]

e Direct-sequence spread spectrum (DS-SS), which consists in spreading the signal
over a continuous bandwidth by mixing it with a continuous string of pseudoran-
dom codes made up of chips, each chips having a much shorter duration than the
information bits. Since this technique is used in systems combining multicarrier
and SS techniques, it will be detailed in the sequel.

e Frequency-hopping spread spectrum (FH-SS), which is similar to DS-SS where
pseudorandom sequences are used to spread the signal. However, instead of
spreading the signal over a continuous bandwidth, the signal is hopped over a
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number of frequency channels each having the same bandwidth as the transmitted
signal. FH-SS signals are highly resistant to narrowband interference and difficult
to intercept. One application example is the Bluetooth 1.2 which uses adaptive

FH-SS to avoid crowded frequencies.

e Time-hopping spread spectrum (TH-SS), in which the carrier is turned on and off
by the pseudorandom code sequence. One application example is the TH-UWB

based on an impulse radio modulation (see Section 1.6.1.2).

e Chirp spread spectrum (C-SS), which uses linear frequency modulated chirp pulses
to encode information. A chirp signal is a sinusoidal signal whose frequency in-
creases or decreases over a certain amount of time. Contrarily to the previous
techniques, C-SS does not add any pseudorandom elements to the signal. One of
the two physical layer proposals chosen by the IEEE 802.15.4a for low data rate
WPAN application is based on C-SS, the second being the UWB impulse radio.

The DS-SS technique is the most commonly used, in particular for systems combining
multicarrier and SS techniques. In DS-SS transmissions, the transmitted data is multiplied
by a pseudorandom noise (PN) code or chip whose values are generally in {—1,+1} .Let Ty
represent the data symbol duration and T, the chip duration. Thus, the bandwidth
B. =1/T; of the transmitted DS-SS signal is much larger than the bandwidth By =1/Ty of
the message data to transmit. Consequently, the processing gain Ps can be derived from
the ratio of these two bandwidths as

PG=&:T—d:L, (2.10)

Bs T

where L is the length of the PN codes sequence, i.e. the number of used chips per se-
quence. The PSD of the transmitted signal is thus attenuated by a factor of Pgs. At the re-
ceiver side, the original data can be exactly reconstructed by multiplying it by the same PN
sequence. This process, known as “despreading”, mathematically constitutes a correlation
of the transmitted PN sequence with the PN sequence that the receiver believes the trans-
mitter is using. The despreading works correctly if the transmit and receive sequences are
well synchronized. A judicious selection of PN codes with good cross and autocorrelation
facilitates the synchronization process [48].

The spread spectrum techniques are widely used in different communication systems
and standards due to the numerous advantages they offer. Since the transmitted signal PSD
is attenuated by a factor of Ps, other communication systems can use the same frequency
bands. In addition, these techniques offer a low probability of intercept since the signal can

be seen as noise-like by other users, and only users having the correct synchronous PN
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sequence can intercept the communication. Moreover, the transmitted signal is robust
against narrowband interference because these interfering signals are spread by the de-
spreading process at the receiver. Finally, one of the main advantages of spread spectrum
techniques is their ability to provide multiple access. In fact, multiple users can transmit

simultaneously on the same frequency bands as long as they use different spreading codes.

2.1.2.2 Multiple access schemes

In order to efficiently share the available resources between different users in a communi-
cation system, several multiple access techniques can be used. The main techniques com-
monly implemented are frequency-division multiple access (FDMA), time-division multi-
ple access (TDMA) and code-division multiple access (CDMA).

FDMA consists in dividing the spectrum into individual channels that will be allocated
to the different users. FDMA technique can be easily implemented since users can be sepa-
rated at the receiver using a simple filter. However, one disadvantage is the maximum
number of users having to share a given band. In fact, increasing the number of users leads
to reducing the bandwidth of the individual bands allocated to each user, which should be
kept large enough in order to avoid strong signal attenuations.

TDMA allows several users to share the same frequency channel by dividing the signal
into different short time slots. The users transmit in rapid succession, one after the other,
each using its own time slot. TDMA is generally more difficult to implement than FDMA
since it requires perfect synchronization between all transmitters and receivers. Systems
adopting TDMA include the 2™ generation cellular systems (GSM) and the digital en-
hanced cordless telecommunications (DECT) systems.

With the CDMA technique, several users are able to transmit data simultaneously over
the same frequency band. The users signals are distinguished by different PN codes that
have to be known at the receiver. The combination of direct-sequence principle and
CDMA technique is referred to as DS-CDMA. A judicious selection of PN codes with
good cross and autocorrelation is necessary for DS-CDMA systems. In the case of syn-
chronous communications, optimal performance can be obtained using orthogonal codes,
such as orthogonal variable spreading factor (OVSF) codes, Walsh-Hadamard codes [52],
and the complementary series of Golay [53]. For asynchronous communications, non-
orthogonal codes offering good cross and autocorrelation properties, such as Gold [54],
Kasami [55], and Zadoff-Chu codes [56], can be used.

DS-CDMA systems offer several advantages including easy frequency planning, high
immunity against interference, and flexible data rate adaptation. However, these systems
suffer from many problems in a multi-user context with limited available bandwidth:
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e Multiple access interference (MAI), when the number of simultaneously active us-
ers increases.

e High receiver complexity with adaptive receiver filter and considerable signaling
overhead.

e Single-tone and multitone interference. If the interference suppression by the
spreading operation is not sufficient, additional operations such as Notch filtering
have to be done at the receiver, which leads to additional receiver complexity.

Note also that accurate power control is an inherent part of any DS-CDMA system. In
fact, when multiple users access the same spectrum, it is possible that one user could mask

all other users at the receiver side if its power level is too high.

DS-CDMA signal

If we want to transmit a number K of data symbols streams simultaneously, we consider K
codes spreading sequences Cx =[Cj...Cik ...CL,k]T of length L, which constitute the vec-
tors of the spreading codes matrix of size Lx K, given by C =[c;...Ck...Ck ]. The symbol
[.]7 denotes the transposition of a vector or a matrix. Let X =[X;...Xx...Xc ]' represent the
vector of symbols to transmit, then each symbol Xy from data stream k is multiplied by its
specific code cx. The resulting baseband signal s=[s;...s...s ]" after the spreading

process can be expressed as

1
s=—=Cx, 2.11
N -
with
1 K
S| :f kZ_;CI’k Xk - (2.12)

Note that the normalization factor 1/+/L in (2.11) maintains the power of the signal after
the spreading process. Note also that (2.11) represents the baseband signal of a general DS-
SS system. Besides, when the codes are used to multiplex the data of different users, and
consequently when the K data streams correspond to K different users, this equation repre-
sents the baseband signal of a DS-CDMA signal.

2.1.2.3 Multicarrier spread spectrum systems

The large number of advantages offered by spread spectrum and multicarrier techniques,
and their success for the second generation mobile radio and for digital broadcasting and
WLAN respectively, motivated many researchers to investigate the combination of these
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two techniques. Hence, different schemes combining DS-CDMA and multicarrier modula-
tion were proposed in 1993 [57]-[61]. In the resulting multicarrier spread-spectrum
(MC-SS) systems, the spread spectrum technique can be implemented before or after the
OFDM scheme.

In this thesis, we consider MC-SS systems with OFDM schemes applied after the
spreading function, which can be simply implemented. The resulting signal inherits the
characteristics of multicarrier signals, and in particular the OFDM advantages such as the
robustness against multipath channels, the low complexity receivers, and the ISI reduction.
Contrarily to the OFDM system where the data symbols are simply distributed on the dif-
ferent subcarriers during one OFDM symbol period, the MC-SS system consists in allocat-
ing several subcarriers or several symbol periods to chips of CDMA symbols. The idea
behind this procedure, also known as chip mapping, is to obtain a diversity gain and con-
sequently improve the system performance by transmitting the same data over a whole
code, which provides a time or frequency diversity gain depending on the chip mapping
configuration.

Furthermore, the spreading component offers an additional degree of freedom which is
the code dimension. In the MC-SS system, the CDMA component allows several users to
transmit information simultaneously and over the whole frequency spectrum, which is not
possible in OFDM systems without a loss in time or spectrum efficiency. In addition, this
code dimension increases the resource allocation flexibility and more optimization strate-
gies than with OFDM systems can be considered, as will be seen in Chapter 3, which im-
proves the MC-SS system performance.

On the other hand, different MC-SS schemes can be obtained depending on how the
codes are distributed, and specifically how the multiple access between users and the data
multiplexing of each user are implemented. The multiple access can be applied in the time,
frequency or code dimension, referred to as TDMA, FDMA and CDMA, respectively. In
addition, the data multiplexing of a same user can also be applied in these three dimen-
sions, referred to as TDM, FDM and CDM, respectively. When the spreading is carried out
in the frequency direction, the code-division multiplexing is noted as F-CDM or F-CDMA,
and when the spreading is carried out in the time direction, it is noted as T-CDM or
T-CDMA. Furthermore, the subcarriers can be grouped in several smaller blocks, each of
them having a specific multiplexing scheme. In this case, we talk about multiple-block
systems, contrarily to the mono-block systems where all the subcarriers are grouped to-
gether in one single block.
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A. Mono-block systems

First, we consider that the spreading code length L is equal to the number N of subcarriers
present in the OFDM symbol, and that all the subcarriers are grouped in a single block.

The multiple access can be carried out in the three dimensions mentioned previously.

In the code dimension multiple access schemes, the different users are assigned a num-
ber of specific codes for each generated CDMA symbol. The frequency and time dimen-
sions can then be used by each user for data multiplexing and chips transmission. Different
chip mapping techniques can be implemented. The most common scheme is the one that
carries out the spreading in the frequency direction, referred to as F-CDMA. The signal is
generated by a serial concatenation of classical DS-CDMA and OFDM. The chips of a
spread data symbol are transmitted in parallel on different subcarriers, as represented in
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Figure 2.3: Graphical representation of an OFDM frame for different mono-block MC-SS con-
figurations.
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Figure 2.3 (a). This technique is also known as multicarrier code-division multiple access
(MC-CDMA) in mobile radio communications. The main advantages are the high spectral
efficiency, the high frequency diversity due to the spreading in the frequency direction and
the low complexity receivers. Thus, MC-CDMA is considered as a good candidate for the

downlink of a cellular system [62].

Furthermore, the spreading in these schemes using code dimension multiple access can
also be carried out in the time direction, referred to as T-CDMA, as shown in Figure
2.3 (b). This technique is also known as multicarrier direct-sequence code-division multi-
ple access (MC-DS-CDMA) in mobile radio communications, which is presented here as it
was in the first publications in the literature, with L equal to the number N of subcarriers.
The MC-DS-CDMA signal is generated by a serial-to-parallel conversion of the data sym-
bols into N sub-streams, followed by a DS-CDMA applied on each individual sub-stream.
Thus all the chips of one CDMA symbol are transmitted on the same subcarrier but on dif-
ferent OFDM symbols. The main advantage is the high time diversity gain due to the
spreading in the time direction and to the small number of subcarriers usually used with
these schemes. In the MC-CDMA and MC-DS-CDMA schemes described above, the
spreading is carried out in either the frequency or time direction. However, two-
dimensional spreading code schemes where the chips are distributed in both the frequency

and the time directions can also be implemented [63].

In the time dimension multiple access schemes, each user is allocated a number of
OFDM symbols, and during one symbol duration only one user is able to transmit informa-
tion, as depicted in Figure 2.3 (c). In this case, the chip mapping is only applied in the fre-
quency direction, and the code dimension is used for data multiplexing of the same user.
This scheme is referred to as F-CDM / TDMA.

In the frequency dimension multiple access, each user is allocated a number of subcar-
riers, and on each subcarrier only one user is able to transmit information, as depicted in
Figure 2.3 (d). In this case, the chip mapping is only applied in the time direction, and the
code dimension is used for data multiplexing of the same user. This scheme is referred to
as T-CDM / FDMA.

B. Multiple-block systems

In the previous section, the spreading code length L was assumed to be equal to the number
N of subcarriers, whereas in general L has not to be necessarily equal to N. Besides, in or-
der to better adapt the MC-SS signal to the channel characteristics, different system pa-
rameters have to be modified. For instance, reducing the code length L enables a flexible
system design and can further reduce the complexity of the receiver. Thus, different multi-
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ple-block MC-SS configurations can be obtained by grouping the N subcarriers into B
smaller blocks of length L = N/ B, each of them having a specific multiplexing scheme.

When the multiple access is carried out in the code dimension, the spreading can be
performed in the frequency direction, as with the previous versions of the MC-CDMA
scheme. However, the data multiplexing of each user is performed in both time and fre-
quency dimensions, as shown in Figure 2.4 (a). Here, we can also speak of MC-CDMA but
with L not equal to N anymore. Note that all the users can transmit information simultane-
ously on all the subcarriers, and the number of multiplexed data per user in the frequency
dimension is equal to the number B of blocks. This configuration is referred to as FDM &
TDM / F-CDMA. In addition, the spreading can also be performed in the time direction. In
this case, we have a multiple-block FDM / T-CDMA scheme.

When the multiple access is in the frequency direction, different configurations can be
obtained. One method consists in allocating each block of subcarriers to one user. In addi-
tion, when the spreading is in the time direction, we have a T-CDM & FDM / FDMA
scheme, and when it is in the frequency direction, we have a F-CDM & TDM / FDMA
scheme, represented in Figure 2.4 (b) and Figure 2.4 (¢), respectively. The F-CDM &
TDM / FDMA scheme is also known as spread spectrum multicarrier multiple access
(SS-MC-MA), proposed for the first time by Kaiser and Fazel for mobile radio communi-
cations [64]. The SS-MC-MA scheme can be seen as an extension of orthogonal fre-
quency-division multiple access (OFDMA) by a CDM that multiplexes the data symbols
belonging to the same user.

In the different MC-SS configurations we have already presented, the spreading is car-
ried out either in the frequency direction or in the time direction, and thus it is known as
one-dimensional spreading. Spreading can also exploit both time and frequency diversity
using one single MC-SS configuration. This spreading, known as two-dimensional spread-
ing, can be performed by a two-dimensional code or by two cascaded one-dimensional
codes. An efficient realization of two-dimensional spreading is to use one-dimensional

code followed by a two-dimensional interleaver [62].

As will be explained in Section 2.3, the modulation scheme proposed in this thesis for
UWB systems is based on a modified version of the SS-MC-MA scheme, referred to as
linear precoded orthogonal frequency-division multiplexing (LP-OFDM). It consists in
applying SS-MC-MA principles with a frequency-hopping technique. The main advantages
of SS-MC-MA and LP-OFDM that led to this modulation choice for UWB applications
will also be detailed in Section 2.3.
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2.2 Multiband OFDM

This section provides a description of the Multiband OFDM (MB-OFDM) technique which
is the primary candidate for high data rate UWB applications. Proposed for the first time in
2003 by Batra et al. for the IEEE 802.15.3a WPAN standardization group [35], this ap-
proach is today supported by the WiMedia Alliance and adopted by the ECMA-368 stan-
dard [21]. Since this thesis research started in 2005, our studies will be mainly based on the
MB-OFDM proposal of September 2004 for the IEEE 802.15.3a task group [65]. Note that
some modifications have been made on the physical layer of the MB-OFDM approach by
the standardization committees since 2004. These modifications will be mentioned in the
sequel.

The MB-OFDM approach consists in dividing the UWB spectrum into 14 bands of
528 MHz each, as depicted in Figure 1.5, and applying an OFDM modulation on each band
separately. The bandwidth of these bands was judiciously chosen in order not to increase
the complexity of the low-noise amplifiers (LNA), the mixers, as well as the high-speed
DACs and ADCs. In addition, limiting the upper frequency of the first three bands to
4.8 GHz has several advantages, including shortening the time to market, simplifying the
design of RF and analog front-end circuits, as well as avoiding interference with systems
allocating bands falling in the MB-OFDM bands, such as U-NII band in the USA which
occupies the bandwidth from 5.15 to 5.85 GHz. Thus, a good choice of operating bands
could remove the need to implement complicated notch filters to suppress the interference.

The MB-OFDM system is capable of transmitting information at different data rates
varying from 53.3 to 480 Mb/s, listed in Table 2.1. These data rates are obtained through
the use of different convolutional coding rates, frequency-domain spreading (FDS) and
time-domain spreading (TDS) techniques.

2.2.1 Transmitter architecture

The architecture of the MB-OFDM transmitter is shown in Figure 2.5. At the transmitter,
the input bit stream is first scrambled to make data more random which eliminates long
runs of ones and zeros as well as repetitive patterns. A forward error correction (FEC) code
is then applied to provide resilience against transmission errors. The encoded sequence is
interleaved in three consecutive stages as will be explained later on, followed by a map-
ping into frequency bins of an OFDM symbol. An IFFT is used to transform the frequency-
domain information into time-domain OFDM symbols, and a zero-padding is added to
each symbol. The symbols are then converted via a DAC into continuous time-domain
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analog waveforms, up-converted to the appropriate center frequency and ready to be trans-
mitted.

2.2.1.1 Channel encoding

The scrambled data stream is encoded with a convolutional code. The convolutional en-
coder uses the industry-standard rate T =1/3 code, with generator polynomials gy =133g,
g; =165g and g, =171g, where (.)g refers to the octal representation of the polynomial.
Additional coding rates are derived from the mother rate T =1/3 code by employing a
puncturing procedure that omits some of the encoded bits at the transmitter, which reduces
the number of transmitted bits and increases the coding rate, and inserts a dummy zero
metric into the decoder at the receiver in place of the omitted bits. The proposed coding
rates are listed in Table 2.1.

Table 2.1: WiMedia-based MB-OFDM data rates.

Data rate . Coding rate Coded bits / OFDM
(Mbys) Constellation ) FDS TDS symbol (Ncgps)

53.3 QPSK 1/3 Yes Yes 100
80 QPSK 1/2 Yes Yes 100
106.7" QPSK 1/3 No Yes 200
160 QPSK 1/2 No Yes 200
200 QPSK 5/8 No Yes 200
320 DCM? 1/2 No No 200
400 DCM? 5/8 No No 200
480 DCM? 3/4 No No 200

"' A data rate of 110 Mb/s (r =11/32) is used instead in the IEEE 802.15.3a proposal of Sept. 2004 [65].
2 A QPSK constellation is used instead of the DCM in [65].

Input __| L, Convolutional L, Bit L, L, IFFT L,
data Scrambler encoder interleaver Mapper Pilots, ZPS DAC
exp( j2r fit)
Time-frequency
code

Figure 2.5: Transmitter architecture for the MB-OFDM system.
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2.21.2 Bitinterleaving

The encoded bit stream is interleaved to provide more diversity for transmissions over
multipath fading channels, and consequently more robustness against burst errors. The bit
interleaving process is performed in three distinct stages:

e Symbol interleaving, which permutes the bits across six consecutive OFDM sym-
bols to exploit frequency diversity across the three bands within one band group.

e Intra-symbol tone interleaving, which permutes the bits across the data subcarriers
within an OFDM symbol to exploit frequency diversity across subcarriers and pro-
vide robustness against narrowband interferers.

e Intra-symbol cyclic shifts, which cyclically shifts the bits in successive OFDM
symbols by deterministic amounts to obtain a better exploitation of the frequency

diversity.

The symbol interleaving operation is performed using a block interleaver of size
Nceps % 6/ Nqps , where Ncgps 1s the number of coded bits per OFDM symbol and Nqpg
the TDS factor equal to 1 when there is no spreading in time, and to 2 when the time
spreading is applied. Let the sequence a[i], with i= 0,...,(6/ N1ps ) Ncgps —1, represent the

input bits of the block interleaver. Thus, the symbol interleaver output ag[i] is given by

. i 6 .
as [i]= aH N JJ{ N Jxmod(l, Ncaps )} (2.13)

where LJ is the floor function which returns the largest integer value less than or equal to

its argument value, and mod(x, y) the modulus operator which returns the integer remain-
der after division of X by Y.

The output ag[i] of the symbol interleaver is then permuted using a block intra-symbol
interleaver of size Ny x10, with Ny = Negps /10. The tone interleaver output a:[i],

with 1 =0,...,Negps —1, is given by

ar [i]=as HNi_ J+10xm0d(i,NTim)] (2.14)

The sequence a;[i] is then passed through an intra-cyclic shifter whose output is ex-
pressed by

bi]=ar [ m(i)x Negps +mod (i +m(i)x Neye, Negrs ) | (2.15)

where i =0,...,(6/ Nrps ) Ncges —1, m(i) =] i/ Ncepes |, and N is a shift factor that can be
equal to 33 or 66 depending on the selected data rate.
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2.21.3 Constellation mapping

For data rates of 200 Mb/s and lower, the interleaved binary data is mapped onto a quadra-
ture phase-shift keying (QPSK) constellation. For data rates of 320 Mb/s and higher, the
binary data is mapped onto a multi-dimensional constellation using a dual-carrier modula-
tion (DCM) technique. Note that the first MB-OFDM proposals for IEEE 802.15.3a, in-
cluding the September 2004 proposal, considered only a QPSK constellation for all the
data rates [65].

By switching from a QPSK constellation to a DCM scheme, an additional form of di-
versity can be obtained, which results in an improvement in the overall range of the sys-
tem. This diversity is introduced by mapping four bits onto two 16-point constellations.
The resulting symbols are then mapped onto tones that are separated by at least 200 MHz
of bandwidth, which is equivalent approximately to 50 subcarriers. The DCM technique is
not applied for low data rates (200 Mb/s and below) since the frequency diversity is better
exploited through the use of low rate FEC codes, TDS and FDS techniques. Therefore, the
expected DCM diversity gain for these data rates is minimal and the added complexity for
DCM is not justified.

2.2.14 OFDM modulation
The MB-OFDM system uses an OFDM modulation on each 528 MHz band with a total of

128 subcarriers, divided into 100 data tones, 12 pilot tones, 10 guard tones and 6 null
tones. The resulting 122 energy-carrying tones are modulated using QPSK or DCM.
5 guard tones are placed on each edge of the occupied frequency band, and the information
carried by these tones is generated by replicating the information from the five outermost
data-bearing tones [65]. The 12 pilot tones are distributed regularly over the whole fre-
quency band with a spacing of 10 subcarriers between them, and are dedicated to pilot sig-
nals in order to allow for coherent detection and provide robustness against frequency off-
sets and phase noise. The different parameters of the OFDM scheme are listed in Table 2.2.

An IFFT of size Ny = Nper =128 is used to transform the frequency-domain infor-
mation into a time-domain OFDM symbol, with a sampling frequency f; =528 MHz. The
resulting symbol duration at the output of the IFFT is given by Teer =1/Af =242.42 ns,
with At =4.125 MHz the spacing between subcarriers. The discrete-time signal during the
useful part of the OFDM symbol can be expressed as

”Md(l)m Ng—1 J,272_Mg(|)m N,—1 J,272_Mp(|)m
Neer 4+ Cg(l)e Ner +> Cp(l)e Ner |, (2.16)
1=0 1=0

~ 1

8, [m]zm % Cq(l)e
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where m=0,...,Nger —1, n is the OFDM symbol index, Ng, Ng and Np are the number of
data, guard and pilot subcarriers respectively, Cq, Cq and Cp are the complex numbers
placed on the I™
M, define a mapping from the indices [0,...,Ng —1], [O0,...,Ng —1] and [O0,...,Np—1] to

the logical frequency subcarriers [-N¢/2,...,N; /2] excluding 0, with N; =122 the total

data, guard and pilot subcarriers, respectively. The functions Mg, Mg and

number of used subcarriers.

In addition, a zero-padded suffix (ZPS) is appended to the IFFT output. The ZPS pro-
vides the same multipath robustness as with the traditional cyclic prefix (CP) considered in
most conventional wireless OFDM systems [66], and offers a guard interval that allows
sufficient time for the transmitter and receiver to switch between the different center fre-
quencies. The main advantage of using ZPS instead of CP is that the transmit power can be
maximized. In fact, when a CP is used, redundancy is introduced into the transmitted sig-
nal, which leads to ripples in the average PSD, and consequently a reduction in the trans-
mitted power since the maximum radiated transmit power is limited by the FCC [20].
When a ZPS is used, the ripples in the PSD can be reduced to zero since the transmitted
signal becomes random [20].

In [21] and [65], a ZPS of length 37 and duration Tzs =70.08 ns is used to generate
an output with the desired length of 165 samples. The length of the ZPS was smartly cho-
sen to minimize the impact due to ISI, and thus ICI, and to maximize the collected multi-

Table 2.2: OFDM parameters of the MB-OFDM system.

Parameter Value
Total number of subcarriers (Nggr) 128
Number of data subcarriers (Ng) 100
Number of pilot subcarriers (Np) 12
Number of guard subcarriers (Ng) 10
Total number of used subcarriers (Ny) 122
Sampling frequency (fs) 528 MHz
Subcarrier frequency spacing (As) 4.125 MHz
IFFT / FFT period (Tggr) 242 .42 ns
Number of samples in ZPS (Nzps) 37
ZPS duration (Tzps) 70.08 ns

Symbol interval (Ts) 312.5ns
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path energy, while limiting the overhead. Thus, the total symbol duration becomes
Ts =Tepr +Tzps =312.5ns .

On the other hand, within the OFDM modulation process, FDS and TDS techniques
are used to provide additional diversity gain. FDS entails transmitting the same informa-
tion on two separate subcarriers within the same OFDM symbol by forcing the input data
into the IFFT to be conjugate symmetrical. The advantage is that the IFFT output is always
real, implying that only the transmitter real part needs to be implemented or turned on [20].
TDS is obtained by transmitting the same information across two consecutive OFDM sym-
bols. This technique is used to maximize frequency-diversity and improve the performance
for low data rates (200 Mb/s and lower).

2.21.5 Time-frequency codes

In the MB-OFDM system, time-frequency codes (TFC) provide a frequency-hopping from
a frequency band to another within a given band group, at the end of each OFDM symbol.
Different TFC sequences of length 6 are used to define this hopping scheme [65]. The
ECMA-368 standard specifies three types of TFC: one where the information is interleaved
over three bands, one where it is interleaved over two bands, and one where it is transmit-
ted on a single band, referred to as time-frequency interleaving (TFI), two-band TFI
(TFI2), and fixed frequency interleaving (FFI). Figure 2.6 shows one TFC realization in
the first band group (31684752 MHz), using the TFC sequence {1,3, 2, 1,3,2} . In this fig-
ure, the first OFDM symbol is transmitted on band 1 since the first element of the TFC
sequence is 1, the second symbol is transmitted on band 2, the third symbol is transmitted

on band 3, and so on.

3168 > .
Band 1 z Z
3696 é 77 A ?
Band 2 é é
4224 7 ; ’; - /]
Band 3 % - /
- 7] Turs =70.081s | % R
: : ‘_’ Time
Fri?ﬂu:zn)cy v T, =312.5ns Teer =242.42 ns

Figure 2.6: Example of time-frequency coding for the MB-OFDM system in the first band
group, using the TFC sequence {1,3,2,1,3,2} .
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The TFC technique offers a frequency diversity gain that can be added to the gain pro-
vided by the FEC coding and the FDS technique. This is due to the fact that TFC systems
are using a frequency band that is three times larger than the band of 528 MHz allocated to
a system not applying TFC. Another advantage of frequency hopping between the bands is
that the effective total average transmit power is equal to the average power transmitted per
band times the number B of bands, which is equal to 3 in our case. Note that this advantage
has been a very controversial issue due to the possible implication that the transmit power
may have to be reduced by a factor of B [20].

One of the main advantages of TFC technique is that it provides multiple access be-
tween users by assigning a unique TFC to each user. Thus, if we consider a 3-user system,
at a given OFDM symbol duration, each user can occupy one of the three bands of a given
band group, and during the next symbol duration, each of the users is allocated another
band by following the used TFC sequence. However, collisions can not be avoided, espe-
cially when more than three users are transmitting simultaneously. Hence, the TFCs were
designed to ensure that the average number of collisions between any two TFCs is 1/3, and
that the distribution of collisions should be as uniform as possible for all asynchronous
shifts of the codes.

On the other hand, the TFC can be implemented using simple synthesizer architectures
that can rapidly switch between the three bands within a given band group. A low com-
plexity architecture where all the center frequencies of the bands can be generated from a
single phase-locked loop (PLL) is proposed in [20]. In addition, switching between the
different bands can be accomplished within a few nanoseconds (approximately 2 ns).

The transmitted RF signal can be written in terms of the complex baseband signal as

n=0

N1 _
SR (t)=Re{ Y s (t—nTs)e‘z”fc(M(”))t}, 2.17)

where Ngym 1s the number of symbols in the packet, s, (t) represents the complex baseband
signal of the N symbol, with s,(t)=0 for t[0:T,], M (n) the mapping TFC function
of the n® symbol to the appropriate frequency band, and f. the center frequency of the

corresponding frequency band.

2.2.2 Receiver architecture

After having detailed the transmission design of the MB-OFDM system, we move to a
brief description of the corresponding receiver. The architecture of the MB-OFDM re-

ceiver is shown in Figure 2.7 [36]. First, the received signal is passed through a pre-select
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Figure 2.7: Receiver architecture for the MB-OFDM system.

filter, amplified with a LNA and down-converted to the complex baseband using in-phase
and quadrature mixers. The sequence of center frequencies of the different bands is ob-
tained through the knowledge of the appropriate TFC. The out-of-band interferers of the
complex baseband signal are then rejected using a low-pass filter (LPF). The signal is then
sampled and quantized using a 528 MHz ADC to obtain the complex digital baseband sig-
nal. The automatic gain control (AGC) loop controls the settings of the variable gain am-
plifier (VGA), and when a packet is detected, the receiver determines the optimal FFT
placement window for each frequency band. The samples corresponding to the ZPS are
added to the start of the OFDM symbol using an overlap-and-add (OLA) technique. A
128-point FFT is then carried out and the output is equalized using a frequency-domain
equalizer (FEQ). The effect of carrier and timing mismatch between transmitter and re-
ceiver is removed using a phase correction. The signal is then demapped, deinterleaved,
followed by a maximum likelihood decoding using a Viterbi decoder. Finally, the output is

descrambled and the estimated sequence of binary data is collected.

2.2.3 System performance

In this section, we present some results of simulations carried out on the MB-OFDM sys-
tem described previously, in order to analyze its performance. In these simulations, we
consider an indoor environment, and we use the channel model adopted by the IEEE
802.15.3a task group, whose characteristics are listed in Table 1.1. In what follows, simu-
lations are applied on channel model CM1 where a LOS case is considered and the trans-
ceiver spacing is less than 4 meters. Frames of 150 OFDM symbols are used, and each
frame is transmitted on a different channel realization, from a total of 100 available realiza-
tions [43].

Figure 2.8 shows the simulation results performed on band 1 (3168-3696 MHz) where
no TFC frequency hopping is applied. Consequently, all the OFDM symbols are transmit-
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ted on the same band. On the other hand, Figure 2.9 shows the simulation results per-
formed on the band group 1 (3168-4752 MHz) using a TFC sequence of {1,3, 2, 1,3,2}
which provides a frequency hopping between the three bands at the end of each OFDM
symbol.

In Figure 2.8 and Figure 2.9, the average bit-error-rate (BER) is presented as a func-
tion of Ep /Ny, where E, is the average energy per useful bit and N, is the AWGN
power density, and the ideal case of perfect channel estimation is considered. The perform-
ance of the MB-OFDM system is presented for the different MB-OFDM data rates listed in
Table 2.1. Note that the parameters considered here are the ones adopted in [65]. Thus, a
data rate of 110 Mb/s is presented instead of the data rate of 106.7 Mb/s, and a QPSK is
used instead of a DCM for data rates 320, 400 and 480 Mb/s. Note that replacing QPSK by
DCM would slightly improve the system performance at the expense of higher system
complexity.

By comparing Figure 2.8 and Figure 2.9, we notice that the frequency hopping from a
band to another using TFC offers a system gain varying between 0.5 and 1dB at
BER =107, depending on the selected data rate. This gain is due to the frequency diver-
sity achieved by the use of a three times larger frequency band. As expected, the
MB-OFDM system with a data rate of 55 Mb/s has the lowest BER, since it uses the lowest
coding rate with FDS and TDS techniques. Similarly, the system with the highest data rate
of 480 Mb/s has the worst performance in terms of BER due to its high coding rate of
r=3/4. Besides, in Figure 2.9, if we compare data rates 53.3 and 110 Mb/s, as well as
data rates 80 and 160 Mb/s, we notice that the difference in E, /N, at BER =107 is less
than 0.5 dB. This means that applying the FDS reduces the data rate by half without offer-
ing a considerable E,/Nj gain. In addition, if we compare systems with data rates of 80
and 110 Mb/s, we notice that the system with a data rate of 110 Mb/s offers better BER
performance even if it provides higher data rate. This is due to the fact that the FDS ap-
plied to the system with a data rate of 80 Mb/s is not efficiently exploited.

Similar simulations have been performed on channel models CM2, CM3 and CM4,
and similar results, not presented here, have been obtained, leading to the same conclu-
sions. However, we should note that a performance limitation can appear at high SNR lev-
els for high data rates, when the channel model CM4 is used. This performance degrada-
tion can be understood by noticing that the guard interval length is smaller than the delay
spread of channel CM4 [67].
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Figure 2.8: MB-OFDM system performance on band 1, using channel model CM1 and without
applying the TFC frequency hopping technique.
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Figure 2.9: MB-OFDM system performance on bands 1, 2 and 3, using channel model CM1
and considering a TFC frequency hopping between the three bands.
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2.3 Proposed LP-OFDM UWB system

2.3.1 MB-OFDM drawbacks

The MB-OFDM approach offers potential advantages for high data rate UWB applications,
including the spectral flexibility and the ability to capture multipath energy efficiently and
to deal with narrowband interferers. The numerous advantages make it the primary choice
for high data UWB systems, compared to the IR-UWB approach. However, the
MB-OFDM approach has some limitations that can be reduced using efficient techniques
such as linear precoding, MIMO techniques and dynamic resource allocation.

The main MB-OFDM limitations occur when we consider a multi-user context. In fact,
in the MB-OFDM solution, the multiple access is obtained by the use of specific TFC se-
quences that provide a frequency hopping between users from a band to another. Collisions
between the TFCs, and thus interference between users, can occur due to the asynchronous
shifts of the codes. These collisions can not be avoided especially when more than three
users are transmitting simultaneously, since all the users are allocated one of the only three
bands in a given band group. The only proposed solution in the MB-OFDM standards [65]
consists in designing the TFCs in a way that the distribution of collisions would be as uni-
form as possible for all asynchronous shifts of the codes, and that the average number of
collisions between any two TFCs would be equal to 1/3. Consequently, interference be-
tween users is not reduced significantly.

In addition, the TFCs are randomly distributed between the users. This strategy lacks
in the ability to allocate bands optimally since the available bands are not assigned to each
user according to its channel condition. Moreover, the transmit power of each user is
equally distributed among the assigned band without any power adaptation to the channel
variations. If adaptive resource allocation was considered, the performance of MB-OFDM
systems would be improved significantly, as will be seen in Chapter 3 and Chapter 4.

On the other hand, the FCC limitation on the spectral mask leads to a significant reduc-
tion in terms of UWB systems performance. For instance, high data rate applications are
limited to very short ranges. Currently, the coverage of UWB systems is at most 10 meters
at the data rate of 110 Mb/s and only 3 meters at the data rate of 480 Mb/s [36]. However,
different applications may require larger coverage, i.e. applications in warehouse or even
residential environments. Consequently, more research and improvements on the existing
UWB systems are required to increase the systems range, transmission rate, and robust-

ness.
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2.3.2 Previous works on MC-SS systems in an UWB context

In order to improve the performance of UWB systems, and particularly the performance of
the MB-OFDM system, some studies have proposed to add a spread spectrum scheme to
the MB-OFDM approach. Most of these studies consider a scheme based on the well-
known MC-CDMA technique [68]-[73], with a spreading in the frequency direction, as
described in Figure 2.3 (a). In the MC-CDMA systems proposed in [68]-[73], the different
users transmit information on all the subcarriers simultaneously, and the multiple access is
carried out in the code dimension where each user is allocated a specific code sequence.

The MC-CDMA frequency spreading improves the signal robustness against the fre-
quency selectivity of UWB channels, as explained in [68]. The authors in [68] also de-
scribe how the transmitter range can be significantly improved using MC-CDMA com-
pared to the range of TH-PPM UWB systems. In [69], a performance comparison between
DS-CDMA, OFDM and MC-CDMA UWB systems is presented. This study shows that an
OFDM system and a DS-CDMA system using 16 RAKE fingers have comparable per-
formance in terms of BER, and that a MC-CDMA system can have better BER perform-
ance. However, the authors suggest using a MC-CDMA signal bandwidth of 1.584 GHz,
equivalent to a total of three MB-OFDM bands, which increases the required sampling
frequency of the ADCs, and thus increases the system complexity significantly.

One main advantage of MC-CDMA compared to MB-OFDM systems is the signal ro-
bustness against narrowband interference, since the MC-CDMA signal bandwidth becomes
much larger than the interfering signal bandwidth due to the spreading in the frequency
direction. In [70], the performance of MC-CDMA UWRB systems is studied in the presence
of narrowband interference. This paper shows that when the number of subcarriers jammed
by narrowband interferers is small, the MC-CDMA scheme is efficient without using notch
filters. This is due to the frequency diversity gain collected from the non-jammed subcarri-
ers. However, when the number of jammed subcarriers is relatively large, using notch fil-
ters can improve the multicarrier system performance significantly. A complementary
study showing that minimum mean-square error (MMSE) receivers in MC-CDMA UWB
systems are robust to combat strong narrowband interference is given in [71]. Another in-
teresting study on interference problems with MC-CDMA UWB systems is carried out in
[72]. The authors propose a simple-hardware interference mitigation technique for two
systems sharing the same frequency bands, both based on UWB technology. The first sys-
tem considers a pulse-based UWB signal, whereas the second system is based on a
MC-CDMA scheme using the same OFDM parameters as in the MB-OFDM solution.

Similarly to any multicarrier system using OFDM modulation, the MB-OFDM system
is subject to high PAPR which leads to severe clipping effects. The spreading techniques
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can be efficiently exploited to reduce the PAPR of the OFDM signal. Thus, the authors in
[73] propose a MC-CDMA system for UWB applications, using spreading sequences
smartly constructed in order to reduce the PAPR of the signal, while providing a good
spread spectrum gain and bandwidth efficiency. However, this leads to a decrease in the
transmission rate, and thus a trade-off between system robustness and transmission rate is
required.

In addition, only few authors have recently proposed multicarrier spread spectrum
schemes different than the classical MC-CDMA scheme. In [74], the author proposes a
TH/MC-CDMA scheme based on time-hopping, multicarrier modulation and CDMA tech-
niques. The main advantages are that the signals have a flat Gaussian noise-like PSD over
a very wide bandwidth, and that the nonlinear fluctuations caused by the high PAPR in MC
systems can be significantly mitigated due to the TH characteristics. Another scheme ap-
plying a spread spectrum technique to the MB-OFDM system is given in [75]. It employs
an interleaving technique that places the modulated signal samples of different subcarriers
at different instants instead of superposing them together. The main advantages of this
scheme are that the frequency hopping technique would not be needed and the transmitted

signal bandwidth can be flexibly selected to meet different system requirements.

2.3.3 LP-OFDM system description

In this thesis, we propose a new UWB scheme based on the combination of spread spec-
trum techniques, or equivalently linear precoding (LP) principles, with the OFDM wave-
form of the MB-OFDM system [76]. The objectives of this scheme are to make the
MB-OFDM system more flexible, to reduce its limitations and to improve the overall sys-
tem performance, without increasing the system complexity significantly. Although origi-
nally proposed for multi-user access schemes, the concept of combining spread spectrum
techniques with multicarrier modulation can be extended to all single-user OFDM systems.
In this case, the resulting scheme is also known as linear precoded OFDM (LP-OFDM).
The LP process consists in applying precoding matrices to various blocks of subcarriers of
the multicarrier spectrum [77], [78]. Thus, the system evolution reduces in practice to a
simple addition of a precoding block in the transmission chain, which leads to a complex-
ity equivalent to the one of a Hadamard matrix multiplication.

The proposed scheme, referred to as LP-OFDM in the sequel, can be seen as a modi-
fied version of the SS-MC-MA waveform proposed by Kaiser and Fazel for mobile radio
communications [64] and described in Section 2.1.2.3. Taking into account the frequency
selectivity and the slow-time variations of the UWB channel in an indoor WPAN environ-
ment, the spreading sequences of the LP-OFDM scheme are carried out in the frequency



2. System specifications 53

dimension, same as in SS-MC-MA and MC-CDMA systems. This spreading component
improves the signal robustness against frequency selectivity and narrowband interference,
since the signal bandwidth becomes much larger than the coherence and interference
bandwidths. Besides, the multiple access is carried out in the frequency dimension as in
SS-MC-MA, and not in the code dimension as in MC-CDMA systems. However, the dif-
ference between SS-MC-MA and LP-OFDM is that, instead of distributing the blocks of
subcarriers within one OFDM symbol to the different users, all these subcarriers blocks are
allocated to only one user. The remaining users are then given other sets of blocks of sub-
carriers on different frequency bands, and each user is then able to transmit its own OFDM
symbol simultaneously. Note that the OFDM parameters of the LP-OFDM scheme are the
same as the OFDM parameters of the MB-OFDM technique, listed in Table 2.2, to present
a fair systems comparison.

In order not to modify the ADCs design and increase the LP-OFDM system complex-
ity compared to the MB-OFDM system, the same multiband technique with the same sub-
bands bandwidth of 528 MHz is considered. Besides, the same TFC technique is applied to
LP-OFDM systems in order to provide frequency hopping between the users from a band
to another, and thus to benefit from an additional frequency diversity.

A schematic representation of the LP-OFDM signal for three users occupying the first
three 528 MHz bands of the MB-OFDM scheme is depicted in Figure 2.10. At a given
time, each user is allocated one of the three bands, depending on the used TFC sequence.
Each band is divided into several blocks, each of them including a number of subcarriers
equal to the spreading code length L. Thus, the total number of blocks per user is given by
B=N/L, where N is the number of data subcarriers per OFDM symbol. Note that in
Figure 2.10, the subcarriers linked by a same spreading code are depicted adjacent to each
other to simplify the schematic representation. However, in reality these subcarriers are not
necessarily adjacent, and a smart subcarriers distribution on the different blocks of an
OFDM symbol can improve the system performance in terms of range and throughput, as
we will see in Chapter 3. In addition, a number K of data symbols, equivalent to the num-
ber K of used spreading sequences, are simultaneously transmitted by the same user on a

specific subset of subcarriers and undergo the same distortions.

In brief, same as the MC-CDMA technique, the proposed LP-OFDM scheme exploits
the advantages of combining spread spectrum techniques and multicarrier modulation. The
spreading in the frequency direction improves the signal robustness against frequency se-
lectivity. In addition, UWB systems are subject to strong narrowband interferers due to the
large frequency band that overlays numerous existing spectral allocations. Thus, the fre-

quency spreading can be considered as a potential solution to combat narrowband interfer-
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Figure 2.10: LP-OFDM schematic representation for three users occupying the first three
bands of the MB-OFDM scheme.

ence. Furthermore, ISI and ICI can be avoided in both MC-CDMA and LP-OFDM sys-
tems, resulting in simple data detection techniques. Another advantage of both systems is
the ability to reduce the PAPR of the OFDM modulation by a judicious exploitation of the
LP component.

On the other hand, the proposed LP-OFDM scheme has numerous advantages over
MC-CDMA. In fact, it is well known that the spreading operation introduces some inter-
ference between the spreading sequences when orthogonality is not maintained. Thus,
MC-CDMA systems have to cope with multiple access interference (MAI) which is not
present in the LP-OFDM system. Instead of MAI, the LP-OFDM system has to cope with
self-interference caused by the superposition of signals from the same user. This self-
interference can be easily compensated for by a simple detection with only one complex
coefficient per subcarrier. Besides, different studies including judicious distributions of
subcarriers and spreading codes can be carried out to reduce the effect of self-interference
on LP-OFDM systems [76], [79]. In addition, in the LP-OFDM system, each subcarrier is
exclusively used by one user at a given time, enabling low complexity channel estimation.
In MC-CDMA systems on the other hand, the channel estimation has to cope with the su-
perposition of signals from different users, which are faded independently on the same
subcarriers if the signals have been transmitted from different places as in the uplink appli-
cations, which increases the complexity of the channel estimation [62].

Furthermore, the LP-OFDM scheme increases the resource allocation flexibility com-
pared to the MB-OFDM system, as the spreading technique offers additional degrees of
freedom, including the spreading code length, the number of codes, and the subcarriers
distribution between the blocks [80]. Another advantage of LP-OFDM over MB-OFDM is
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that it provides a wide range of possible data rates due to the high flexibility brought by the
joint assignment of the coding rates and the number of used spreading codes.

In addition, as explained previously, when we consider more than three users transmit-
ting simultaneously in the MB-OFDM system, collisions between them can not be avoided.
In Figure 2.10, we have presented an example of three users transmitting information in the
LP-OFDM system. This schematic representation is for LP-OFDM systems with one to
three simultaneous users. However, the LP-OFDM scheme can be easily modified to fit the
case of more than three users transmitting simultaneously. Different solutions avoiding
collisions between users are possible. One solution consists in dividing each of the three
MB-OFDM bands between two or three users in the code dimension, which corresponds to
a MC-CDMA signal in each band. Consequently, a number of six to nine users will be able
to send information without collision in the modified LP-OFDM scheme.

2.3.4 LP-OFDM signal

The architecture of the LP-OFDM transmitter of each user is depicted in Figure 2.11. Let L
represent the spreading code length which is considered the same for all the blocks, B the
number of blocks within a single band allocated to one single user, and K the number of
used codes. Thus, each user is able to transmit simultaneously a number K of data symbols
streams per block, using a CDM technique. The resulting K parallel converted data sym-

bols of a given block b can be written as a vector
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Figure 2.11: LP-OFDM transmitter for a single user.
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.
x(® :[xl(b),...,xﬁb),...,x%)] . (2.18)

Each data symbol is then multiplied by an orthogonal spreading code of length L, written
as Cx =[Cik...Clx ...CL,k]T . Codes ¢, constitute the vectors of the spreading codes matrix
of size LxK, given by

C=[c...Ck...Ck]. (2.19)

The spreading matrix C can be the same for all the blocks. The modulated spreading codes
are then synchronously added, resulting in the transmission vector per block

s® —C x® (2.20)

T
with s® :[Sl(b),...,sl(b),...,s(l_b)] . The transmission vectors of the different blocks are
then inserted at the input of the OFDM modulation.

24 Conclusion

In this chapter, we have started by presenting the principles of the main transmission tech-
niques we are dealing with in this thesis. Then, we have described the MB-OFDM system
that can be considered as the starting point of our studies. The MB-OFDM approach offers
potential advantages for high data rate UWB applications, which make it the main candi-
date for high data rate WPAN standardizations. These advantages include the spectral
flexibility and the ability to capture multipath energy efficiently and to deal with narrow-
band interferers. However, the MB-OFDM approach is subject to some limitations notably

in terms of system range and robustness, and in terms of multiple access between users.

In order to reduce the MB-OFDM limitations and to improve the total system perform-
ance, we have proposed a new UWB scheme based on the combination of spread spectrum
techniques, or equivalently linear precoding principles, with the OFDM waveform of the
MB-OFDM system. The system evolution reduces in practice to a simple addition of a
precoding block in the transmission chain, which does not significantly increase the system
complexity considerably. Taking into account the frequency selectivity and the slow-time
variations of the UWB channel in an indoor WPAN environment, as well as the strong
narrowband interferers in the UWB spectrum, the LP-OFDM spreading sequences are car-
ried out in the frequency dimension. In order not to significantly increase the LP-OFDM
system complexity compared to the MB-OFDM system, the same OFDM parameters and
the same multiband technique as with the MB-OFDM technique are applied.
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Furthermore, the LP-OFDM scheme is very flexible compared to the MB-OFDM sys-
tem, since the spreading technique offers additional degrees of freedom, including the
spreading code length, the number of codes, and the subcarriers distribution between the
blocks. Chapter 3 and Chapter 4 present an analytical study of the LP-OFDM system,
whose objective is to improve the system performance in terms of throughput, range and
robustness. Thus, different resource allocation strategies optimizing the LP-OFDM system
parameters are proposed. Besides, this analytical study shows that the spreading compo-
nent of the LP-OFDM scheme can be advantageously exploited in terms of flexibility and
performance.

Finally, Chapter 5 is dedicated to the global LP-OFDM system study taking into ac-
count all the blocks of the transmission chain. This study shows that the LP-OFDM system
performance outperforms the MB-OFDM system performance, thanks to the spreading
component. In addition, a MIMO scheme is added to the global LP-OFDM system in order
to improve the total range.






Chapter 3

Resource allocation principles,
target symbol-error-rate approach

RESOURCE allocation is a fundamental aspect in the design of multicarrier systems.
This chapter is dedicated to the study of resource allocation principles and its exploi-
tation in OFDM and LP-OFDM systems, considering an UWB context. Due to the slow
time variations of the UWB channel, resource allocation can be efficiently implemented in
UWB systems without significantly increasing the systems complexity. A general over-
view on resource management principles is first presented and the different optimization
strategies, namely, rate maximization and margin maximization, are described. Classical
solutions for OFDM systems and new optimal solutions for LP-OFDM systems are then
detailed, taking into account the UWB characteristics. Besides, the performance of the pro-
posed allocation algorithms is discussed and the simulation results obtained with the
LP-OFDM scheme of the proposed system are compared to the results obtained with the
OFDM scheme of the WiMedia approach. Note that in this chapter, a classical target sym-
bol-error-rate (SER) approach is considered, whereas in Chapter 4, a study based on a new
system mean bit-error-rate (BER) approach is carried out. Finally, an additional optimiza-
tion study based on a dynamic distribution of the time-frequency codes between the users
of an UWB system is proposed. The different optimization results presented in this chapter
show that the linear precoding component can be efficiently exploited for high data rate
UWB applications, and that the LP-OFDM system outperforms the OFDM system of the
WiMedia solution.

3.1 Resource management principles

3.1.1 General overview

The management of the available resources of a communication system is of major impor-
tance when we want to optimize its performance. Every system is subject to physical and

59
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technical limitations, and to some constraints imposed by the quality of service (QoS). Al-
ternatively, different degrees of freedom provided by the system can be configured to deal
with these limitations and constraints. For instance, when the channel state information
(CSI) i1s partially or perfectly known at the transmitter side, these degrees of freedom can
be adapted to the state of the channel in order to respect the system constraints and desired
QoS. Note that when the channel response varies slowly in time, as in the case of indoor
UWB applications, this response can be considered as quasi-static during one frame. Con-
sequently, the CSI can be sent by a simple feedback to the transmitter at the beginning of
each frame, which does not significantly increase the implementation complexity of the
resource management process.

The main limitations in a communication system are the allocated frequencies and the
transmit power. The frequency constraint is due to the fact that all the systems are assigned
limited frequency bands, which reduces interference with each other, and the power con-
straint is imposed by the system standards mainly to respect medical regulations and re-
duce interference. In the case of UWB communications, the system benefits from a very
large frequency band, contrarily to most of the communication systems. However, a strong
power limitation in terms of power spectral density (PSD) is imposed. On the other hand,
the system degrees of freedom strongly depend on the considered system. In an OFDM
system for instance, a different number of bits and a different power level can be allocated
to each subcarrier depending on its channel state. The LP-OFDM system on the other hand
benefits from additional degrees of freedom related to the linear precoding scheme, such as
the number of spreading codes being used and their distribution on the different subcarri-
ers.

Theoretically, different studies have been recently carried out to determine the capacity
of broadcast and multiple access channels [81], [82]. These studies focus on the capacity
regions of these channels. Different allocation strategies aiming to reach the borders of
these regions and thus to maximize the total system throughput have been proposed [83],
[84]. The existing solutions are based on the use of optimal receivers with interference
cancellation which are not considered in our study because of their implementation com-
plexity. In the proposed LP-OFDM system, the transmitter and receiver have a specific
scheme using orthogonal codes with a spreading operation carried out in the frequency
direction. This kind of schemes is considered suboptimal in terms of information theory
since the borders of the capacity regions can not be reachable. However, they offer receiver
schemes with low complexity, and thus, they are widely used in practical systems. Conse-
quently, we will be talking about resource allocation within system capacity regions in-

stead of channel capacity regions.
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3.1.2 Channel capacity and SNR gap

For a non-dispersive channel having an attenuation factor o and affected by the presence of
an AWGN with a power density N,, the maximum reachable throughput depends on the
frequency band W and the transmit power density E,, and can be expressed as explained
earlier by

C =w1og2(1+°‘NESJ, 3.1)
0

where C is given in b/s and aEs /Ny is equivalent to the SNR. This throughput limit is
only reachable if a theoretical code of infinite complexity and infinite coding/decoding
delay is used, whereas in real systems, practical suboptimal codes are considered. Conse-
quently, the binary throughput that can be transmitted by the channel is always lower than
this theoretical capacity C. Thus, a parameter I', known as SNR gap, is introduced to
measure the relative performance of a system using a given coding scheme versus the theo-

retical capacity of the channel.

For a given margin I', defined by a fixed SER probability Ps and a given coding
scheme, the total number R of bits per symbol that can be transmitted is given by [85]

I aEs
R=1lo 1+— . 3.2
gz( TN, J (3.2)

This practical capacity is clearly lower than the theoretical capacity. In addition, the SNR
gap is also known as normalized SNR since from (3.2) it can be written as

_ SNR

r .
2R —1

(3.3)

Thus, by knowing the channel state information at the transmitter and the SNR gap of the
chosen coding scheme, we can find the number of information, in bit per symbol, that can
be transmitted on the channel for a given transmit power density Es.

The constellation types that are considered in the proposed LP-OFDM system are
quadrature amplitude modulations (QAM). The SNR gap which determines the efficiency
of the QAM transmission schemes can be obtained from the error rate curves for a given
operating point that can be for example a target BER or a target SER. Figure 3.1 presents
the practical capacity of the different QAM constellations for a given BER probability
Pb=10"° and a given SER probability Ps=107>. Note that the capacity curves depicted
in this figure are derived from classical capacity approximations given in [86]. The SNR
gap ' is equivalent to the distance between the different QAM operating points and the
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Shannon limit. We notice that for a fixed SER value, taking into account the capacity ap-
proximations, I remains constant when the constellation order is changed, which offers a
real advantage for the implementation of resource allocation algorithms. This advantage is
one of the main reasons why most of the allocation studies in the literature consider a tar-
get constant SER approach. On the other hand, for a fixed BER value, I' is not constant
anymore, and it slightly decreases when the constellation order increases. For instance, at
Pb=107, I' =8.42dB for 2-QAM constellations and I" =7.45 dB for 512-QAM constel-
lations, whereas at Ps =107, ' =8.42 dB for all the constellations. Note that the SNR gap
variation in the case of fixed BER is reduced when the BER value is low (Pb=107%). Al-
though it is not commonly used, considering a constant BER approach has several advan-
tages that will be detailed in Chapter 4.

The SNR gap of QAM constellations can be theoretically obtained from the SER prob-

ability expression which can be approximated, in the case of a Gray code, by [86]

R_E

Ps ~ 28rfC m NO

, (3.4)

with Ep / Ng >>1, where Ey is the bit energy. Besides, the SNR can be expressed as
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Figure 3.1: SNR gap for different QAM constellations, considering a constant BER and a con-
stant SER.
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sNR=Fs _RE

: 3.5
No - Ny (3.5)

Thus, by comparing with (3.2), we find that

Ps zzerfc(@). (3.6)

This equation shows that the SER probability is independent of the QAM constellation
order, and consequently I' is constant for a given SER, which explains the results obtained
in Figure 3.1.

On the other hand, in classical resource allocation problems, an additional margin v,
known as noise margin, is added to the SNR gap I'. This margin ensures that the target
error rate is reached even if the noise level is increased by a factor of y. The total through-
put in bit per symbol can then be written as

R = log, [1+ir O‘NES j . (3.7)
Y 0

Thus, increasing the value of y improves the system robustness against noise, and hence
the new operating point of the QAM constellations becomes at a distance of (F+y) dB

from the Shannon limit.

3.1.3 Optimization strategies

When the CSI is known at the transmitter, adaptive bit and power loading algorithms can
be proposed to distribute the available bits and power over the channels in an optimal way
that maximizes performance and preserves a target QoS. The most common optimization
problems are the maximization of the overall throughput for a given power constraint,
known as rate maximization (RM), and the minimization of the energy for a given target
throughput, known as margin maximization (MM). Note that the MM problem is equiva-
lent to maximizing the system range.

Several loading algorithms have been proposed for multicarrier systems in the litera-
ture. These algorithms, which consider either RM or MM problem, can be classified in two
types. The first type employs discrete greedy-type methods that incrementally allocate an
integer number of bits at the expense of high computational complexity [87]. The second
type treats the allocation problem using numerical methods, i.e. bit loading based on chan-
nel capacity approximations and bit error probability expressions, which in general results
in real numbers for optimum bit allocation [88]-[91]. However, for practical applications,
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the number of bits per subcarrier is restricted to integer values, and thus, this type of algo-
rithms includes a final suboptimum bit-rounding step, which may sometimes lead to allo-
cations that are far from the optimum. Therefore, the implementation of loading algorithms
is usually a tradeoff between how close they come to the optimum allocation and how
quickly they reach their final allocation. In this thesis, both types of algorithms are pro-
posed for different resource allocation problems.

3.1.4 Resource allocation for UWB systems

In UWB systems, the channel response, described in Section 1.7, varies slowly in time and
can be considered as quasi-static during one frame. Hence, the CSI can be sent to the
transmitter by a simple feedback at the beginning of each frame, which does not increase
the system complexity significantly. Thus, assuming the CSI knowledge at the transmitter,
different adaptive loading algorithms can be proposed. However, to this date, research
work on resource management for UWB communications is still limited. Some of the re-

lated existing work is summarized as follows.

In [92], a power allocation technique for clustered MB-OFDM is proposed. Each sub-
band is divided into several groups of subcarriers, called clusters, and then each cluster is
dynamically assigned a unique power in order to maximize the total system throughput.
Results show that the proposed algorithm has a performance close to the one of a standard
water-filling scheme, but with low complexity. In [93], a new scheme that efficiently allo-
cates the sub-bands as well as the transmit power among all users and consequently re-
duces power consumption without compromising performance, is described. The sub-band
assignment and power allocation strategy can be seen as an optimization problem whose
goal is to minimize the overall transmit power provided that all users achieve their re-
quested transmission rates and desired packet error rate, under a power spectral density
constraint defined by the FCC regulations. The authors in [94] propose two power alloca-
tion schemes for single-band OFDM UWB transmissions with space-time codes, under the
assumption of perfect and partial CSI at the transmitter. The results show that the water-
filling scheme provides the smallest outage probability while the scheme with limited CSI
feedback has lower feedback overhead and slight performance loss.

In [95], the radio resource sharing problem is formulated as a joint rate and power as-
signment problem that is central in multiuser UWB networks. The authors also propose
suboptimal algorithms that dynamically assign the transmission rate and transmitted power
of each node. The proposed radio resource sharing mechanism performs a handshaking
procedure to establish a communication link. Specifically, the mechanism relies on two
handshakes between the sender and its neighbors to obtain the required information for
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link rate and power assignments. In [96], a radio resource allocation problem is also formu-
lated to allocate transmitted power and data rate of each node such that the system
throughput is maximized, while always reserving a specific amount of channel capacity for
best effort traffic. In [97], the authors propose an algorithm which optimizes transmission
efficiency of mobile UWB users by adapting the error protection to both channel status and
QoS constraints. Performance in the case of a slowly time varying UWB channel is dis-
cussed.

3.2 OFDM system with a target symbol-error-rate

In this section, we present the classical rate and margin maximization principles that can be
generally applied for OFDM systems, assuming knowledge of CSI at the transmitter. This
study constitutes a reference to the next sections where a linear precoding component is
added to the OFDM scheme. In this optimization study, we consider that the different sub-
carriers of the OFDM scheme have the same target SER.

3.2.1 System capacity

Let us first start by deriving the mathematical expression of the OFDM system capacity.
As presented in Chapter 2, the received OFDM signal at the output of the FFT can be writ-
ten as a vector

Y =HX +N, (3.9)

where Y =[Vi...¥n...yn1", X =[X...Xn...Xn]1T, N=[{...A,...An]7, with n the subcar-
rier index and N the total number of subcarriers in the system, and H the channel matrix

which contains the eigenvalues h, of the channel, i.e. the channel coefficients.

The system capacity can be derived from the mutual information between the transmit-
ted and received signal, which can be expressed in the case of Gaussian signals with per-
fect CSI at the transmitter and receiver sides as

I(X|H,Y|H):log2de{lN +NLOHRXHH}, (3.9)
with Iy the identity matrix and Ry the covariance matrix of X. The symbol [.]" denotes
the Hermitian transpose of a vector or a matrix. By considering that the symbols transmit-
ted on the different subcarriers are decorrelated, the covariance matrix Ry becomes diago-
nal, with E[X,X."]=E,, Vn, with E, the energy of subcarrier n. The mutual information
of the OFDM scheme, in bit per symbol, becomes
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! zlogzﬁ(l+|hn|2ij 210g2[1+|h I E”j (3.10)
n=1 No
Thus, the total transmitted throughput, which is equivalent to the mutual information, is
equal to the sum of the throughputs carried by the different subcarriers.
Taking into account the SNR gap of the real order QAM constellations and the noise
margin described previously, the reachable OFDM throughput can then be derived from
(3.10) as

Rorou —ZRn —Zlog2(1+—|h i E”j (3.11)

n=1 n=1

where R, is the reachable throughput of subcarrier n. The power constraint can be gener-
ally defined as a total power Er limitation, i.e. >, E, < Er, or as a PSD constraint, i.e.
E, <E,,Vn, with E, the maximum authorized power on subcarrier N. Since the power
limitations imposed by the FCC for UWB applications is in terms of PSD, we will only
consider a PSD constraint in the sequel.

3.2.2 Rate maximization

In this section, the optimization strategy we start with is the maximization of the OFDM
system throughput for a given target SER. The RM problem is defined as

maleogz( +—|h |2 En]

subjectto E, < En, vn.

(3.12)

The throughput is maximized by judiciously distributing the energy E, on the different
subcarriers. However, we notice that in this RM case, bit loading strategies are not useful

since each subcarrier throughput only depends on its energy E,, as we can see from (3.7).

The optimization study is carried out in two complementary steps. The first step finds
out the optimal solution when the bits can have real values, and the second step considers
the practical cases where the number of bits per subcarrier is restricted to integer values,

and thus, a bit-rounding operation is carried out.
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3.2.21 Real bit optimization

When the number of bits per subcarrier can have real values, it is obvious that the RM so-
lution consists in allocating the maximum available energy to each subcarrier. Thus, the

real bit and power allocation solution can be written as

Rn =log, (1+L|hn|2 E], vn,
v Ny (3.13)

En = En, Vn.

In this case, the practical capacity of the QAM constellations depicted in Figure 3.1 is
reached. Note that if a total power constraint was considered instead of a PSD constraint,
the solution would have been completely different, as described in [87].

3.2.2.2 Integer bit optimization

The solution is also straightforward in the case of integer bit optimization. In fact, the
throughput of each subcarrier can be obtained by a simple rounding of the real number of
bits per subcarrier. Note that the floor operation should be considered in order to respect
the power limit and the SER probability. Thus, from (3.11) and (3.13) the integer bit and

power allocation solution becomes

§n=LRnJa vna

_ - 3.14

En=er—°2(2Rn—1), vn, G
[

where X means that X results from the integer bit optimization. Note that E, given in
(3.14) is always lower that the PSD limit E,. However, in order to simplify calculations,
each subcarrier is allocated the whole available energy, which also provides an additional

noise margin.

As we will see from the numerical results later on, in the case of a PSD constraint, the
OFDM scheme is not able to exploit all the available energy due to the bit rounding opera-
tion. In addition, the subcarriers with strong attenuations can even be unable to transmit a
single bit if the PSD limit is too low. Thus, we will see that adding a linear precoding com-

ponent to the OFDM scheme allows the system to benefit more from the available energy.
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3.2.3 Margin maximization

The second allocation strategy that is described here is the maximization of the OFDM
system noise margin y for a given target throughput R . From (3.11), we notice that y can
not be directly expressed as a function of the throughput, thus we define for each subcarrier
N a noise margin y, given by

I En|haf

= 3.15
Yn FNO 2Rn_1 ( )

It is clear that to maximize the noise margin, the whole available energy E, on subcarrier
n should be used, thus E, = E,,, Vn. The MM problem becomes

En [l
maan—n|, vn,
I'Ny 2R —1

\ (3.16)
subject to z Rn =R.

n=l1

Hence, the objective is to maximize the noise margin of each subcarrier by efficiently dis-

tributing the R bits on the different subcarriers.

3.2.3.1 Real bit optimization

As with the RM problem, we start with a real bit optimization study and then we move to a
practical integer bit optimization. Maximizing y, is equivalent to minimizing 1/, , and
thus, the problem can be solved using Lagrange multipliers as follows

2R J

= +2Y' R, —AR, Vn, (3.17)
En o[ 2R

L(Ry,2)=TN,

where L(.) is the Lagrangian function and A the Lagrange multiplier. After solving the
derivative equation dL/dR, =0, the subcarrier throughput R, can be written as a function
of A, we find

A Enln[
R, =logy| —————|. 3.18
n gz[ n2 TN ( )

The Lagrange multiplier A is then derived from the constraint equation in (3.16). We find
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R/N
h=—In2ilNo_ 2 . (3.19)
En N , 1/N
ne
n=l1
Finally, the real bit and power allocation solution can be written as
5 N
R, :E+log2 (|hn|2)—i210g2 (|hn|2 ), vn,

N N5 (3.20)

En = En, Vn

Note that when real bit allocation under a throughput constraint is considered, the noise

margin maximization is equivalent to the total power minimization.

3.2.3.2 Integer bit optimization

In the MM case, the integer bit solution can not be simply obtained as in the RM case by
rounding the real number R, of bits per subcarrier, since this procedure leads to a total
throughput lower than the requested target throughput R. If R, is the integer number of
bits transmitted on subcarrier n, the noise margin y, of this subcarrier is given by

Vo= ———= T (3.21)

Thus, the MM problem with integer bit optimization is expressed as

max y,, VN,

N (3.22)
subject to z Rn =R.

n=I
This problem can be solved using discrete greedy methods that incrementally allocate the
bits to maximize the noise margin. Thus, bits can be distributed one by one on the different
subcarriers, each new bit being allocated to the subcarrier with the strongest margin 7, .
Note that the resulting noise margins 7, are different from a subcarrier to another.

The MM algorithm that is proposed in this study is presented in Figure 3.2. This algo-
rithm is derived from Hughes-Hartogs algorithm [87], and adapted to the case of a PSD
constraint. In Figure 3.2, the algorithm starts with zero bits on each subcarrier, but can also
start by allocating the maximum number of available bits to each subcarrier, which can be

derived from (3.14). Note that the final number of bits per subcarrier should not exceed the
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1. Initialization
Set ﬁn = 0, VI’I

2. While 3" Ry <R

n= arg{ _max 7 (F_Qn +1)}

n, Rn<R1meAM
ﬁﬁ = ﬁﬁ +1
3. Output
Return R;---Ry

Figure 3.2: Margin maximization algorithm with integer bit allocation for OFDM systems.

maximum allowed constellation order R, oam 10 the system. Finally, the integer bit and
power allocation solution becomes

R, given by the greedy algorithm, Vn,
_ . (3.23)
En = En, Vn

The resulting noise margin y, in the case of real bit optimization is constant on the whole
frequency band. However, when we consider integer bit optimization, 7, is not constant
anymore. Thus, some subcarriers having a low noise margin will be weak against noise.
Consequently, the OFDM scheme is not very efficient for noise margin maximization un-
der a PSD constraint.

The numerical results of the allocation study for OFDM systems will be presented later
on in comparison with the results of the allocation study carried out on LP-OFDM systems.
These results show the advantage of adding a linear precoding component to the OFDM

scheme.

3.3 LP-OFDM system with a target symbol-error-rate

After having presented the different resource allocation strategies applied to the OFDM
system, we describe the different allocation algorithms that can be carried out on the pro-
posed LP-OFDM scheme for high data rate UWB applications. In the LP-OFDM system
described in Chapter 2, each user is allocated a whole MB-OFDM band of 528 MHz. Be-
sides, one OFDM symbol consisting of N =100 data subcarriers is transmitted on each
band. Each band is then divided into B blocks, each of them including a number of subcar-
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riers equal to the spreading code length L. In addition, a number K of spreading code se-
quences are used by each user to simultaneously transmit K data symbols on a specific

subset of subcarriers.

The LP-OFDM resource allocation study is divided in two parts. The first part consid-
ers a single QPSK constellation for all the subcarriers, as in the MB-OFDM solution. Dif-
ferent new resource allocation algorithms that optimize the system parameters, including
the number B of blocks and the number K of codes, are proposed. In order to further im-
prove the LP-OFDM system, the second part considers additional variable constellation
orders. In this part, some of the algorithms have already been proposed for PLC applica-
tions [98]. Note that a perfect CSI is always considered available at the transmitter. Also
note that this allocation study is applied on each MB-OFDM band, and consequently on
each user, separately, and can be easily extended to the multi-user case.

3.3.1 System capacity

The capacity of a LP-OFDM system can be derived from the expression of the mutual in-
formation between the transmitted and received signals, before and after the spreading and
despreading components. The received LP-OFDM signal at the output of the despreading

component can be written as a vector

Y =L CHGHX +——

JL JL

where C is the spreading matrix of dimension L x K, defined in (2.19), and G the equalizer

CHGN, (3.24)

matrix.

In our study, we consider simple equalization schemes in order not to increase the re-
ceiver complexity. The detection techniques that are used are zero forcing (ZF) and mini-
mum mean-square error (MMSE). The ZF technique applies channel inversion and can
eliminate multiple access interference by restoring the orthogonality between the spread

data with an equalization coefficient chosen as

n= 2
i

g vn. (3.25)

The drawback of ZF is that for small amplitudes of h, the equalizer enhances noise. On the
other hand, the MMSE technique minimizes the mean square value of the error between
the transmitted signal and the output of the equalizer. The resulting MMSE equalization
coefficient can be expressed as
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h,H
[ Mo
E,

On = vn. (3.26)

The MMSE detection offers better performance than the ZF technique, but for very
high SNR, the performance of both techniques is quite similar. However, using MMSE
leads to a very complex expression of the mutual information, which significantly in-
creases the complexity of the allocation algorithms and sometimes the optimization prob-
lem can not be tractable theoretically. Thus, in the analytical study in Chapter 3 and Chap-
ter 4, a ZF detection is considered instead of the MMSE. However, in the global LP-
OFDM system study in Chapter 5, a MMSE detection will be used since it gives better
performance.

Let us start by considering a single-block LP-OFDM system where all the subcarriers
are linked together with a spreading code of length L. By using a ZF equalizer at the output
of the OFDM demodulation, i.e. G = H!, the received signal becomes

Y =X +——CHH-IN | (3.27)

N

Since vectors X and Y of size C are Gaussians, the mutual information between them is

given by [98]
| = logs det| I ~Rx Ry |, (3.28)

with I¢ the identity matrix, Rx y the covariance matrix of X and Y, and Ry the autoco-
variance matrix of Y. Solving (3.28), we obtain

K 2
L E
Isingle-block = z 10g2 1+ k

_— (3.29)
= Yo (/] ) No
with Ey the energy of code k, which respects the PSD limit E as follows
K ~
> E(<E. (3.30)

k=1
As we can see, in the LP-OFDM system we talk about energy Ey per code instead of the

classical energy E, per subcarrier used in the OFDM system.

When we consider a multiple-block system, the mutual information can be expressed

as the sum of the mutual informations corresponding to the different blocks, thus
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Sk Lp? Evp
I muttiple—block = zzlogz 1+ L 5 =1, (3.31)
b=1 k=1 zn:1(1/|hn,b| ) No

where K, and Ly, are the number of codes and the spreading code length of block b, hyp

the frequency channel response of the n™ subcarrier within block b, and Exp the energy of
code k within block b, with

S By <E, Vb. (3.32)

Note that if we choose L=K =1 and B =N, the resulting mutual information becomes

equal to the one of an OFDM system.

3.3.2 Fixed QPSK constellation order

In this optimization study, we only consider a single QPSK constellation for all the subcar-
riers in order not to increase the system complexity compared to the MB-OFDM solution.
The proposed LP-OFDM system offers additional degrees of freedom that can be opti-
mized even if a single constellation order is used [99]. In the sequel, the system parameters
are optimized under fixed target throughput and variable throughput conditions.

The total throughput in bit per symbol of a LP-OFDM system using a ZF detection can
be derived from (3.31) as

B K 2
b 1 L E
Rip-orom =D, D logy | 1+—= S (3.33)

i 3 (1nsf) No

Note that a unique spreading code length L is used for the different blocks of the

LP-OFDM system to reduce the system complexity.

3.3.2.1 Range improvement with fixed target throughput

In this paragraph, the objective is to maximize the noise margin and thus the total range of
the LP-OFDM system when we have a fixed target throughput per OFDM symbol and a
unique QPSK constellation as in the MB-OFDM solution. Hence, the objective is to find
the optimal spreading code length L, and consequently the optimal number B of blocks,
which maximizes the system range for a target throughput of 2N bits per OFDM symbol,
where N is the total number of used subcarriers. Note that CSI is assumed available at the
transmitter.



74 3. Resource allocation principles, target symbol-error-rate approach

Using Lagrange multipliers in (3.32) and (3.33), we find that the optimal solution that
maximizes the system throughput, or equivalently the system range when this throughput

is fixed, is given by

(3.34)

Exp =E/K, Vb,
Ko=K=L, Vb.

Then, the integer target throughput of the LP-OFDM system in bit per symbol should re-
spect the following condition

(3.35)

Maximizing the system range is equivalent to maximizing the system noise margin. Thus,
let us consider y, the noise margin of block b, which can be seen as an amount of extra

performance in the presence of unforeseen channel impairments. Introducing y, in (3.35)

gives
i L
R=) Llog,| 1+ 3 — (3.36)
o Yo anl(l/ I |2)
with | B 2= B [* i, vn, vb. (3.37)
’ TNy
Consequently, the noise margin per block is given by
Yo ! L vb. (3.38)

:Ezﬁ_l(l/mn,b P)

Theorem 3.1. To maximize the noise margin of a LP-OFDM system, and consequently the
system range, a code length equal to the total number of useful subcarriers should be used.

Proof. We want to maximize the minimum value of the noise margin vy . Let o and o be

two variables such that

L
SRV — 339
T3 N) et ap -39

then we can write
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L B L
y A_l 2:%22%+ab:ﬁa+ab. (3.40)

We have

B L B /L B
a:zz ZZ(WOH‘(%]:OL"'ZO%- (3.41)
Thus, we find that

B
D op=0. (3.42)

y=——. (3.43)

Let b' be such that yy >y, then ap <0. Hence, 3b" such that oy >0, that is ypn <7y,
and min, v, <7v.

Thus, in order to maximize the system noise margin and consequently the system range for
a given fixed throughput, the spreading code length should be equal to the total number N
of useful subcarriers, i.e. one single block should be used.

Consequently, an interesting result of this analytical study is that, although it was as-
sumed available at the transmitter, the CSI is not needed in the case of range improvement
with fixed target throughput and single QPSK constellation. This is due to the fact that in
the optimal solution, the subcarriers are used within the same single block, independently
of the channel condition. Furthermore, Theorem 3.1 shows that the LP-OFDM noise mar-
gin can never be lower than the OFDM noise margin. The LP-OFDM system range is
therefore larger than the OFDM system range.

3.3.2.2 Range improvement with variable throughput

In this paragraph, we consider the case where the throughput of 2N bits per OFDM symbol
of the MB-OFDM solution is not reachable at very high attenuation levels. The

MB-OFDM constraints are then relaxed and lower throughputs are authorized.

In a general approach with variable throughput, the number C of codes can be lower
than the code length L and Theorem 3.1 is not applicable anymore. In this case, a multiple-
block configuration has to be considered and each block can exploit its own code length.

But finding the optimal block sizes amounts to resolving a complex combinational optimi-
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zation problem that can not be reduced to an equivalent convex problem. Then, no analyti-
cal solution exists and the optimal solution can only be obtained following exhaustive
search [100]. In order to avoid prohibitive computations, we assume a single-block con-

figuration system.

Theorem 3.2. The optimal number of codes that should be used to maximize the range of
a LP-OFDM system using a QPSK constellation is equal to K =| L(2R/L -1)/3 |, with L
the spreading code length and R the single-block optimal non-integer throughput given by

L Lﬂz ?
> (11 )

n=l1

R=Llogy| 1+ (3.44)

with Ihaf* = || ——, Wwn. (3.45)

E
I'Ny
Proof. When the optimal number K of codes is used, the LP-OFDM system should benefit
the most from the available energy. In addition, K is always smaller or equal to L and the
total system energy can never exceed the PSD limit defined by the regulation authorities.
Hence, respecting these conditions, and considering a QPSK constellation, the optimal
value of K should satisfy the following two equations

E—iEk =£(2R/L—1)—5(22—1)>0
k=1 a a o
. (3.46)
= o _Lire _K+L,
E 2 Ek_a(z 1) - (2 1)<0,
with o= L (3.47)

L (g, 0 2)°
> (BN )
Solving (3.46), we find that the optimal number of codes that maximizes the LP-OFDM
system range is equal to

K:LL(ZR/'——I)BJ. (3.48)

Since K <L, the maximum reachable throughput for a given code length L is written as
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R(L)zzxminﬂ%(zR/L—1)J,L}

L2

33 (V1 ) +

Thus, the maximum reachable throughput of the LP-OFDM system using the optimal code

(3.49)

=2 xmin

length and number of codes can be obtained from

Riax = max {R(L)}. (3.50)

Consequently, a low complexity algorithm that derives the optimal code length and
number of codes can be proposed for the LP-OFDM system. This algorithm can be advan-
tageously exploited for high attenuation levels since it significantly increases the system
range when the channel response is critical. In addition, these improvements can be ob-

tained without changing the radio-frequency front end of the MB-OFDM solution.

3.3.2.3 Numerical results

After having described the different allocation strategies that can be carried out on the
LP-OFDM system using a single QPSK constellation order and under a target SER ap-
proach, we present the simulations performed on the first three bands (3.1-4.7 GHz) of the
MB-OFDM solution using the UWB channel model CM1. The transmitted PSD is
E =—41.3 dBm/MHz and the noise density is Ny =—114 dBm/MHz. In addition, for both
systems we consider N =100 data subcarriers per band, as in the MB-OFDM solution.
Figure 3.3 represents the total throughput per OFDM symbol of a single-user OFDM
system and a single-user LP-OFDM system using the TFC distribution of the MB-OFDM
solution, for different channel attenuation levels. The curve “Single-block LP-OFDM” is
obtained by applying (3.35) and Theorem 3.1, and consequently by using a single-block
LP-OFDM system with a code length L =100. The curve “Adaptive LP-OFDM” is ob-
tained by using (3.49) and (3.50) for different attenuation levels. With the OFDM scheme
of the WiMedia solution, presented here as reference, the total throughput of 200
bit/symbol (100 data subcarriers with a QPSK constellation) is not reachable at attenuation
levels higher than 46 dB, whereas the proposed LP-OFDM system using a single block of
length L =100 is able to transmit 200 bit/symbol until a 61 dB level. Consequently, a
range gain of 15 dB is obtained. Moreover, when we optimize L and K of the LP-OFDM
system, we are able to transmit data at much higher attenuation levels (until 84 dB), and
the reachable range and throughput with adaptive LP-OFDM are always larger than the
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adaptive OFDM system ones. With the called adaptive OFDM scheme, the number of
QPSK modulated subcarriers can vary from 100 to 0, contrarily to the WiMedia solution

where the number of active subcarriers is always equal to 100.

\ \
—A— WiMedia

—&A— Adaptive OFDM
—OE— Single-block LP-OFDM
—@— Adaptive LP-OFDM

200 A

150

00t AN .

O N ——————— .

Total throughput (bit/symbol)

Attenuation (dB)

Figure 3.3: Total throughput per OFDM symbol of a single-user system with a unique QPSK
constellation.

Figure 3.4 gives the optimal values of L and K obtained by applying the low complex-
ity algorithm that maximizes the LP-OFDM system range for high attenuation levels. We
notice that at attenuation levels lower than 62 dB, the optimal configuration is
K =L =100, and consequently, a single block should be used as explained before. How-
ever, at high attenuation levels when the target throughput of the WiMedia solution is not
reachable, K is not necessarily equal to L in order to maximize the system range.

Through this analytical study on LP-OFDM with fixed constellation order, we have
highlighted the fact that the LP-OFDM waveform has the capability to offer larger range
than the non-precoded waveform of the WiMedia solution. To achieve such improvement,
specific algorithms derived in this section have to be applied to get an adequate configura-
tion of the precoding process, namely, in terms of spreading code length and number of

codes.
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Figure 3.4: Optimal length L and number K of spreading codes that maximize the range of a
single-user LP-OFDM system with a unique QPSK constellation.

The main result to keep in mind for the global system study in Chapter 5 is that the op-
timal solution to maximize the system range for a given throughput is to choose a code
length equal to the number of used subcarriers (L = N ). Note that this result strictly holds
when a target SER approach is considered with a unique SNR gap I" for the whole system.
However, even if a high range gain of about 15 dB has been intrinsically obtained without
channel coding by the addition of the LP component, the performance of the two systems

will be closer when considering the global chain with channel coding in Chapter 5.

3.3.3 Variable constellation orders

To further improve the LP-OFDM system, we move away from the MB-OFDM proposal
and we consider variable constellations (BPSK, QPSK, 8-QAM and 16-QAM) [101]. Con-
stellation orders higher than 16-QAM are not used in order not to significantly increase the
system complexity compared to the complexity of the MB-OFDM system. Note that when
a 16-QAM constellation is used, which is also the case in the MB-OFDM proposal for data
rates using a DCM, one or two additional bits are needed for the analog-to-digital conver-
sion. Besides, CSI is assumed available at the transmitter. As in the allocation study for
OFDM systems in Section 3.2, we consider the RM and MM problems under a target SER
approach.
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3.3.3.1 Rate maximization

The maximization of the LP-OFDM system throughput is carried out in two steps. First,
we consider a single-block LP-OFDM system, and then we move to a global multiple-
block study.

Single-block LP-OFDM system

The RM problem for a LP-OFDM system composed of a single block of length L is de-
fined as

K 1 12 Ex
max Y logy| 1+ ——F—— |,
RS I a5

K
subject to z Ex <E.
k=1

Note that the target SER is represented by its equivalent SNR gap I'. From (3.51), we no-
tice that the throughput is maximized when Zr';zl(l/ | hn |2) 1s minimized, and thus when
large values of h, are considered. Consequently, the L channel responses h, having the
largest amplitudes have to be selected out of the N available responses. The RM problem
can be solved using Lagrange multipliers as follows

K 1 12 = K .
L(Ex,A)=) logy|1+—= +A) Ex—AE, Vk,  (3.52)
k=1

CX (V)N |

where A is the Lagrange multiplier. After solving the derivative equation dL /dEy =0, the
optimal energy per code becomes

E
Ex=—, Vk. 3.53
=0 (3.53)

Thus, the total energy should be equally distributed on the different codes. The total real
throughput of the single-block system is then given by

5 -
R=Klog,| 1+— L E . (3.54)

1
r z;(whnf) KNo
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Equation (3.54) is strictly increasing with the variable K, when K >0, i.e. R is maximized
when K is maximal. Thus, the optimal number of codes is equal to K =L . Consequently,

the total real throughput of the single-block system becomes

R=Llog, 1+ L E (3.55)
O Yo () No
Hence, the real bit and power allocation solution can be written as
Re =R/L, VK,
~ (3.56)
Ex=E/L, Vk.

In the case of integer bit optimization, one solution would be to simply round the real
number Ry of bits per subcarrier, and thus to consider an integer number of bits per code
equal to R¢ =| R/L ], Vk. This solution clearly respects the PSD limitations but several
bits might be lost due to this rounding operation, as the energy constraint is per block and
not per code. An optimal solution for this problem is given in [102]. It shows that the op-
timal bits distribution would be to allocate | R/L |+1 bits to m codes and | R/L | bits to

the remaining L —m codes, where m is an integer number given by
m= LL(zR/L-tR/LJ —1)J . (3.57)

Finally, the integer bit and power allocation solution for a single-block system becomes

Rk =|R/L |+, vk e[1:m],

Rk =|R/L], vk e[m+1:L], (3.58)
L

Eo-r (2% -1), vk
=

with R the total real throughput given by (3.55) and m given by (3.57). The total system
integer throughput becomes

=| L@MARM -y |+ L[R/L. (3.59)
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Multiple-block LP-OFDM system
In the case of a LP-OFDM system composed of B blocks having the same length L, the

RM problem can be written as

1+ = |’
b=1 k=1 I zn=1(1/|hn,b|2) No (3.60)

K
subject to Z Exp <E, Vbh.
k=1

Before solving the RM problem, let us first distribute the system subcarriers on the differ-
ent B blocks. The optimal subcarriers distribution that maximizes the system throughput
would be to sort the subcarriers according to the amplitude of their frequency responses,
before distributing them on the different blocks [102]. Maximizing the total multiple-block
system throughput is equivalent to maximizing the individual throughputs of the different

blocks. Thus, from (3.56), the real bit and power allocation solution can be written as
R«p =Ry /L, Vk, Vb,
(3.61)

Exp=E/L, VK, Vb,
where Ry is the optimal real throughput of block b, which can be derived from (3.55) as

L E

3 (1ol ) Mo

The integer bit optimization solution can also be derived from the single-block study.

Ry, = Llog, 1+

(3.62)

Thus, the integer bit and power allocation solution of a multiple-block system becomes

Rib =| Ry /L |+1, vk e[1:my], Vb,

Rip=|Ro /L], vk e[mp +1:L], b, (3.63)

e

( 2Rk —1), vk, b,

oo

where my, is given by



3. Resource allocation principles, target symbol-error-rate approach 83

my {L(sz/L*LRb/LJ —1)J . (3.64)

We notice that for L =1, similar results as the ones of an OFDM system, presented in Sec-
tion 3.2, are obtained.

A resource allocation algorithm based on this study can be proposed for LP-OFDM
systems. This algorithm increases the system throughput considerably when applied to a
LP-OFDM scheme with variable constellations as we will see later on in the numerical
results section. In addition, the LP-OFDM system range is indirectly improved compared
to the OFDM system range and the adaptive system is able to transmit data at very low
attenuation levels.

3.3.3.2 Margin maximization

As with the RM problem, the maximization of the LP-OFDM system noise margin, and
consequently the system range, is carried out in two steps. First we consider a single-block
LP-OFDM system, and then we move to a global multiple-block study.

Single-block LP-OFDM system

To maximize the noise margin y of the LP-OFDM system composed of a single block of
length L, the whole available power should be used, thus fo:l E, = E,, Vk. This noise
margin can be derived from (3.51) as

E L2 1

NS ) I ) oo
The MM problem is then defined as
max v,
(3.606)

K
subject to Z R =R.
k=1

Maximizing y is equivalent to minimizing 1/, and thus, the problem can be solved using

Lagrange multipliers. The real bit and power allocation solution becomes

R¢=R/L, Wk,
i (3.67)
E.=E/L, Vk.

Thus, the noise margin of the single-block system is written as
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. E L 1
I'Ng z;=1(1/|hn|2) Zﬁ/L_l .

(3.68)

In the case of integer bit optimization, we have seen in the previous section that the op-
timal bits distribution would be to allocate | R/ L |+1 bits to m codes and | R/ L | bits to

the remaining L—m codes. Since we have a target throughput R, m should respect the
equation m(LIi/ LJ+1)+(L—m)LI§/ LJ =R, and we find

m=R-L|R/L]|. (3.69)

Thus, the integer bit and power allocation solution for a single-block system becomes

Rk =|R/L |+1, vk e[l:m],
Re=|R/L|, vk e[m+1:L], (3.70)
_ R« _1 N
Ex=—————E, Vk
ZL(W _1)

Consequently, the noise margin of the single-block system is given by

__ E L ~ 1 .
TN, Yo (V) 25 (R R/L 1)1

(3.71)

Multiple-block LP-OFDM system

The noise margin y, of each block b of the multiple-block system can be derived from
(3.68) as

2
Yo = Fil 1 = 5 m lR . (3.72)
0 Zn:1(1/|h”ab| )ZH(Z * _1)
The RM problem is then written as
maxy,, Vb,
(3.73)

B
subject to zz Rip = z =R.

b=1 k=1 b=1
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Using Lagrange multipliers, the real throughput of each block is found equal to

Rb=§10g{i| |] zB: [Z 1 } vb. (3.74)

ol Bio n 1|hnb|

The real bit and power allocation solution becomes

R«p =Ry /L, Vk, Vb,
~ (3.75)
Ekp =E/L, VK, Vb
The MM problem with integer bit optimization is expressed as
max Yy, Vb,
(3.76)

B
subject to Z Ry =
b=l
As for the MM problem with OFDM systems, this problem can be solved using discrete
greedy methods that incrementally allocate the bits to maximize the noise margin. A MM

algorithm similar to the one proposed in Figure 3.2 but applied to multiple-block
LP-OFDM can be used.

Finally, the integer bit and power allocation solution becomes

ﬁk,b =LF_Qb/LJ+1, Vke[l:mb],Vb,
Rico =| Ro /L |, vk e[my+1:L], vb, (3.77)
_ Zﬁk,b _1 -
Exp = — E, Vk,Vh,
Z:(—zl(sz,b _1)

where Ry is the integer throughput of block b given by the greedy algorithm, and m, an

integer variable equal to
My =Ry —L| Ry /L. (3.78)

The resulting LP-OFDM system noise margin is significantly larger than the noise
margin of the OFDM system. This is due to the linear precoding component that groups
weak subcarriers with stronger ones, which increases their robustness against noise.
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3.3.3.3 Numerical results

After having described the different allocation strategies that can be carried out on the
OFDM and LP-OFDM systems using variable constellation orders and under a target SER
approach, we present the simulations performed on MB-OFDM bands 1, 2 and 3 (3.1-4.7
GHz) and bands 7, 8 and 9 (6.33—-7.92 GHz). Bands 1, 2 and 3 represent the American
UWB context whereas bands 7, 8 and 9 represent both the American and European con-
texts, as seen in Section 1.3. From Figure 1.2, we can see that the maximum transmitted
PSD on these bands is E =—41.3 dBm/MHz for both contexts. Besides, we consider in
these simulations N =100 data subcarriers per band as with the MB-OFDM solution.

Figure 3.5 presents the average throughput per subcarrier of the adaptive OFDM and
LP-OFDM systems. Here, the adaptive OFDM corresponds to a classical OFDM system
with variable constellation orders and the adaptive LP-OFDM corresponds to a multiple-
block LP-OFDM system using a code length L =16 which is found to be the optimal code
length in terms of throughput maximization. Note that the code length optimization is de-
tailed later on in Chapter 4 and Chapter 5. Thus, 6 blocks of 16 subcarriers each can be
used, and the remaining 4 subcarriers can be put together in an additional block of length 4.
In addition, the subcarriers are ordered from the one having the highest channel response

amplitude to the one having the lowest amplitude.

Complementarily to Figure 3.5, Figure 3.6 represents the effective PSD, i.e. the effec-
tive energy, which is used by the different subcarriers in the case of an OFDM system, or
by the different codes in the case of a LP-OFDM system, to transmit the maximum number
of bits. This PSD value can be derived from (3.14) for OFDM and from (3.63) for
LP-OFDM. In the OFDM and LP-OFDM systems, a maximum number of four bits,
equivalent to the highest possible constellation order of 16-QAM, are allocated to the sub-
carrier with the highest channel response amplitude. When the subcarrier index increases,
i.e. the channel response amplitude decreases, the PSD required to transmit four bits is
increased. If this PSD is lower than the FCC limit, these bits can be transmitted on this
subcarrier, otherwise, the number of bits that can be transmitted is reduced until the effec-
tive PSD is lower than the FCC limit. For instance, if we take a look at the 14" subcarrier
of the OFDM system, the PSD required to transmit four bits is -41.4 dBm/MHz, which is
lower than the FCC mask. Thus, the four bits can be transmitted, contrarily to the 15™ sub-
carrier that allows only three bits to be transmitted, which reduces the effective PSD to
-44.4 dBm/MHz. Note that the last twelve subcarriers have critical channel response ampli-

tudes that do not let them transmit any bit.



3. Resource allocation principles, target symbol-error-rate approach

87

Average throughtput (bit/subcarrier)

IS

w

N

I

| —— Adaptive OFDM B
—¢— Adaptive LP-OFDM

T
|
|
|
)
|
|
|
|
|
|
|
-
|
|
|
|
|
|
|
|
|
|
|
|
|
[
|
|
|
|
|
|
|
1

Subcarrier index

100

Figure 3.5: Average throughput per subcarrier for the adaptive OFDM and LP-OFDM systems
using variable constellation orders.
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On the other hand, we can see that the LP-OFDM system provides an average subcar-
rier throughput that is most of the times higher than the one of an OFDM system. Note that
the OFDM average throughput has an integer value whereas the LP-OFDM average
throughput can have real values, since with LP-OFDM the integer bits are allocated to the
codes and not to the subcarriers. For instance, subcarriers with indexes from 17 to 32 have
the same average throughput of 3.375. This means that they are grouped in the same block
of length L =16, where 6 codes are allocated 4 bits each and the remaining 10 codes are
allocated 3 bits each, and thus a total of 54 bits are allocated to this block, which is equiva-
lent to 3.375 bits per subcarrier. In addition, we notice from Figure 3.6 that the PSD of the
adaptive LP-OFDM system is almost flat and very close to the FCC limit -41.3 dBm/MHz,
whereas the PSD of the OFDM system varies significantly and is sometimes much lower
than the FCC limit. This means that the LP-OFDM system benefits from the available PSD
better than the OFDM system.

Figure 3.7 and Figure 3.8 represent the total throughput of a single user when the RM
algorithm is applied with variable constellation orders (QPSK, 8-QAM and 16-QAM),
taking into account the American and European contexts, respectively. When the resource
allocation algorithm is applied to the LP-OFDM scheme, the throughput is equal to 400
bit/symbol at low attenuation levels. At high attenuation levels, the adaptive LP-OFDM
range is always larger than the adaptive OFDM range (around 10 dB at critical attenuation
levels). This is due to the energy gathering capability of the LP-OFDM scheme which can
exploit, contrarily to OFDM, the residual energy conveyed by each subcarrier. Similar re-
sults are obtained for the different channel models (CM1 to CM4). In addition, using adap-
tive schemes for both OFDM and LP-OFDM systems improves the system throughput sig-
nificantly compared to non-adaptive systems. For instance, we notice that the throughput
of 200 bit/symbol is reachable until an attenuation level of 42 dB with WiMedia, which is
limited to QPSK constellations, whereas with the adaptive OFDM system it is reachable at
a 61 dB attenuation level, i.e. a 19 dB gain.

These results show that using adaptive schemes improves the systems performance
significantly. In addition, the adaptive LP-OFDM system always outperforms the adaptive
OFDM system in terms of total throughput. We should also note that since the highest pos-
sible constellation order is 16-QAM, only one or two additional bits are needed for the
analog-to-digital conversion. Hence, the radio-frequency front-end complexity is not in-
creased significantly compared to the MB-OFDM system using a unique QPSK constella-

tion.
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Figure 3.7: System throughput provided by the rate maximization algorithm with variable con-
stellation orders, using channel model CM2 on MB-OFDM band 1 (American context).
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Figure 3.8: System throughput provided by the rate maximization algorithm with variable con-
stellation orders, using channel model CM3 on MB-OFDM band 7 (European context).
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3.4 Time-frequency codes optimization

3.4.1 Principle

In this section, an optional MB-OFDM system optimization study based on the time-
frequency codes (TFC) allocation is proposed. In the MB-OFDM system of the WiMedia
solution, unique logical channels corresponding to different users are defined by using a
different TFC sequence for each user, as presented in Section 2.2.1.5. These codes provide
frequency hopping from a MB-OFDM band to another at the end of each OFDM symbol.
The configuration proposed in the WiMedia standard consists in choosing the TFC regu-
larly without taking into account the channel response state of each user, as previously
presented in Figure 2.6. Thus, this strategy lacks of the ability to optimally allocate the
MB-OFDM bands.

The LP-OFDM system range can be efficiently increased by performing a dynamic
TFC (DTFC) distribution which, contrarily to the WiMedia distribution, assigns the avail-
able bands to each user according to its channel condition [103]. Hence, different alloca-
tion strategies, such as total system margin maximization or equivalently total range
maximization, can be proposed. Note that the DTFC distribution can be efficiently ex-

ploited whether the TFCs are assigned synchronously or asynchronously.

For instance, we consider three users transmitting simultaneously on the first three
MB-OFDM bands, using three synchronous TFC sequences. In order to reduce interfer-
ence, for every OFDM symbol, each band is occupied by only one of the three users. Thus,
the number of unique possible distributions of the TFC sequences during three consecutive
OFDM symbols can be found by solving a combinational problem: over one symbol dura-
tion, we have a permutation with order and without repetition of three users on three bands.
The number of distributions per symbol duration is then equal to

z!
(z-u)

6, (3.79)

where (.)! denotes the factorial function which returns the product result of all positive
integers less than or equal to its argument value, Z =3 is the number of bands and U =3
the number of users. Consequently, a number of 6x6x6 =216 distributions are possible
during three symbol durations. However, for each band, the order of users in time does not
matter. Thus, the total number of unique TFC distributions is reduced from 216 to 55.
A low complexity algorithm that selects, from the 55 possible TFC distributions, the opti-
mal distribution that maximizes the total system range for example, can then be proposed.
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On the other hand, some studies showing the advantage of using DTFC in the cross-
layer design are presented in [104]. This paper exploits the use of DTFC combined with
the QoS requirements provided by the MAC layer. This combination of the PHY and MAC
layers improves the system performance, and ensures an efficient use of the spectrum in a
multiple medium access demand, while respecting each user requirements. For instance,
this cross-layer approach used with the adaptive TFC gives advantage to QoS users on best
effort users in terms of error rate and quantity of resources.

3.4.2 Dynamic TFC and rate maximization algorithm

The dynamic TFC distribution study can be easily combined with the previous resource
allocation strategies, with fixed and variable constellation orders, to constitute a global bit
loading algorithm for OFDM and LP-OFDM systems. Thus, an algorithm combining dy-

namic TFC and RM with variable constellation orders is proposed in Figure 3.9.

3.4.3 Numerical results

Figure 3.10 and Figure 3.11 represent the total throughput over three consecutive OFDM
symbols of a 3-user OFDM system and a 3-user LP-OFDM system, using channel model
CML. In Figure 3.10, non-adaptive systems with a unique QPSK constellation are consid-
ered. With the WiMedia system using the TFC distribution defined by the WiMedia solu-
tion, the three users are able to transmit 3x3x200=1800 bits during the consecutive sym-
bols until an attenuation level of 40 dB. At attenuation levels between 41 and 43 dB, only
two users are able to transmit (1200 bit/3xsymbol), at levels between 44 and 49 dB only
one user is able to transmit, and at levels higher than 49 dB none of them is able to trans-
mit. When applying the dynamic TFC (DTFC) algorithm to the WiMedia system, a range
increase of more than 5 dB is obtained, and when applying DTFC to the LP-OFDM sys-
tem, the system range becomes around 20 dB larger than the WiMedia initial system range.

In Figure 3.11, the same DTFC algorithm is applied to the adaptive OFDM and
LP-OFDM systems. With the called adaptive OFDM scheme, the number of QPSK modu-
lated subcarriers can vary from 100 to 0, contrarily to the WiMedia solution where the
number of active subcarriers is always equal to 100. The adaptive LP-OFDM system in
this figure is the system optimized using a fixed QPSK constellation order, i.e. by applying
(3.49) and (3.50). We notice that the adaptive LP-OFDM system is able to reach an at-
tenuation level of 89 dB. Moreover, when the DTFC is applied to the LP-OFDM system,
the reachable range is increased, and for a given attenuation level, the throughput is also

improved. Note that DTFC is more effective for the medium attenuation levels (levels be-
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1. Initialization
Set R, =0 and E,, =0, Vk,Vh,
N =100 subcarriers,
S, =0, Vb,
H; ; =channel response vector of user i on band j,
Combin = {Comb; ... Combss} = TFC combinations.
2.Fori=11t3 and j=1 to 3,
For b=1 to |_N/LJ,
find S, =best L subcarriers inH; j,
update H; ;: Hi; =H;; =S,
find the block throughput R, from (3.62),
compute the code throughput,
fork=1 to my ,
Rep =| Ry /LJ+1,
fork=m,+1 to L,
Reo =[Ro /L],
with m, given in (3.64),
ﬁsymbol = Z Iik,b .
3. For Combin = Comb, to Combs,
Compute the system throughput over 3 symbols with 3 users,
Rysien (COMDIN) = " Ryymeor (Combin) ,
OptThroughput = max (Rysem) »
OptTFC = Combin (OptThroughput).

4. Output
Return OptThroughput and OptTFC .

Figure 3.9: Dynamic TFC and rate maximization algorithm with variable constellation orders
for LP-OFDM systems.

tween 50 and 72 dB for adaptive OFDM, and levels between 58 and 77 dB for adaptive
LP-OFDM). Similar results are obtained with CM2, CM3 and CM4 channel models.
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Figure 3.10: Total throughput of 3-user non-adaptive OFDM and LP-OFDM systems with
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3.5 Conclusion

In this chapter, we have described the main adaptive resource allocation strategies that can
be carried out on multicarrier systems, focusing on a classical target SER approach. Due to
the slow time variations of the UWB channel, resource allocation can be efficiently ex-
ploited for UWB systems without significantly increasing the systems complexity. In fact,
the UWB channel response can be considered as quasi-static during one frame and the CSI
can be sent by a simple feedback to the transmitter at the beginning of each frame.

After having presented the classical rate and margin maximization solutions for
OFDM systems, we moved to a new optimization study for LP-OFDM systems. First, we
considered the case of a single constellation order as with the WiMedia solution, and then
in order to further improve the LP-OFDM system, we considered variable constellation
orders (BPSK, QPSK, 8-QAM and 16-QAM). Different low complexity resource alloca-
tion algorithms based on rate and margin maximization problems have been proposed. Fur-
thermore, an additional system optimization study based on a dynamic TFC allocation was
proposed. The numerical results of simulations carried out on the different adaptive and
non-adaptive systems show that the LP-OFDM system outperforms the MB-OFDM system
in terms of throughput and range. This is due to the spreading gain and the resource alloca-
tion flexibility provided by the linear precoding component.

On the other hand, the optimizations strategies carried out in this chapter did not take
into account the channel coding scheme. However, the performance comparison of the
global systems with channel coding, presented in Chapter 5, shows that the same tendency
on the system behavior is obtained. Besides, a smart approach that modifies the proposed
allocation algorithms to accommodate the coding gains relative to the channel coding
schemes, at the expense of higher complexity, can be considered. This approach has been
considered in [105] in the case of linear precoded discrete multitone modulation for power
line communication. In fact, the SNR gap value for a given target SER or BER can be
modified to carry the desired margin of the system as well as the coding gain of the chan-

nel coding scheme.



Chapter 4

Mean bit-error-rate minimization
study

AFTER having presented in the previous chapter the different resource allocation strate-
gies that can be proposed for the LP-OFDM system following a classical SER ap-
proach, we propose here different allocation strategies for UWB based on a new mean
BER approach. The idea is to optimize the LP-OFDM system performance taking into ac-
count the system mean BER value. For instance, the LP-OFDM system mean BER can be
minimized to improve the system robustness for a given target throughput, or vice versa
the system throughput can be maximized under a mean BER constraint. However, in this
chapter we only present the case of mean BER minimization (MBM) for a given through-
put. More information on the rate maximization strategies that can be considered under a
fixed target mean BER can be found in [106].

In the sequel, we first describe the mean BER approach for resource allocation and we
show its advantages. Then, we present an efficient resource allocation algorithm that re-
duces the mean BER of a LP-OFDM UWRB system using only a single QPSK constellation.
Besides, in order to further improve the system performance, we consider variable constel-
lation orders and we propose a study that minimizes the mean BER of OFDM and
LP-OFDM systems for a given target throughput. The simulation results show that the pro-
posed algorithms reduce the system mean BER significantly.

4.1 Overview

In multicarrier systems, the resource allocation is generally formulated under a constant
SER on every subcarrier as described in Chapter 3. One of the main reasons behind con-
sidering a target SER approach is that the approximated SNR gap I' remains constant
when the QAM constellation order is changed. Consequently, the target system SER be-

comes equal to every subcarrier SER value. In general, the error rate limit is imposed by

95
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the upper layers of the network and is given in terms of BER and not SER, since the sym-
bols defined in the physical layer are different from the ones defined in upper layers. Thus,
in this study, we propose new resource allocation strategies that take into account the sys-
tem mean BER instead of the system SER.

Some authors have proposed bit loading algorithms that maximize the OFDM system
throughput under a mean BER constraint on the OFDM symbol [107], [108]. The authors
in [107] show that the target BER is rarely achieved when the SER is fixed on each subcar-
rier, and that target BER violations of up to 99% of the channel realizations can occur. This
is the case of the SER approach proposed in [89]. In this chapter, we propose mean BER
minimization (MBM) algorithms that reduce the system mean BER under a target through-
put. This optimization problem, similarly to the margin maximization problem, improves

the system robustness.

Figure 4.1 depicts the capacity of the different QAM constellations for different BER
and SER operating points. Note that these capacity curves are derived from classical capac-
ity approximations given in [86]. In this figure, we can see that for a given BER value, the
approximated SNR gap I' varies with the constellation order, whereas for a given SER
value, I' does not change. In addition, the SNR gap variation of the constellation orders
we are considering in the proposed algorithms, mainly 2-QAM, 4-QAM, 8-QAM and
16-QAM, is not very large, and decreasing the BER operating point value reduces this
variation. For instance, at a BER level of Pb=1073, the SNR gap difference between the
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Figure 4.1: SNR gap variation for different QAM constellations and different BER and SER
operating points.
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2-QAM and 16-QAM constellations is AI'=1.05dB, and at Pb=107>, this difference is
reduced to AI'=0.59dB.

Although the SNR gap variation is not very large at low BER values, we consider in
this study a practical approach using a variable SNR gap per subcarrier. Consequently, the
allocation algorithms proposed in Chapter 3, which assume a constant SNR gap on all the

subcarriers, are not applicable here.

Let us first give some analytical equations of the mean BER for different system con-
figurations. The mean BER of a single-carrier system can be obtained using the following

approximation [86]

Ps

Phr— >
log> (M)

(4.1)

where Ps and M are the SER and order of the QAM constellation using Gray coding, re-

spectively. In the case of multicarrier systems, the mean BER becomes [107]

N N
D> Ps, Y (RaPby)
Pb =0 — == ; (4.2)
2R 2R
n=1 n=1

where N is the number of subcarriers, R, =log, (M n) the number of bits allocated to sub-
carrier n using a QAM constellation order M, , and Ps, and Pb, the SER and BER for
subcarrier n, respectively. When we consider a LP-OFDM system, the bits are allocated to
the codes and not to the subcarriers as with OFDM systems. Thus, the mean BER of a sin-
gle-block LP-OFDM system can be derived from (4.2) as

K K
Z PSk Z( Rk Pbk )
Pp = k=1 _ k=1 . , 4.3)
DR DR
k=1 k=1

with K the total number of codes in the block, Rx the number of bits allocated to code K,
and Psy and Pby the SER and BER for code k, respectively.

4.2 Fixed QPSK constellation order

In the new mean BER optimization approach, we first consider a single QPSK constella-
tion for all the subcarriers in order not to increase the system complexity compared to the
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MB-OFDM solution. In this case, the objective is to minimize the mean BER of the
LP-OFDM system for a constant target throughput. As seen previously, the proposed
LP-OFDM system offers additional degrees of freedom that can be optimized even if a
single constellation order is used. In fact, the spreading code length L and the number B of
blocks can be efficiently selected to minimize the system mean BER. In the sequel, this
optimization study is carried out by first considering a simple single-block LP-OFDM sys-
tem, and then moving to the case of a general multiple-block LP-OFDM system.

4.2.1 Single-block system

The throughput of a single-block LP-OFDM system in bit per symbol using a ZF detection
can be derived from (3.33) as

R:ZK:szzKllogz 1+lLL—223 : (4.4)
k=1 k=1 L'y Zn:1(1/|hn| ) No

where Ry is the number of bits allocated to code k, Ty the variable SNR gap relative to
the QAM constellation order of code k, and L the length of the single block, which is equal

to the total number N of subcarriers in this case. The MBM problem can be written as

K
R Pb
min—z"zl( <Pbe)

Z:=1 Ri

K
subject to Z Ex<E 4.5)
k=1

2

K
and z Rk = ﬁ,
k=1

where E is the PSD limit of the single block and R the given target throughput. In this
optimization study, we consider the maximum possible value of the throughput for a given
QPSK constellation, which is obtained when the number K of codes is equal to L. Conse-
quently, we have R, =2, Vk, and R =2N bits per OFDM symbol.

The BER for code k using a single QPSK constellation can be derived from [86] and
(4.4) as
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Pby ziz I—L erfc ﬂ , (4.6)
Ry 2R 2(2Rk —1)

2
P, ~~erfc| |——k 1 . 4.7)
2 2No 3 (1] )

The optimization problem can be solved using Lagrange multipliers in (4.5) as follows

L(Ek,x):ierfc<\/a)+x(ﬁ—kz}:ﬁk}, (4.8)

k=1
2
1
with o= ZIRI 3 " (4.9)
DIGLYD
After differentiating with respect to Ey , the Lagrange multiplier becomes
—aEy
P (4.10)

© B

Equation (4.10) can be solved using the Lambert W function [110], which is defined as the

inverse function of
f(w)=we", (4.11)

where e" is the natural exponential function and W a complex number. Thus, we find

Ek:%’ VK,
- 4.12
LE 1 ( )
DTN ST (1 n )
o o (11h, )

Consequently, the mean BER of a single-block LP-OFDM system using a QPSK constella-

tion is given by

Pb:lerfc LE - ! . (4.13)
20 (2N X (Ve P)

The mean BER can also be written as a function of E, / N, as follows
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Pb = %erfc \/LEb ! , (4.14)

with E, = E /2 the bit energy of the single-block LP-OFDM system using a QPSK con-
stellation.

4.2.2 Multiple-block system

After having presented the simple case of a single-block LP-OFDM system, we move to
the study of a general multiple-block LP-OFDM system using a single QPSK constellation.
Let B be the number of blocks, each having a different code length L. The mean BER of a
multiple-block LP-OFDM system is given by

3 (RoPby)

_ b=
Pb=2=l——, (4.15)

2R

b=1

where Phy is the BER for block b given from (4.13) by

2No 3" (1/1hos )

and R, the number of bits in block b, given in the case of a unique constellation order by

Pby, :%erfc \/LbE ! , (4.16)

Rb =Rcply, (4.17)

with Rcp the number of bits allocated to code ¢ within block b. In the case of a QPSK con-
stellation, R;p =2, Vc, Vb. The MBM problem can then be written as

(4.18)
B
with > Ly =N.

b=1

Finding the optimal number B of blocks and their optimal lengths L, that minimize the
system mean BER leads to solving a complex combinational optimization problem that can
not be reduced to an equivalent convex problem. Thus, no analytical solution exists and the
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optimal solution can only be obtained through exhaustive search. Consequently, in this

study, we propose a suboptimal solution that reduces the system mean BER considerably.

4221 Case of a 2-subcarrier system

In order to better understand the effect of adding a spreading component to the OFDM
system, we first consider a simplified system composed of only N =2 subcarriers. Two
possible system configurations can be studied:

e A I-block system (B =1) where the two subcarriers are linked with the same
spreading code of length L =2.

e A 2-block system (B =2) where the two subcarriers are kept separated as in an
OFDM system, and thus L =1.

The mean BER of the 1-block system is given by

1 NE 1
Pbg_; =—erfc , 4.19
) (\/2N01/|h1|2+1/|h2|2} *-19)

with h; and h, the frequency responses for the two subcarriers. Similarly, the mean BER

of the 2-block system is given by

1 NE 1 NE
Pbg_, =—erfc| .|[— | h, > |+—=erfc| ,[—|h, [* |. 4.20
B=2 =7 [4N0|1|J 1 (4N0|2|] (4.20)

If hy is the frequency response with the smallest amplitude (| h, |<|h, |), then let X and y be

two real numbers such that

X= E hl |2 >
2Ny (4.21)
y=|hi|?/|hy %, with 0<y<I.
Finding the best system configuration that reduces the mean BER is equivalent to studying
the sign of the difference between Pbg_; and Pbg_,, which can be expressed as

1 X 1 X 1 X
f(x,y)=Pbg.; —Pbg_, =—erfc| |— |——erfc| ,|— |——erfc| |[— |. (4.22
(%.Y) = Pbg=1 ~Pbp-2 =7 ( 1+yJ 4 (\fzj 4 (\/2y} (422)

For 0 <y <1, the sign of f (X, y) depends on the value of X, and equivalently, on the value
of Ep / Ny. Solving (4.22), we find
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e If Xx<0.9846,i.c. E,/Ny<0.4923/|h, >, then f(X,y)>0. Thus, the two subcar-
riers should be kept separated (B =2).
e If Xx>29850,ie. Ey/Ny>1.4925/|h;?, then f(X,y)<O0. Thus, the two subcar-
riers should be put in a single block (B =1).
e If 0.9846<x<2.9850, i.e. 0.4923/|h;[?<Ey,/Nj<1.4925/|h;?, the sign of
f (x,y) depends on the ratio y as follows

- If Y2 Vjimit , then f(X,y)>0. Thus, two blocks should be used (B=2).
- If Y < Vjimit , then f(X,y)<0. Thus, one single block should be used (B=1),

where Vjimit 18 the solution of the equation f (X, y) =0. Using curve-fitting tech-
niques, Yjimit can be approximated by

X—1.2137

~0.9191. (4.23)
2.7172

Yiimit ~ eXP(
Equivalently, for a given ratio y =|h,|> /| h, [*, the value of Ep /N, that leads to
f (x,y)=0 is approximated by

Ep /Ny, . ~ m[z.nn log(y+0.9191)+1.2137]. (4.24)
Consequently, when Ep / No < Ep / Ny, , the mean BER of a 2-block system is lower than
the mean BER of a I-block system, and thus the optimal code length is L=1. When
Eb /No = Ep / No,,, , the mean BER of a 1-block system is lower than the mean BER of a
2-block system, and thus the optimal code length is L =2. We conclude that the spreading
component can be advantageously used for high E, /N, values, whereas for low E, /N
values the OFDM system might provide lower mean BER.

4.2.2.2 2-block system with a unique code length

Now we consider two blocks having the same code length L. The objective is to know if
the two blocks should be merged into one single LP-OFDM block of length 2L or kept
separated, in order to minimize the system mean BER. The mean BERs of the 1-block and

2-block systems are given by

Pbg_; :%erfc \/ NE ! , (4.25)

2No Zr:=1(1/ [Min |2)+Zrl;:1(l/ [M2.n |2)
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1 NE 1 1 NE 1
Pbg_, =—erfc

4 4Ny 3L A T2 fang 2
0 % (1/]af’) 0 X1zl

with N the total number of subcarriers in the system, and h;, and h,, the L frequency

, (4.26)

responses for each block. Let H; and H, be two real positive numbers such that

1 L
S in?)
o (4.27)
1
== (1/]h2n )
|H2| n=1
If we consider | H; | <| H; |, then let X and y be two real numbers such that
K=ot Hy
2No (4.28)
y=|H; /| H;y % with 0<y<I.

The problem can be solved in the same way as in the 2-subcarrier system study. We find

that the Ep / Ny limit is given by

Xiimit & 2.7172 log(y+0.9191)+1.2137,

] (4.29)
V|hin
Zn=l( [P | )[2.71721og(y+o.9191)+1.2137].

Eb / Nonmn ~ N

Consequently, when Ep/No < Ep/ Ny, , the two blocks should be kept separated to re-
duce the system mean BER, and when Ep/No>Ey,/Ny,, , the two blocks should be
merged into a single block of length 2L =N .

4.2.2.3 3-block system with a unique code length

Now we consider three blocks having the same code length L. The objective is to know if
the three blocks should be merged into one single LP-OFDM block of length 3L or kept
separated, in order to minimize the system mean BER. The mean BERs of the 1-block and
3-block systems are given by

PbBZI:%erfc \/NE ! , (4.30)

2No 3 (11 hia )+ 2 (VIhaa P)+ 3 (1 [hsa P)
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with N the total number of subcarriers, and h;,, h,, and hs, the L frequency responses

of each block. Let H;, H, and Hj be three real positive numbers such that

1 L1
| Hi P Elhl,nlz°

! —ZL: ! (4.32)
[Ha P i5lhon P '

1 < 1
[Hs 2 iolhsn

If we consider | H; |[<|H; | and | H, | <| H3 |, then let X, y and z be three real numbers such
that

X:—NE|H1|2,

2N,
y=IHi [ /[Hy P, with 0<y<l, (4.33)
z=|[Hy /[ H; %, with 0<z<l1.

Finding the best system configuration that reduces the system mean BER is equivalent to

studying the sign of the difference Pbg_; — Pbg_3, which can be expressed as

f(X,y,Z)zlerfc _x —lerfc \/X —lerfc X —lerfc X . (434
2 I+y+yz) 6 3) 6 3y ) 6 3yz

For 0<y<1, the sign of f (X, Y, Z) depends on the value of X, and equivalently, on the
value of E, / Ny as follows
o If x<I1.174, ie. Ey/No<1.174 X 5,(1/|hn[2)/ N, the three blocks should be
kept separated.
o If x>45, ie. Ey/Ng>45%: (1/[h;[?)/N, the three blocks should be
merged into one single block.

o If1.174<x<4.5, the sign of f (X, Y, Z) depends on the ratio y as follows
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- If y<0.3, Ximit follows a straight line function given by

Xlimit =~ aZ + b
a=exp|(y—0.0772)/0.3780]-0.8161 (4.35)
b =0.2549 log(y +0.0756) +1.8205

- If0.3<y<0.6, Ximit follows a logarithmic curve as a function of z given by

Xiimit ~alog(z+b)+c
a=5.883y2 —1.231y +1.353
b=6.55y% —6.552y +2.524
c=—113y2+11.2y—-1.052

(4.36)

- If 0.6 <y<1, Xjimit follows a logarithmic curve as a function of z given by

Xiimit ~ alog(z+b)+c
a=-17.95y% +30.635y-9.187
b=—-6.083y2 +9.387y—2.491
C=22.75y% —34.355y +14.023

(4.37)

Consequently, for a given y value and a given z value, Xjinit is derived from (4.35), (4.36)
or (4.37). Then, if X> Xjimit the three blocks should be merged into a single block of length
3L=N in order to reduce the system mean BER, and if X < Xjimjt these blocks should be
kept separated.

4.2.3 Proposed algorithm

Taking into account the results obtained in the 2-block and 3-block system studies, we pro-
pose a new suboptimal allocation algorithm that reduces the mean BER of the LP-OFDM
system under a PSD constraint, a target throughput and a single QPSK constellation. This
algorithm finds the suboptimal number of blocks and their corresponding code lengths that
minimize the system mean BER for a given channel response. This algorithm can be im-
plemented at the receiver side, and then the suboptimal code length configuration can be
sent to the transmitter at the beginning of each frame by a simple feedback. Thus, the same
code length configuration can be maintained for the whole frame, thanks to the UWB
channel response that varies slowly in time and that can be considered as quasi-static dur-

ing one frame.
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As we will see in the global system study in Chapter 5, Walsh-Hadamard orthogonal
spreading codes are used for the proposed LP-OFDM system to limit the self-interference
(SI). Only Sylvester constructions of Hadamard matrices are chosen and a unique spread-
ing code length is used to simplify the LP-OFDM system. Thus, compared to the WiMedia
system, the number of data subcarriers in each OFDM symbol is reduced from 100 to 96.
However, in this section we consider variable block lengths in order to minimize the sys-
tem mean BER. The set of code lengths that can be used is S_ ={96,32,16,8,4,2,1}. All
these lengths are extracted from Sylvester constructions, except the length of 96 which is
related to Paley construction and which is considered here to study the case of a single-
block LP-OFDM system using N =96 subcarriers. The proposed algorithm, presented in
Figure 4.2, starts by considering one single-block system of length L =96 . Then, it studies
the effect of the next possible code length in S_, which is L=32. Based on Section
4.2.2.3, it finds whether the single block of length L =96 should be divided into three
blocks of length L =32 each, or it should be kept as one block to reduce the system mean
BER. If L =96 is the optimal solution, then the algorithm ends. Otherwise, it moves to the
next possible code length (L =16) and finds which of the three new blocks should be di-
vided into two blocks of length L =16 each, based on the study in Section 4.2.2.2. The
algorithm ends if none of the blocks should be divided. The same procedure continues until
L=1.

4.2.4 Optimal subcarriers distribution

In the proposed mean BER minimization algorithm, the channel responses of the different
subcarriers were randomly distributed between the different blocks without any particular
arrangement. These channel responses could be judiciously distributed in order to further
reduce the system mean BER. However, this distribution might increase the algorithm
complexity significantly.

Let us for example study the case of a 2-block system using a unique code length L as
in Section 4.2.2.2. For a given set of N =2L channel responses, the idea is to know how
the channel responses, and equivalently the subcarriers, should be distributed between the
two blocks in order to minimize the mean BER. We first consider that the subcarriers are
distributed between the two blocks in such a way that the mean BER of the two blocks is
the same. Then, we study the effect of interchanging some subcarriers between the two
blocks on the final system mean BER.

From (4.26), the subcarriers of two blocks having equal BER should respect
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1. Initialization
Set S; ={96,32,16,8,4,2,1}, Loyt =[ |-
2. Comparing 1-block and 3-block configurations
N =SL(1):96, L=SL(2):32,
Compute X, Y and z from (4.33),
Compute Xjipit from (4.35), (4.36) or (4.37),

If X = Xiimit

I—opt = [96] 5

Algorithm ends,
else

Lopt =[32,32,32],
end.

3. Comparing 1-block and 2-block configurations
Fori=2 to 6,

I-new = [ ] 5

N=S_ (i), L=S_(i+1),

For block =1 to length(LOpt) ,

If Lopt (block)=N,

Compute X and y from (4.28),
Compute Xjipir from (4.29),

If X2 Xjimit »
Lnew = [ Lnew, N ] 5
else
Lnew =[Lnew> N /2, N /2],
end
else
Lnew = [ Lnew, Lopt (block)],
end
end
I—opt = I—new 5
end.
4. Output
Return Lopt .

Figure 4.2: Mean BER minimization algorithm with variable code length for LP-OFDM sys-
tems, under a PSD constraint, a given target throughput and a single QPSK constellation.
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1 Lo
> 2:2 =, (4.38)

1|ha’n| n:1|hb,n

L
n=

where h,, and hp,, are the channel responses of the first and second block subcarriers,
respectively. The resulting system mean BER, which will be a reference for the sequel, can

be written as

(4.39)

Let {ham} and {hbm} the sets channel responses we want to interchange between the two
blocks, with m=1---L'. The resulting system mean BER after subcarriers interchanging is

given by

Pb':lerfc NE 1 1 NE 1

4 AN C 5 +Zerfc N - . ,
0 anl(”\ham\ )*d ° Zn:l(l/‘hb’n‘ )‘d (4.40)

with d =z;’_l(l/\h'b,mf)—z:_l(u\h;,mf).

Let X, y and o be three real numbers such that

‘o NE 1 _NE
" 2Ny VL 2\ o N’
02n-1(1/|ha’n|) @ No
_ d :ﬁ, with 0<y<l, (4.41)

Z;l(l/‘ha,n‘z)
a:zﬁg(l/\hnf),

where {hn} is the set of all the system frequency responses. To understand the effect of
this subcarriers interchanging on the final system mean BER, we study the BER difference
Pbyes —Pb' which is equal to

1 x| 1 X 1 X
f(x,y):EerfC(\/;J—Zerfc{ 2(1+y)J—Zerfc[ 2(1—y)} (4.42)
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Solving this equation, we find that
e If x>3,then f(X,y)<0,Vy,ie. Pbrt <Pb',Vy. Thus, the optimal configura-
tion that minimizes the system mean BER is to have two blocks with equal BER.
Consequently, the subcarriers should be distributed between the two blocks such
that

L1 L1
> ‘2=Z =, (4.43)

n=1 ‘h]yn n=l1 ‘hzyn

where h;, and h,, are the channel responses of the first and second block sub-
carriers, respectively.
o If x<3, f (X, y) is maximized, and consequently Pb' is minimized, for a given

value of X, when y is equal to

y = 0.362 log(3.2615—X) +0.5856 . (4.44)

Since we have that 2d =a Y, the optimal subcarriers distribution that minimizes
the system mean BER respects the following equation
I

n=1 ‘

S~ o |:0.362 10g(3.2615—£]+0.5856}. (4.45)

1 —
hl,n‘z OLNO

n=I ‘hz,n‘
The MBM algorithm in Section 4.2.3 can be easily modified in order to take into account
the optimal subcarriers distribution. In fact, before every comparison between 1-block and
2-block configurations, the 2-block scheme is first optimized by efficiently distributing the
subcarriers between the two blocks as proposed in (4.43) and (4.45).

4.2.5 Simulation results

After having described the different mean BER minimization strategies that can be carried
out on the LP-OFDM system with variable code length, using a single QPSK constellation
order and for a target throughput, we present the simulations performed on the first three
bands (3.1-4.7 GHz) of the MB-OFDM solution using the UWB channel model CM1. The
transmitted PSD is E =—41.3 dBm/MHz and the noise density is Ny =—114 dBm/MHz.
In addition, the OFDM symbol of the LP-OFDM system consists of N =96 data subcarri-
ers. Consequently, the target throughput is R =192 bit/symbol. Note that in this section,
the channel coding is not taken into account.
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In Figure 4.3, the system mean BER is plotted as a function of E, /N, for different
LP-OFDM system configurations with constant and variable spreading code lengths. At
low Ep/ Ny values, the LP-OFDM system with a constant code length of L =1, which is
equivalent to a classical OFDM system, has lower mean BER than LP-OFDM systems
with L=16 and L =96. On the other hand, at high E, / N{ values, the LP-OFDM system
with L =96 has the lowest mean BER. Thus, we conclude that increasing E, / Ny leads to
increasing the spreading code length of the LP-OFDM system in order to reduce the sys-
tem mean BER.

When the proposed MBM algorithm with variable code length is applied to the
LP-OFDM system, the mean BER is reduced compared to LP-OFDM systems with con-
stant code length, as we can see from Figure 4.3. Note that in this figure, the subcarriers
are randomly distributed on the different blocks. At Ey, / Ny values lower than 5 dB, the
dynamic LP-OFDM system performance converges to the performance of an OFDM sys-
tem (L=1). At E, /Ny values higher than 22 dB, the optimal code length that minimizes
the mean BER is L =96, and consequently the dynamic LP-OFDM system performance
converges to the performance of a LP-OFDM system using a single block. At medium
Ep / Ny values, the dynamic LP-OFDM system outperforms the different LP-OFDM con-
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Figure 4.3: Performance of the mean BER minimization algorithm with variable code length
compared to the performance of LP-OFDM systems with constant code length.
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figurations with constant code length. In addition, at a BER level of 107>, the proposed
algorithm offers an E, /Ny gain of 6 dB compared to a LP-OFDM system with L =16
and a 13 dB gain compared to an OFDM system (L =1). Similarly, at a BER level of 107!,
it offers a 4 dB gain compared to a LP-OFDM system with L =16. Hence, we conclude
that the proposed algorithm can be efficiently applied to the LP-OFDM system to improve
its performance in terms of mean BER.

Figure 4.4 presents an example of the suboptimal code length configuration provided
by the MBM algorithm for a given channel realization at E, /Ny =8 dB. This algorithm
can be implemented at the receiver side, and then the output can be sent to the transmitter
as a vector, equal to Lopt =[32,16,1,1,1,1,4,8,8,1,1,2,4,8,4,2,1,1] in this example, at the
beginning of the frame by a simple feedback.

Figure 4.5 presents the performance of the proposed MBM algorithm with random and
optimal subcarriers distribution. As we can see, optimizing the subcarriers distribution as
described in Section 4.2.4 reduces the mean BER of the LP-OFDM system. However, this
system improvement is not very important ( E, / Ny gain less than 0.2 dB). This is due to
the fact that the proposed dynamic code length optimization provides a very good exploita-
tion of the available frequency diversity, and thus the remaining frequency diversity that
can be exploited by the optimal subcarriers distribution is very small. Consequently, a ran-
dom subcarriers distribution can be sufficient to reduce the mean BER significantly with-
out increasing the system complexity considerably.

4.3 Variable constellation orders

In order to further improve the system performance, we move away from the MB-OFDM
proposal and we consider variable constellations (BPSK, QPSK, 8-QAM and 16-QAM).
Here, knowledge of CSI is assumed at the transmitter. We first study the case of mean
BER minimization of an OFDM system for a given target throughput, and then we move to
the case of a LP-OFDM system.

4.3.1 OFDM system

The throughput of an OFDM system in bit per symbol in the case of variable SNR gap per
subcarrier can be derived from (3.11) as

N N 1 E
Rorom =Y Rn = log (1 +—]ha[’ —”J : (4.46)
n=1 n=1 In No
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35

Spreading code length L

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Block index

Figure 4.4: An example of the suboptimal code length configuration provided by the mean
BER minimization algorithm for a given channel realization at E, / Ny =8 dB..

10 T \ \

R e S L] Radom subcarriers distribution | _|
|
.~ A 4o +- - -4 ==== Qptimal subcarriers distribution | —

Mean BER

Figure 4.5: Effect of the optimal subcarriers distribution on the proposed mean BER minimiza-
tion algorithm.



4. Mean bit-error-rate minimization study 113

where N is the number of data subcarriers and I', the variable SNR gap relative to the
QAM constellation order of subcarrier n. The MBM problem can be written as

N
min —Zn:l ( RaPn ) ,

Z:l:] Rn

subjectto E, <E, WVn, (4.47)

N
and z R, =R,
n=l1

where E is the PSD limit for each subcarrier and R the target throughput. The BER for
subcarrier n can be expressed from [86] and (4.46) as

1 3 E, 1
Pby zR—Zerfc( \/5| hn 2 —”—] (4.48)

n N() 2Rn _1

It is clear that to minimize the mean BER, the total available energy on each subcarrier
should be used, thus E, = E, ¥n. The optimization problem can be solved using Lagrange

multipliers in (4.47) as follows

N N
L(Rn,x)=22erfc( /2R°n‘” JH{I’(’—ZRJ, (4.49)
n=l1 - n=1

E
No

with Ol :%\ hn [2 (4.50)

After differentiating with respect to R, and considering the approximation 2R —1~ 2R
the Lagrange multiplier becomes

A=2In2 /;—”& /2" (4.51)

Equation (4.51) can be solved using the Lambert W function [110]. Thus, the real bit and

power allocation solution can be written as

R 2y 1 Q 2
Ro =+ log (|hn| ) 5 gogz (|hn| ) vn, s

En = En, vn
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1. Initialization
Set R, =0, Vn.

2. While > Ry <R

ﬁ:arg[ _min [(Rn+1)an(Rn+1):|}:arg{ _max (2|Rh+‘z_lﬂ

N, Ry <Rupaxgam N, Ry <Ripaxoam
Ry =Rs+1.
3. Output
Return R;---Ry.

Figure 4.6: Mean BER minimization algorithm with variable constellation orders for OFDM
systems.

It is interesting to note here that this result is the same as the one obtained in the case
of margin maximization of OFDM systems for a given target throughput and a fixed SER
for each subcarrier, discussed in Section 3.2.3. Thus, we conclude that maximizing the

margin of OFDM systems equivalently minimizes their mean BER.

Since the number of bits allocated to each subcarrier has to be integer, discrete greedy
methods that incrementally allocate these bits to minimize the mean BER can be used. In
this study, the proposed MBM algorithm is presented in Figure 4.6. This algorithm starts
by considering zero bits on each subcarrier. Bits are then allocated to the subcarriers with
the lowest SER until the target throughput is reached, while not exceeding the maximum

allowed constellation order Ryaxgam 1n the system.

4.3.2 LP-OFDM system

In this section, we propose a new resource allocation study that minimizes the mean BER
of a LP-OFDM system for a given target throughput using variable constellation orders.
This study is carried out by first considering a simple single-block LP-OFDM system, and
then moving to the case of a general multiple-block LP-OFDM system.

4.3.2.1 Single-block system
The MBM problem in the case of a single-block LP-OFDM system can be written as
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K
subjectto Y Ey <E (4.53)

K
and Z R« =R,
k=1

where E is the PSD limit of the single block and R the system target throughput. The
BER for code k can be expressed from [86] and (4.4) as

2
Pbkzizerfc 3 L B 1

Ry 2zr:=l(l/|hn|z)N_02Rk -1

The optimization problem can be solved using Lagrange multipliers in (4.53) as follows

L (Ex,Rc, A1) 22erfc[/ o J+X[E—iEkJ+u(§—iRkJ, (4.55)
k=1 k=1

2
with o= % L L (4.56)

(11 ) No

After differentiating with respect to Ex and Ry, and considering the approximation

(4.54)

2R« —1~ 2R the Lagrange multipliers become

’ e aEk/ZRk

(4.57)
aE —a Rk
n=2In2 / 2R|ie B/2
Solving (4.57), we find

Ek :E, VK,
K
B (4.58)

Rk :B, VK.
K
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Thus, the energy and the real bits should be uniformly distributed on the different codes.
The only remaining parameter to be optimized to minimize the mean BER is the number K

of codes. Consequently, the MBM problem is reduced to

o E

minKerfc| |———— |,
K K (2R/K —1) (4.59)

with 1<K <L

Since this problem can not be solved analytically, curve-fitting techniques are used. We
find that the optimal number of codes that should be used in the single block to minimize
the mean BER can be approximated by

K*zRound{z o~cE e(R—o.415)/1.4427—1 . (4.60)

32R 1

In the case of integer bit optimization, similarly to the scenario in Section 3.3.3.1, the
optimal bits distribution for a given number K™ of codes would be to allocate | R/ K" |+1
bits to m codes and | R/ K" | bits to the remaining K*—m codes. Since we have a target
throughput R, m should respect the equation m(LF:’/ K*J+1)+(K’k - m)LFi/ K*_| =R.
Thus, we find

m=R-K*[R/K"|. (4.61)
Consequently, the integer bit allocation solution for a single-block system is given by

Ri=|R/K"|+1,  vke[l:m],
B (4.62)
R =|R/K" |, vke[m+1:K"].

4.3.2.2 Multiple-block system

After having study the single-block case, we move to a multiple-block LP-OFDM system
study. Let B be the number of blocks, all having the same length L. The MBM problem can

be written as
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Zb _(RoPhy)
Zb | Ro

Kb -
subjectto  » Eyp <E, Vb, (4.63)
k=1

B
and Z R, =R,
b=l

where R, and K, are the number of bits and codes in block b, respectively, Pb, the BER
for block b, E the PSD limit of each block, and R the system target throughput. Taking
into account the result presented in (4.58) for a given block, the MBM problem can be re-
defined as

minZB: Kyerfe| |— 2= E (4.64)
b 5 .
= Kb (2Rb/Kb _1)

where o, is given by

3 L* 1
23 (1 s ) No

Supposing that K, = L, which is the case in most of the times, and using Lagrange multi-

op = (4.65)

pliers, we find

szglogz[i J i [Z 1 } vb. (4.66)

n1|nb| b n1|nb|

Equation (4.66) gives the optimal real number of bits per block that minimizes the system
mean BER. Since the number of bits allocated to each block has to be integer, a discrete
incremental algorithm can be used to find the optimal integer number R, of bits per block.
Then, each block can be individually optimized as in the single-block study. Thus, we find
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Rio =| Ry /Ky |+1, Wb, Vke[l:my],
Rico =| Ry /K3 |, b, Vke[m,+1:Kj |,

with my =R, — K5 | Ry /Ky |, (4.67)

Kp ~ Round g(fb_ée(§b—04415)/1.4427_1
3 2Rb _1 s

Ry given by the greedy algorithm.

4.3.2.3 Proposed algorithm

The algorithm we propose in this study to minimize the mean BER of the LP-OFDM sys-
tem is given in Figure 4.7. This algorithm starts by considering zero bits for each block.
The first step consists in finding the optimal number ﬁb of bits that should be allocated to
each block b. Thus, bits are incrementally allocated to the codes that are within the blocks
whose noise margin is the maximum, and that have the smallest number of allocated bits,
until the target system throughput R is reached. The second step consists in finding the
optimal number ﬁc,b of bits that should be allocated to each code in order to reach the
block throughput Ry, as given in (4.67). Note that the algorithm takes into account the
maximum constellation order R, oav - In fact, when the number of bits allocated to a
given code exceeds R, oam > the number K, of codes in the corresponding block is in-
cremented, which relatively reduces the constellation orders of these codes since the same

R, bits is now distributed on a larger number of codes.

4.3.3 Simulation results

In this section, we present the results of simulations performed on the first MB-OFDM
band using the UWB channel model CM1. The transmitted PSD is E = —-41.3 dBm/MHz
and the noise density is N, =—114 dBm/MHz. In addition, the OFDM symbol of the
LP-OFDM system consists of N =96 data subcarriers, and the code length is the same for
all the blocks, equal to L =16. Note that in this section, the channel coding is not taken

into account.

Figure 4.8 presents the resulting mean BER of different OFDM and LP-OFDM con-
figurations for a system target throughput R =192 bit/symbol, with fixed and variable con-
stellation orders. If we consider a unique QPSK constellation order, the performance of the
OFDM system in terms of mean BER is slightly better than the performance of the
LP-OFDM system at low SNR levels. However, at high SNR levels, the LP-OFDM system



4. Mean bit-error-rate minimization study 119

1. Initialization
Set R, =0, Vb.

2.Find R, forb=1---B
While 3" Ry <R

b=arg mgx{l/[z:;_l(l/ | hnp |2)z:(':1(2Rkvb+1 —1)}} ,

kA:argmkin(Rk,B),

3. Blocks optimization
Compute K; from (4.67),
Ky (Kp <1)=1and Ky (Kp >L)=L,
While | Ry /Ky [+1> R qau and Ky <L
K, =Kp +1,
Find Iik,b from (4.67).

4. Output
Return Ry, vk, Vb.

Figure 4.7: Mean BER minimization algorithm with variable constellation orders for
LP-OFDM systems using a constant spreading code length.

outperforms the OFDM system. For instance, at a mean BER level of 107, the LP-OFDM
system provides a 1 dB gain compared to the OFDM system. On the other hand, when the
MBM algorithm with variable constellation orders is applied to the LP-OFDM system, the
mean BER is reduced considerably. For very low SNR values, the LP-OFDM system using
the MBM algorithm outperforms the LP-OFDM system with fixed constellation order.
Note that in this figure, the constellations are limited to 16-QAM. If higher constellation
orders were used, the mean BER could be further reduced. For high SNR values, the mean
BER is minimized significantly with the MBM algorithm. For instance, at a mean BER
level of 107, the MBM algorithm provides a 6 dB gain compared to the LP-OFDM sys-
tem with fixed constellation and a 7 dB gain compared to the OFDM system.
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In Figure 4.8, the MBM algorithm performance is also compared to the performance of
the margin maximization algorithm presented in Section 3.3.3.2. At low SNR levels, the
MBM algorithm outperforms the MM algorithm. This is due to the MBM algorithm flexi-
bility brought by the dynamic number K; of codes that can be reduced when the SNR
reaches critical low values, contrarily to the MM algorithm whose number of codes is fixed
and equal to L. On the other hand, at high SNR levels, we notice that the performance of
both algorithms is similar. This was expected since at these SNR levels the optimal number
K; of codes is equal to its maximum possible value L. Consequently, the MBM algorithm
provides exactly the same result as with the MM algorithm.

Figure 4.9 presents another comparison between MBM and MM algorithms for differ-
ent system target throughputs, at a SNR level of 11 dB. We notice that the mean BER of
the LP-OFDM system using the MBM algorithm is always lower than the mean BER with
the MM algorithm, for the different target throughputs. Compared to the LP-OFDM with
fixed throughput, the MBM reduces the mean BER considerably, especially for low target
throughputs. For instance, a LP-OFDM using a single 2-QAM constellation (R =96
bit/symbol) provides a mean BER of about 10™', whereas a LP-OFDM employing the
MBM algorithm provides a mean BER of about 7x107>.

4.4 Conclusion

In this chapter, we have proposed a new resource allocation approach that focuses on the
system mean BER instead of the subcarriers and codes SER. This study, whose main ob-
jective was to minimize the system mean BER for a given target throughput, was carried
out in two scenarios. The first scenario considered a fixed constellation order where the
mean BER of the LP-OFDM system is minimized by optimizing the variable code lengths
configuration. Simulation results showed that the proposed MBM algorithm in this sce-
nario reduces the mean BER significantly at the different SNR levels, and that the resulting
LP-OFDM system with variable code length outperforms the LP-OFDM systems using a
unique code length for their different blocks. Note that since the UWB channel response
varies slowly in time and can be considered as quasi-static during one frame, the algorithm
implementation complexity is reduced. In fact, this algorithm can be implemented at the
receiver side, and then the algorithm output can be sent to the transmitter at the beginning

of each frame by a simple feedback.
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The second scenario considered variable constellation orders with a constant code
length. Different resource allocation studies that find the optimal power and bit distribution
that minimizes the mean BER of OFDM and LP-OFDM systems were proposed. Simula-
tion results show that the MBM algorithm proposed for LP-OFDM systems reduces the
mean BER significantly, compared to the LP-OFDM systems using a fixed constellation
order. In addition, this algorithm is very flexible since it dynamically selects the optimal
number of codes that should be used in each block.

Finally, we should note that the analytical study carried out in this chapter helped us to
better understand the effect of linear precoding on multicarrier systems. Starting from the
simple case of two subcarriers, we derived the boundaries than define whether a simple
OFDM system or a LP-OFDM system offers better performance in terms of mean BER.
Although this study highlighted the intrinsic characteristics of the precoding function with-
out taking the channel coding gain into account, the analytical results found in this chapter
will be verified in the global system study carried out in Chapter 5. In addition, this global
study will show the effect of combining spreading and channel coding to well exploit the
channel diversity.



Chapter 5

Global MIMO LP-OFDM UWB
system optimization

AFTER having analytically studied the linear precoding scheme in the previous chapters
and presented its advantages when combined with an OFDM modulation, we con-
sider here a global UWB system study that takes into account the different functions of the
transmission chain. This chapter is divided into two parts. The first part discusses the per-
formance of the proposed LP-OFDM system in a single-input single-output (SISO) con-
text. After a discussion on the main parameterization strategies that improve the system
performance, the spreading code length is optimized through system simulations, and the
resulting solutions verify the analytical results obtained in Chapter 4. In addition, simula-
tion results of the SISO LP-OFDM system using the optimal code length show the advan-
tage of combining the LP component with the OFDM scheme of the MB-OFDM solution.

The second part of the chapter is dedicated to the study of MIMO techniques in UWB
applications. After a general overview on MIMO technology, we describe a new realistic
MIMO UWB channel model developed at IETR, which will be used in our study. Then, we
propose to add an Alamouti space-time scheme to the LP-OFDM system. Thanks to its
orthogonal properties, this scheme requires a very simple maximum likelihood (ML) de-
coder, resulting in low cost receivers. The objective of this study is first to improve the
system range while maintaining a QPSK constellation [111], and then to provide very high
data rates through a joint combination of MIMO with a 16-QAM constellation [112].

5.1 SISO LP-OFDM system

5.1.1 System configuration

A global study of the LP-OFDM UWB system is carried out in this section, under a SISO
context. In this study, the different blocks of the transmission chain, listed in Figure 5.1,

123
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Figure 5.1: Simplified SISO LP-OFDM UWB transmission system.

are taken into account. As we can see from Figure 5.1, the main difference between the
LP-OFDM and MB-OFDM systems is the simple addition of the linear precoding block.
Although the LP component can be easily implemented using a simple matrix, some pa-
rameter modifications have to be carried out on other blocks of the transmission chain in
order to optimize the system performance and benefit well from the addition of the LP
component. The system parameters that are different from the MB-OFDM ones are de-

scribed in the sequel.

The proposed LP function consists of Walsh-Hadamard orthogonal spreading codes
that are used to limit the SI in the LP-OFDM system. In this system study, a unique spread-
ing code length is used for all blocks of the LP-OFDM scheme in order not to significantly
increase the complexity of the system compared to the MB-OFDM system. Thus, the algo-
rithm presented in Section 4.2.3, which minimizes the mean BER with variable code
lengths, is not applied here. In addition, only Sylvester constructions of Hadamard matrices
are considered. In order to use these Sylvester schemes and have many possible code
lengths, we reduce the number N of data subcarriers in each OFDM symbol to 96. Note
that N was initially equal to 100 in the MB-OFDM system. An additional code length
L =96 can be considered, using Paley construction, to study the case of a single-block
LP-OFDM system. The resulting set of possible spreading code lengths is then given by
S, = {96, 32,16,8, 4,2, 1} . Note that the remaining 4 subcarriers can be grouped into an
additional block of length L =4 in order to use 100 data subcarriers as in the MB-OFDM
system. However, since we are only considering a single code length for the whole system,
this approach will not be studied here. Thus, the 4 subcarriers are set to zero, which gives a
total number of 10 null tones.
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Table 5.1: OFDM parameters of the LP-OFDM system.

Parameter Value
Number of data subcarriers (N) 96
IFFT / FFT size (Nggr) 128
Sampling frequency (fs) 528 MHz
Subcarrier frequency spacing (Ay) 4.125 MHz
IFFT / FFT period (Teer) 242.42 ns
Number of samples in ZPS (Nzps) 37
ZPS duration (Tzps) 70.08 ns
Symbol interval (Ts) 312.5ns

The same convolutional encoder as in the MB-OFDM system, using the industry-
standard rate T =1/3 code, with generator polynomials gy =133g, ¢; =165 and
0, =171g, is considered. Additional coding rates, derived from the mother rate T =1/3
code by employing a puncturing procedure, are proposed in Section 5.1.2.1 after the opti-

mization of the spreading code length.

Except for the number of data subcarriers, the OFDM parameters of the LP-OFDM
system, listed in Table 5.1, are chosen the same as the OFDM parameters of the
MB-OFDM system. In addition, in the SISO context, we only consider a QPSK constella-
tion to have comparable constellation complexity with the MB-OFDM system. Besides,
the same TFC technique as the one of the MB-OFDM system, described in Section 2.2.1.5,
is applied on the LP-OFDM system to provide frequency hopping between the users from a
band to another at the end of every OFDM symbol, and thus to benefit from an additional
frequency diversity. Furthermore, a MMSE detection is used in this system study since it
offers better performance than the ZF technique, especially at low SNR values.

5.1.1.1 Subcarriers distribution

In the analytical study in Chapter 3 and Chapter 4, we have discussed the effect of subcar-
riers distribution on the system performance. For instance, in Chapter 3, we showed that
the optimal solution for the subcarriers distribution in the bit loading algorithms would be
to sort the system subcarriers according to the amplitude of their frequency responses, be-
fore distributing them on the different LP-OFDM blocks. Besides, in the mean BER mini-
mization study in Section 4.2, we demonstrated that the subcarriers distribution between
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two given blocks should respect a certain condition, given by (4.43) and (4.45), in order to

minimize the system mean BER.

In LP-OFDM systems, two different frequency assignment approaches can actually be
considered to split up the subcarriers into the spreading blocks associated to the precoded
symbols [113]. The first approach, so-called standard block interleaving scheme, consists
in interleaving the subcarriers assigned to each spreading block so that the corresponding
chips are regularly distributed across the whole bandwidth. Consequently, maximum fre-
quency diversity is made available at the receiver. The second scheme, so-called adjacent
subcarrier scheme, gathers the chips of one spread symbol from neighboring subcarriers.
In contrast to the first scheme, the adjacent subcarrier scheme provides a weaker exploita-
tion of the available frequency diversity. However, the correlation between channel coeffi-
cients of adjacent subcarriers is more important, and consequently the channel variance is
smaller. It is proven in [114] that the SI variance is proportional to the channel variance
over a specific subset of subcarriers. Thus, using adjacent subcarriers reduces the SI.

Consequently, the adjacent subcarrier scheme will be chosen in the sequel in order to
limit the SI. In this case, the frequency diversity is jointly exploited by the spreading com-
ponent, which is carried out in the frequency direction, and the channel coding combined

with bit interleaving.

5.1.1.2 Bit interleaving

As in the WiMedia solution, the bit interleaving process is performed in three distinct
stages: Symbol interleaving, Intra-symbol tone interleaving and Intra-symbol cyclic shifts.
The symbol interleaver is the same as in WiMedia, given in (2.13).

The output ag[i] of the symbol interleaver is then permuted using a block intra-symbol
interleaver of size Nqiy X16, with Ny = Neges /16 and Negps the number of coded bits

per OFDM symbol. The tone interleaver output a;[i], with i =0,...,Ncges —1, is given by

a [i] = a H NiimJ+6xmod(i,NTim)] 5.1)

The sequence a;[i] is then passed through an intra-cyclic shifter whose output is the

same as in (2.15), but with a shift factor N, given by
Nee =2K +1, (5.2)

where K is the number of used spreading codes in a LP-OFDM block. Thus, intra-cyclic
shifter of the LP-OFDM system varies dynamically with the number of used codes in order
to get a better exploitation of the frequency diversity.
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5.1.2 Simulation results

In this section, in a first step, we find the optimal spreading code length that minimizes the
system BER, and consequently improves the system performance, by carrying out simula-
tions on the global LP-OFDM system. Besides, we compare the results to the analytical
ones obtained in previous chapters. In a second step, taking these results into account, we
present the performance of the LP-OFDM system for different system configurations, and
we compare it to the performance of the WiMedia system.

5.1.2.1 Spreading code length optimization
In Chapter 4, we have analytically studied the effect of the code length L on the system

mean BER while only taking into account the LP and OFDM components. In this section,
we present the effect of L in a global system environment taking into account the different
components of the transmission chain, including the channel coding. The different
LP-OFDM system parameters are selected as described in Section 5.1.1. Note that the
number K of used codes is considered equal to L. The system simulations are performed on
the first three MB-OFDM bands using the IEEE 802.15.3a channel model CM1, and under
a SISO context. Frames of 150 OFDM symbols are used, each frame being transmitted on
a different channel realization, from a total of 100 available realizations.

Figure 5.2 (a) presents E, /N, for different code length values at different BER oper-
ating points, when no channel coding is used in the system. Besides, Figure 5.2 (b) depicts
the optimal values of L that minimize the BER of the system presented in Figure 5.2 (a) as
a function of E,/N,. We notice that when E, /N, increases, the optimal value of L in-
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Figure 5.2: Spreading code length optimization in a LP-OFDM system without channel coding.
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creases, which verifies the analytical results obtained in Chapter 4. In addition, for high
values of E, /N, i.e. E,/N,>17db or BER <107, the optimal code length value is
L =96. Thus, a single LP-OFDM block should be used to minimize the system BER.

Figure 5.3 (a) presents E, /N, as a function of L at different BER operating points,
when a channel coding rate r =3/4 is used in the system. We notice that the optimal value
of L that minimizes E, /N, is reduced compared to the one in a LP-OFDM system with-
out channel coding. For example, at BER =107, the optimal code length with r=3/4 is
L =32, whereas it was equal to 96 without channel coding, as can be seen in Figure
5.2 (a). This is due to the fact that when a channel coding is used, the system benefits from

the frequency diversity recovered by this coding, and consequently less frequency diversity
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Figure 5.3: Spreading code length optimization for different channel coding rates in a global
LP-OFDM system.
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than in the system without coding must be exploited by the linear precoding scheme. Thus,
less spreading is required to minimize the system BER and the optimal spreading code
length is reduced. In addition, when the channel coding rate is reduced to r=1/2, as de-
picted in Figure 5.3 (¢) and Figure 5.3 (d), the optimal code length is decreased more and
the average optimal code length is L =8.

Consequently, we conclude that increasing the channel coding rate or the value of
E, /N, leads to increasing the optimal spreading code length that minimizes the system
BER. In the sequel, for the sake of simplicity, we use a unique code length for the different
LP-OFDM configurations. The chosen code length is L =16, since it seems to be a good
compromise and gives good performance for the different channel coding rates that will be
considered. As the number of data subcarriers is N =96, the resulting LP-OFDM system
is composed of 6 blocks of 16 subcarriers each. Note that a normalization factor of /4L,
presented in (2.12), is added before the Hadamard matrix at the transmitter and at the re-
ceiver to compensate for the energy provided by the spreading process.

As mentioned in Chapter 3, the number K of used codes in a given LP-OFDM block is
not necessarily equal to L. Thus, one significant advantage of the LP-OFDM system is that
it provides a wide range of data rates due to the high flexibility brought by the joint as-
signment of the number of used spreading codes and the rate of the channel convolutional
coding. For simulation comparison, eight r and K combinations, out of a very large number
of possible combinations, are selected in order to obtain data rate levels that are close to
the ones defined by the WiMedia solution (see Table 2.1).Thus, the proposed LP-OFDM
data rates are listed in Table 5.2.

Table 5.2: LP-OFDM system data rates.

Data rate (Mb/s) Constellation Coding rate r Number K of codes
51.2 QPSK 1/3 4
76.7 QPSK 1/3 6
115.1 QPSK 1/3 9
153.6 QPSK 1/3 12
192 QPSK 12 10
307 QPSK 1/2 16
409 QPSK 2/3 16

460 QPSK 3/4 16
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From Table 5.2, the low data rates are obtained using a number K of codes lower than
L, which can be selected from a set of L available spreading sequences. In the presence of
multipath channels, the orthogonality between spreading sequences is lost and not com-
pletely restored by the MMSE detection. Thus, the K spreading codes should be judi-
ciously selected to reduce the SI in the LP-OFDM system. In this study, we use an opti-
mized spreading codes assignment, proposed in [115], which minimizes the largest degra-
dation among any two symbols.

5.1.2.2 System Simulations with L =16

After having described the different parameters of the proposed LP-OFDM scheme, we
present the LP-OFDM system performance and we compare it to the performance of the
WiMedia system. Note that the suboptimal spreading code length L =16, the optimized
spreading codes assignment for K < L, and the adjacent subcarrier scheme are used here.
The system simulations are performed on the first three MB-OFDM bands using the IEEE
802.15.3a channel model CM1, and under a SISO context. Frames of 150 OFDM symbols

are used, each frame being transmitted on a different channel realization.

In Figure 5.4, the system BER is presented as a function of E, /N, while considering
the ideal case of perfect channel estimation. The performance of the LP-OFDM system is
presented for the different data rates proposed in Table 5.2. By comparing Figure 5.4 and
Figure 2.9, we notice that for a given E, / Ny value, the BER of the LP-OFDM system at a
given data rate is always lower than the BER of the WiMedia system at a close data rate.
For example at E, /Ny =12 dB, the WiMedia system with a data rate of 480 Mb/s pro-
vides a BER of 2.3x10™* whereas the LP-OFDM system with a data rate of 460 Mb/s of-
fers a BER of only 4.8x107>. This data rate difference is due to the number of data subcar-
riers which is equal to 100 in the WiMedia system and to 96 in the LP-OFDM system.

For a better comparison between the WiMedia and LP-OFDM systems, Figure 5.5
gives for both systems the required Ep /Ny that provides a BER of 107 at the output of
the Viterbi decoder, at different data rates. The LP-OFDM system outperforms the WiMe-
dia system for all the data rates, as it was expected from the analytical studies. The LP gain
of the global LP-OFDM system is around 1dB, which is lower than the LP gain obtained in
the analytical study. This is due to the fact that the channel coding component that is added
to the global system exploits a part of the available frequency diversity, which squeezes the
LP gain considerably. We conclude that the proposed LP-OFDM system provides better
performance than the OFDM system, and a wider range of possible data rates due to the
high flexibility brought by the joint assignment of the number of used codes and the se-

lected coding rates.
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5.2 Brief overview on MIMO technology

The demands for capacity driven by Internet and multimedia applications in next genera-
tion wireless communications have been rapidly increasing worldwide. As the available
radio spectrum is limited, higher data rates can be achieved only by designing more effi-
cient signaling techniques. Recent research in information theory has shown that MIMO
techniques provide large gains in capacity of communication over wireless channels [86].
In radio communications, MIMO is defined as the use of multiple antennas at both the
transmitter and receiver to improve the communication performance. Thus, through the use
of a new spatial dimension, MIMO technology offers significant increases in data through-
put and link range without additional bandwidth or transmit power. Today, MIMO is used
or planned to be used in several communications standards including the IEEE 802.11n,
the IEEE 802.16¢, and the 3GPP LTE standard.

MIMO can be sub-divided into two main categories. The first one requires the knowl-
edge of the CSI at the transmitter. It can be seen as a generalized beamforming to support
multi-layer transmission in MIMO radio systems [116], [117]. Conventional beamforming
considers linear single-layer precoding so that the same signal is emitted from each of the
transmit antennas with appropriate weighting such that the signal power is maximized at
the receiver output. When the receiver has multiple antennas, the single-layer beamforming
can not simultaneously maximize the signal level at all of the receive antennas and so pre-
coding is used for multi-layer beamforming in order to maximize the throughput perform-
ance of a multiple receive antenna system. In MIMO precoding, the multiple streams of the
signals are emitted from the transmit antennas with independent and appropriate weighting

per each antenna such that the link throughput is maximized at the receiver output.

The second category of MIMO techniques requires the knowledge of the CSI only at
the receiver side. This category is also divided into two main techniques: spatial multiplex-
ing and spatial diversity. Spatial multiplexing is used when we want to increase the system

throughput, and spatial diversity is considered when we want to improve the link reliabil-

1ty.

5.2.1 Spatial multiplexing

The use of multiple antennas results in increasing the capacity of MIMO channels [118].
Therefore, one may transmit at a higher throughput, compared to SISO channels, for a
given probability of error. The capacity analysis in [118] shows that when the number of
transmit and receive antennas is the same, the capacity grows at least linearly with the

number of antennas.
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One approach to achieve the higher possible throughput is spatial multiplexing. In spa-
tial multiplexing, a high rate signal is split into A, lower rate streams, using a serial-to-
parallel converter, and each stream is transmitted from a different transmit antenna in the
same frequency channel. As a result, the throughput is A, symbols per MIMO channel
with A, transmit antennas. This increase in throughput will generally come at the cost of a
lower diversity gain compared to spatial diversity technique. Therefore, spatial multiplex-
ing is a better choice for high rate systems operating at relatively high SNR while spatial
diversity is more appropriate for transmitting at relatively low rates and low SNR.

Different methods can then be used to recover the A, lower rate streams at the re-
ceiver. The first methods are based on detection techniques. The optimal technique is the
maximum likelihood (ML) detection. However, this technique has some practical limita-
tions since its complexity increases exponentially with the number A, of transmit anten-
nas. Thus, other suboptimal receivers with lower complexity, such as ZF and MMSE, are
generally preferred.

An alternative to the ZF and MMSE receivers is the layered space-time (LST) archi-
tecture, proposed by Foschini [119], which can attain a tight lower bound on the MIMO
channel capacity. This architecture allows processing of multidimensional signals in the
space domain by 1-D processing steps, where 1-D refers to one dimension in space. The
method relies on powerful signal processing techniques at the receiver and conventional
1-D channel codes. In the originally proposed architecture, A, information streams are
transmitted simultaneously, in the same frequency band, using A, transmit antennas. The
receiver uses A, = A, antennas to separate and detect the A, transmitted signals. The sepa-
ration process involves a combination of interference suppression and interference cancel-
lation. The separated signals are then decoded by using conventional decoding algorithms
developed for (1-D)-component codes, leading to much lower complexity compared to
maximum likelihood decoding. Besides, the complexity of the LST receivers grows line-
arly with the data rate.

There are a number of various LST architectures, depending on whether error control
coding is used or not, and on the way the modulated symbols are assigned to transmit an-
tennas. A well-known practical architecture is the uncoded LST structure, known as verti-
cal Bell Laboratories layered space-time (VBLAST) scheme [120].

5.2.2 Spatial diversity
The second category of MIMO schemes not requiring CSI at the transmitter is the spatial

diversity technique that improves the signal robustness instead of the system throughput.

An effective and practical way to approaching the capacity of MIMO wireless channels is
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to employ space-time coding. Coding is performed in both spatial and temporal domains to
introduce correlation between signals transmitted from various antennas at various time
periods. The spatial-temporal correlation is used to exploit the MIMO channel fading and
minimize transmission errors at the receiver. Space-time coding can achieve transmit di-
versity and power gain over spatially uncoded systems without sacrificing the bandwidth,
through an efficient exploitation of multipath effects. There are various approaches in cod-
ing structures, including space-time trellis codes (STTC) and space-time block codes
(STBC). In the sequel, we briefly present the STTC scheme and then we describe the
STBC technique which will be used in the proposed MIMO LP-OFDM system.

5.2.21 Space-time Treillis codes

Trellis-coded modulation (TCM) combines modulation and coding to achieve higher cod-
ing gains [121]. It provides significant coding gain and a better performance for a given
bandwidth compared to uncoded modulation schemes. STTCs can be seen as TCM
schemes for MIMO channels, which combine modulation and trellis coding to transmit
information over multiple transmit antennas and MIMO channels. Introduced for the first
time by Tarokh et al. [122], the STTC technique was widely discussed and explored in the
literature as it can simultaneously offer a substantial coding gain, spectral efficiency, and
diversity improvement on flat fading channels. More information on STTC design and
performance can be found in [118].

5.2.2.2 Space-time block codes

STBC schemes have attracted considerable interest in MIMO communications due to their
low complexity and high flexibility. Contrarily to STTCs, STBCs do not provide any cod-
ing gain. The Alamouti scheme is historically the first STBC to provide full transmit diver-
sity for systems with two transmit antennas [123]. It was then generalized to an arbitrary
number A, of transmit antennas by applying the theory of orthogonal designs. A major
characteristic of the Alamouti scheme is that the transmit sequences from the two transmit
antennas are orthogonal. Thus, the Alamouti scheme belongs to the so-called orthogonal
STBC (OSTBC) family, where the different transmit sequences are orthogonal, allowing a
very simple ML decoding algorithm, based on linear processing of the received signals
[124].

In general, a STBC is defined by a A, x p transmission matrix X, where p is the num-
ber of time periods for transmission of one block of coded symbols. At each encoding op-
eration, a block of sm information bits are mapped into the signal constellation to select S
modulated signals X;,-:-, X, where the signal constellation consists of 2™ points. The s
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modulated signals are encoded by a space-time block encoder to generate A, parallel sig-
nal sequences of length p, transmitted through A, transmit antennas simultaneously in p
time periods. Thus, there are p space-time symbols transmitted from each antenna for each
block of s input symbols. The rate of the STBC is defined as

F'stec =S/ P (5.3)
The spectral efficiency of the STBC is given by

N SN ey (5.4)
W p

where I, and W are the bit rate and the signal bandwidth, respectively.

When the number A, of transmit antennas is larger than two, there does not exist any
OSTBC that provides full transmit diversity while maintaining the orthogonality between
the transmit sequences. Thus, some non-orthogonal codes, known as perfect codes, which
provide a full transmit diversity while offering a code rate rgpc = A;, can be used. The
most famous example of perfect codes is the Golden code, with A, =2 [125]. However,
these space-time schemes require a high complexity decoder which increases the receiver
cost. Consequently, they are not practical for UWB applications.

In this section, we describe the Alamouti scheme since it will be used in the final
MIMO LP-OFDM system. In the Alamouti space-time encoder, each group of
m = log, (M ) information bits is first modulated with a M-ary constellation. Then, a block
of two modulated symbols X, and X, is taken in every encoding operation and mapped to

the transmit antennas according to the code matrix X given by
(5.5)

where X;k denotes the complex conjugate of X;. The encoder outputs are transmitted in two
consecutive transmission periods from two transmit antennas. During the first period, sig-
nals X; and X, are transmitted simultaneously from the first and second antennas, respec-
tively, and during the second period, signals X, and X, are transmitted from the first and
second antennas. Note that the transmit sequences from the two transmit antennas are or-
thogonal.

Let us now assume that two receive antennas are used at the receiver. The received
Alamouti signals at the receive antenna a, over two consecutive symbol periods, denoted

by ri" and r3" for time t and t+T , respectively, can be expressed as
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ar ar
rl :hlarX1+h2arX2+n1 ,
(5.6)
ar * * ar
r2 :_h]arxz +h2arxl +n2 s

where h, ,, is the fading coefficient for the path from transmit antenna a; to receive an-
tenna a,, with a; = {1,2} and a, ={1,2} , and n’;" and ng' are the noise signals for re-
ceive antenna a, attime tand t+T , respectively.

The receiver constructs two decision statistics based on the linear combination of the

received signals. The decision statistics, denoted by X; and X, , are given by

2

2 2 2
v 2 * a, a*
Xy = Z(hla r +hyg, r ) z Z haa,| X+ Z(hla,m +hae N ),

a, =l a,=la,=l a, =l

2 2
~ * a, * a, a, *
Ro= 3 (Mha 11" —hia, 137 = zz aa x2+2(h2arnl +hiy 03

a,=la, =l a,=l

(5.7)
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The Alamouti scheme can achieve a full diversity of A, x A, =2, due to the orthogonality
between the sequences coming from the two transmit antennas. However, it does not pro-
vide any coding gain relative to the uncoded modulation scheme.

5.2.3 MIMO technology in UWB communications
The idea of employing MIMO technology in UWB systems to enhance the systems data

rates and transmission ranges has gained considerable interest recently. In conventional RF
technology, MIMO has been well known for its effectiveness of improving the system per-
formance in fading environments. Most UWB applications are in rich scattering indoor
environment, which provides an ideal transmission scenario for MIMO techniques. In ad-
dition, the high center frequency of UWB radio relaxes the requirements on the spacing
between antenna array elements. Furthermore, MIMO techniques can be a possible solu-
tion for overcoming the very low UWB transmission levels, resulting in enhanced data
rates and communication ranges. MIMO-UWB systems benefit from SNR improvements,
higher channel capacities and better interference rejection [126], [127]. Consequently, the
combination of UWB and MIMO technology can be seen as a cost efficient method to
achieve the very high data rate requirement for future short range wireless applications.
However, given the important multipath diversity of the UWB channels, one may
wonder whether the MIMO technique would provide significant additional spatial diversity
or not. In fact, the UWB signals are not very sensitive to deep notches that can occur in any
part of the spectrum due to the very large UWB frequency band. The answer to that will be
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found when studying the capacity of the MIMO channel for different UWB bandwidths in
Section 5.3.

To this date, UWB-MIMO technology has been well documented for the traditional
single-band UWB system. Two main approaches were considered: the overall diversity
enhancement with no data rate improvement [128], [129], and the spatial multiplexing re-
sulting in enhanced data rates with no transmit diversity gain [130], [131]. On the other
hand, research for MIMO MB-OFDM UWRB systems is less explored, thus offering limited
resources in handling the benefits and challenges of UWB-MIMO communications. Some
works on MIMO MB-OFDM systems can be found in [132]-[134]. Most of these works
propose to use space-time codes as well as space-time-frequency codes based on Alamouti
schemes, to obtain a diversity gain.

5.3 New realistic MIMO UWB channel model

In this section, we describe a new realistic channel model for indoor MIMO UWB applica-
tions, developed at IETR by Dr. Louis-Marie Aubert and Prof. Bernard Uguen within an
external research contract with France Télécom R&D [135]. This channel model with be
used for the simulations of the proposed MIMO LP-OFDM system.

In channel modeling techniques, a modeling approach with correlation matrices is gen-
erally simple since it requires only a power delay profile and two correlation matrices. In
the case of UWB channels, whose bandwidth is very large, the channel model requires a
time partitioning into very narrow taps, each tap containing only a very small number of
channel paths. Consequently, Rayleigh model can not be directly applied to the UWB case,
and MIMO channel matrix can not be derived from a Gaussian matrix. In order to solve
this problem, the UWB channel can be partitioned into sub-channels of bandwidth equal to
the channel coherence bandwidth, which leads to larger taps with a larger number of chan-
nel paths. Each MIMO sub-channel can then be obtained from a Gaussian matrix. How-
ever, reconstructing the global MIMO UWB channel from the different sub-channels is
very difficult since correlation between the sub-channels might occur.

Due to the difficulty of the correlation matrices approach in the UWB context, the pro-
posed channel model considers a geometric statistic channel (GSC) approach, similar to
the one adopted by the spatial channel model of 3GPP/3GPP2 [136]. In the 3GPP/3GPP2
approach, a MIMO channel response can be obtained from a SISO impulse response, the
angle of departure (AoD) and angle of arrival (AoA) statistics, and the antennas geometry
at the transmitter and the receiver. Similarly, in the MIMO UWB model, we select the
SISO impulse response from the SISO-UWB channel model adopted by IEEE 802.15.3a
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(see Section 1.7). Then, the spatial component is chosen based on the IEEE 802.11n model
[137], where AoD and AoA of the different clusters follow a uniform distribution, and the
AoD and AoA of the intra-clusters paths follow a Laplace distribution.

The capacity of the frequency selective MIMO UWB channel is expressed in b/s/Hz as

W/2
c-L1 [ tog, det |+SNRHfoH af , (5.8)
-W /2 At

where W is the channel bandwidth and H¢ the frequency domain MIMO matrix of size
A, x A, with A; and A, the number of transmit and receive antennas, respectively. After

singular value decomposition (SVD) of H , this capacity can be written in b/s/Hz as

min( A A, ) W/2 { SNR
I +

I log,

a=l  -w/2 t

A (f )de : (5.9)

where the real numbers 7»;( f ) , with a= 1,---,min(At, Ar) , are the eigenvalues of
HeHY .

Figure 5.6 depicts the capacity of the proposed GSC channel for different SNR levels
and channel bandwidths, with A, = A, =2 and an antennas spacing of d =5cm at the
transmitter and at the receiver. As expected, when the bandwidth is very large, the diver-
sity order exploited in the frequency domain is very high, and the additional gain due to
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Figure 5.6: Capacity of the proposed MIMO UWB channel model with two transmit and two
receive antennas, and an antennas spacing of d =5cm.
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exploitation of the spatial diversity is lower. As we can see, in the case of a channel band-
width of W =528 MHz, equivalent to the bandwidth of one MB-OFDM band, the MIMO
channel offers a considerable capacity that is much higher than the capacity limit obtained
at very high channel bandwidths (W >4 GHz). This shows that the MIMO technique can
provide considerable spatial diversity gain with the 528 MHz bandwidth we are using,
even if the multipath diversity of the UWB channels is important. Consequently, MIMO
technology can be efficiently exploited for MB-OFDM UWRB applications.

A typical channel realization of the proposed GSC model, with A=A, =2 and
d =1cm, is presented in Figure 5.7, in the frequency and time domains. Note that ha,a,
represents the channel response between transmit antenna a; and receive antenna a, .

54 MIMO LP-OFDM system

5.4.1 System configuration

Based on the previous MIMO channel capacity study showing that the spatial diversity of
UWRB systems can be efficiently exploited, and in order to further improve the performance
of the LP-OFDM system, we propose to add a low complexity MIMO scheme. We have
chosen the well-known Alamouti scheme with two transmit and two receive antennas,
which can be very efficient in an UWB context since it provides full spatial diversity gain,
with no ISI and with low complexity ML receivers. The different blocks of the resulting
MIMO LP-OFDM transmission system are depicted in Figure 5.8.

We have chosen a STBC scheme, since it offers important flexibility in the systems
combining multicarrier and spread spectrum techniques, and low additional complexity.
For instance, the good performance of the combination of Alamouti codes with a
MC-CDMA waveform is presented in [138], for frequency selective and non-selective
channels. In addition, combining STBC with a channel coding provides a considerable
coding gain for the system. Thus, a system using STBC with MC-SS techniques offers
maximum diversity order in the space, frequency and time directions.

One of the main reasons behind the choice of the Alamouti scheme is the orthogonality
of its transmit sequences which allows a very simple ML decoding algorithm, based on
linear processing of the received signals, resulting in low cost receivers. The number of
transmit and receive antennas is limited to two in order not to significantly increase the
complexity. Other non-orthogonal STBC schemes providing full transmit diversity, like the
Golden code for example, could have been considered. However, the absence of orthogo-
nality leads to high complexity decoders, and thus to expensive receivers, which is not
practical for UWB applications which require very low cost and small size UWB devices.
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Figure 5.7: A typical channel realization of the proposed MIMO UWB channel model, with

two transmit and two receive antennas, and an antennas spacing of d =1cm, presented in the

frequency and time domains.
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Figure 5.8: Simplified MIMO LP-OFDM UWRB transmission system.

The spacing d between the two transmit antennas and between the two receive anten-
nas strongly depends on the characteristics of the propagation channel. In order to obtain
enough decorrelation between the signals of the different antennas, we study different an-
tennas spacings d. An antennas spacing of d =5cm at the transmitter and the receiver
sides, equivalent to 0.66A , with A the wavelength of the center frequency, seems to be a
good solution offering a considerable diversity gain, as we will see in the simulation results
in Section 5.4.3.

On the other hand, the multi-user access is performed using TFC sequences. However,
contrarily to the WiMedia system, the frequency hopping from a MB-OFDM band to an-
other occurs at the end of each two consecutive OFDM symbols, since in the Alamouti
scheme a block of two modulated symbols X, and X, are taken in every encoding opera-
tion and mapped to the transmit antennas.

5.4.2 Data rate enhancement with extension to 16-QAM constellation

In the proposed MIMO LP-OFDM system, two possible constellations are considered: the
QPSK and the 16-QAM. In a first step, we consider a single QPSK constellation, same as
in the SISO LP-OFDM system. In this case, the objective of adding the Alamouti scheme
is to improve the system robustness, and consequently the system range, without any data
rate enhancement. The main system parameters and the proposed data rates are the same as
in the SISO LP-OFDM system.

In a second step, in order to improve the UWB system throughput, an additional
16-QAM constellation is considered. Four very high data rates from 614 Mb/s to around
1 Gb/s are thus proposed, listed in Table 5.3. The number K of used codes is equal to the
code length L =16 for all these data rates. In this extension to a 16-QAM constellation,
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Table 5.3: Extended LP-OFDM system data rates, using a 16-QAM constellation.

Data rate (Mb/s) Constellation Coding rate r Number K of codes
614 16-QAM 1/2 16
819 16-QAM 2/3 16
921 16-QAM 3/4 16
983 16-QAM 4/5 16

one or two additional bits could be needed for the analog-to-digital conversion of the UWB
receiver in order to reduce the quantification noise. Hence, the radio-frequency front-end
complexity of the receiver is not significantly increased compared to the WiMedia solu-
tion.

The extension to a 16-QAM constellation requires some system parameters modifica-
tions. In fact, when a 16-QAM constellation is used, the information is carried by the phase
as well as the amplitude of the symbol. Since the MMSE technique modifies the amplitude
of the received signal, a normalization factor p has to be applied before the demapper to
normalize the symbols arriving at the demodulator after having undergone amplitude dis-
tortions. Taking into account the MIMO and LP characteristics of the system, p is given
for each LP-OFDM block by

A, A, 2
Py = L ZL: Zalzlzarzl
= Z:Ll Z:rrzl

ha‘a,,n,b

(5.10)

1 -
SNR

a,,n,b

2
+

hata,,n,b

where hy 4, np is the channel response for the n™ subcarrier of block b between transmit
antenna &, and receive antenna a, , and SNR;, np is the signal-to-noise ratio for subcarrier
n of block b, at the receive antenna a, .

At the receiver, the received 16-QAM signals are first demodulated by a soft-output
demapper and deinterleaved, and then passed to a standard binary soft-input Viterbi de-
coder [139]. The idea is to demap the received signal into soft bits which have the same
sign as the one provided by a hard detector and whose absolute value indicates the reliabil-
ity of the decision.

Let y(n,b)=y, (n,b)+ jyg(n,b) denote the output of the equalizer corresponding to
subcarrier n of block b, with | and Q representing the in-phase and quadrature components,
respectively. The log-likelihood ratio (LLR) for the decision of the in-phase bits b (n, b)
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and quadrature bits bg (n, b) of the 16-QAM constellation, with m = {1, 2} , in the case of
a MIMO LP-OFDM system, can be derived from the LLR approximation of a SISO
OFDM system given in [140], as follows

~ o - Pa.a.n ’
LRR(bLm(n,b))E Za‘—IZar;t%rnl:l tar,n,b Dl’m(n’b),
o 2 (5.11)
t ' ha.a,.n
LRR(bQ,m (n,b)) = za‘_lza';t%nl:] @b Do, m (I"I,b),

where Dy (n,b) and Dg (n,b) are given for the normalized mapping levels {il +3}

” —

we are using by

yi (n,b), lyi (n.b) <2,
Di.i(n,b)=42(yi (n,b)-1), yi(n,b)>2, (5.12)
2(yI (n,b)+1), yi (n,b)<-2,

D.,z(n,b)z—‘y. (n,b)‘+2, (5.13)
o(nb).  |ye(nb)=2

Do.1(n.b)=12(yq(n.b)-1), yo(n,b)>2, (5.14)
2(yQ(n,b)+1), Yo (n,b)<-2,

Dq.> (n.b) =—|yq (n.b)[+2. (5.15)

Note also that in the case of a 16-QAM constellation, a mapping normalization factor
Prmapper =1/ J10 s applied before the mapper and a normalization factor of 1/ ppapper 1S ap-
plied before the demapper, whereas in the case of a QPSK constellation, ppaper 1S €qual to

1/42.

5.4.3 Simulation results
After having described the proposed MIMO LP-OFDM system based on an Alamouti

scheme with two transmit and two receive antennas, we present in this section the results
of the system simulations performed on the first three MB-OFDM bands. The new realistic
MIMO GSC model is used for the MIMO system simulations. In addition, results of sys-



144 5. Global MIMO LP-OFDM UWB system optimization

tem simulations carried out on four fully decorrelated SISO channels IEEE 802.15.3a are
also presented as reference, as presented in Figure 5.8. As in the SISO system simulations,
frames of 150 OFDM symbols are used, each frame being transmitted on a different chan-
nel realization, from a total of 100 available realizations. Note that for the different results
presented in the sequel, the power gain provided by the use of two receive antennas is not
taken into account. If it was considered, all the BER curves of the MIMO system perform-
ance would be shifted 3 dB to the left.

5.4.3.1 Range improvement

In this section, we present the simulation results of the LP-OFDM system using a MIMO
scheme with a QPSK constellation to improve the system range at low and medium data
rates, listed in Table 5.2.

In Figure 5.9, the WiMedia system performance at the highest and lowest possible data
rates of 480 and 53.3 Mb/s, respectively, is presented as reference. The LP-OFDM system
using a QPSK constellation and a TFC technique, with data rates close to these two
WiMedia data rates, i.e. the medium data rate of 460 Mb/s and the low data rate of
51.2 Mb/s, is given for comparison. We can see that the LP component of the SISO
LP-OFDM system offers around 1.1 dB gain at medium data rate, and around 0.6 dB at
low data rate for a BER level of 10™. In addition, the simulation results of the MIMO
LP-OFDM system using the proposed realistic GSC model are presented for spacing val-
ues of d=1cm and d =5cm between the two transmit antennas and between the two
receive antennas. These two antennas spacings are equivalent to d ~0.131 and
d = 0.66 A, respectively, where A is the wavelength of the center frequency f =3.96 GHz
of the first three MB-OFDM bands. In this figure, we notice that at BER=10"" with
d =1cm, the MIMO scheme offers an additional gain of 3.5 dB at medium data rate, re-
sulting in a total MIMO LP-OFDM gain of 4.6 dB compared to the WiMedia system.
When the antennas spacing is increased to d =5cm, more spatial diversity is obtained,
and thus, the system performance converges to the performance of a MIMO LP-OFDM
system using four fully decorrelated SISO channels IEEE 802.15.3a. Consequently, with
d =5cm, which is a very practical antennas spacing, a total MIMO LP-OFDM gain of
5.2 dB is obtained compared with the WiMedia system.

Since the objective of combining MIMO and LP techniques at low and medium data
rates, i.e. when a QPSK constellation is used, is to improve the UWB system robustness,
and consequently to improve the system range, we present the system simulation results in
terms of the system range. From [43], the ratio E, / Ny can be written as a function of the

system range D as follows
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%=E+1010g10 (W)+G, +G, —10a10g10[4n£ Dj—lOloglo(R)—(—174+F)—I. (5.16)
0

In (5.16), E represents the transmit power density equal to E =—-41.3dBm/MHz, and W
the useful bandwidth of the transmitted signal. In this analysis, isotropic antennas at the
transmitter and receiver are assumed, thus the transmit and receive antennas gains are
equal to G, =G, =0dBi. In the path loss expression, we assume that the path loss expo-
nent is equal to oo =2 and that c = 3x10® m/s, and we consider the geometric center fre-
foax ®3882MHz, where f_, and f_, are the

quency of the waveform f'=./f <
-10 dB edges of the waveform spectrum. Besides, R represents the system transmission

min ' max
rate in b/s, and F the noise figure at the receive antenna side. In this study, we choose
F =6.6 dB, which is derived from the practical noise figure analysis in [20], where the
primary sources for noise are the LNA, mixer and preselect filter. Losses due to front-end
filtering, ADC degradation, channel estimation, clock frequency mismatch, carrier-offset
recovery and so forth, are included in the implementation loss component I, assumed equal
to | =2.5dB[20].

Figure 5.10 gives the data rates as a function of the system range D for different sys-
tem configurations, considering only a QPSK constellation. D can be derived from (5.16)
for a given value of E, / Njy. We notice that the MIMO LP-OFDM system with d =5 cm
has a very close range to the one of a MIMO LP-OFDM system using four fully decorre-
lated SISO channels IEEE 802.15.3a. This means that an antennas spacing of 5 cm is
enough to benefit well from the spatial diversity and improve the system range. In addition,
the MIMO LP-OFDM system with d =5cm has a range that is approximately 2 meters
larger than the WiMedia system range, for any data rate, and approximately 1.5 meters
larger than the range of the SISO LP-OFDM system.

5.4.3.2 Data rate enhancement

In this section, we present the simulation results of the MIMO LP-OFDM system offering
very high data rates going up to around 1 Gb/s, listed in Table 5.3, through the combina-
tion of an Alamouti scheme with a 16-QAM constellation.

We notice from Figure 5.11 that, for all these very high data rates, the performance of
the MIMO LP-OFDM system in terms of BER is better than the performance of the
WiMedia system with a data rate of 480 Mb/s. This shows the advantage of combining
MIMO with LP techniques and using higher constellation orders to increase the system
data rate while maintaining or even improving the system performance in terms of BER, at

the expense of a small complexity increase.
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Figure 5.9: Performance of the SISO and MIMO LP-OFDM systems using a QPSK constella-
tion, at low and medium data rates and for different antennas spacings d.
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Figure 5.10: Range improvement of the MIMO LP-OFDM system using a QPSK constellation,
at low and medium data rates and for different antennas spacings d.
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In Figure 5.11, if we compare the curves of the MIMO LP-OFDM system at 983 Mb/s
and the WiMedia system at 480 Mb/s, we notice that the MIMO LP-OFDM system, whose
data rate is twice the one of the WiMedia system, has even better performance in terms of
BER. This result shows the advantage of using the proposed system in applications target-
ing gigabit data rates.

Figure 5.12 presents the simulation results of the MIMO LP-OFDM system for all the
proposed data rates, listed in Table 5.2 and Table 5.3. The required E, / N that provides a
BER of 10~ is given for the different system configurations and the gain offered by the
use of TFC technique is evaluated. Here also, the results show the advantage of combining
a low complexity Alamouti scheme with LP-OFDM technique in UWB applications. At
the medium data rate of 460 Mb/s, a MIMO LP-OFDM system with d =5 cm has a con-
siderable gain of 5.2 dB compared to the WiMedia system at 480 Mb/s, as shown previ-
ously. In addition, a MIMO LP-OFDM system with d =1cm and without TFC has a gain
of 2.7 dB, and when a TFC technique is applied, an additional gain of 1.8 dB is obtained.
Besides, we notice that with d =5 cm, the TFC gain is only around 0.1 dB. This is due to
the fact that for d =5cm, the MIMO and LP-OFDM components fully benefit from the
total available diversity. On the other hand, at very high data rates, we notice the advantage
of applying the TFC technique whose gain increases significantly. In fact, at the highest
data rate of 983 Mb/s, the TFC gain is equal to 3.9 dB with d =1cm, and 1.3 dB with
d =5cm. In addition, at this data rate, the MIMO LP-OFDM system with d =5cm and
using TFC sequences is even 0.6 dB better than the WiMedia system which is providing
only half of this data rate.

In conclusion, the proposed MIMO LP-OFDM system can be used to provide a data
rate of 460 Mb/s with a gain of 5.2 dB compared to the WiMedia system, or to double the
WiMedia maximum data rate and provide a data rate of around 1 Gb/s with slight perform-
ance improvement. Note that all these results are obtained with a practical antennas spac-
ing of d =5 cm and a low complexity ML receivers.

Besides, these simulation results have shown that the combination of Alamouti space-
time schemes with LP schemes improves the system performance significantly, while not
increasing the complexity of the receiver, thanks to the orthogonality properties of the
Alamouti scheme. Finally, these results also prove that the MIMO technology can be ad-
vantageously exploited for UWB applications using frequency bands of 528 MHz.
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5.5 Conclusion

In this chapter, we have studied the global UWB system taking into account the different
functions of the transmission chain. First, we presented the optimal parameters that im-
prove the performance of the proposed LP-OFDM system, in a SISO context. One signifi-
cant advantage of the LP-OFDM system is that it provides a wide range of data rates due to
the high flexibility brought by the joint assignment of the number of used codes and the
coding rate. The system simulation results for different spreading code lengths verify the
analytical results, obtained in Chapter 4, regarding the effect of the code length on the sys-
tem performance. In addition, we showed that the benefits of the spreading and channel
coding functions on the channel diversity exploitation are complementary and depend on
each other. Besides, the global SISO LP-OFDM system study has brought comparable
simulation results, showing the advantage of adding a linear precoding component to the
OFDM scheme, which leads to a high flexibility and to a gain of around 1 dB compared
with the WiMedia system.

In the second part of the chapter, we studied the addition of an Alamouti space-time
coding scheme to the LP-OFDM system, to benefit from the available spatial diversity.
This Alamouti scheme, which provides full spatial diversity gain with low complexity ML
receivers, is very efficient for UWB applications since they require very low cost and small
size¢ UWB devices. The objective of the MIMO addition is first to improve the system
range, while maintaining a single QPSK constellation, and then to provide very high data
rates through a joint combination of MIMO with a 16-QAM constellation. For low and
medium data rates (from 51.2 to 460 Mb/s), the proposed MIMO LP-OFDM system out-
performs the WiMedia system in terms of system robustness, and consequently in terms of
system range. For instance, the MIMO LP-OFDM system provides a data rate of 460 Mb/s
with a gain of 5.2 dB compared to the WiMedia system. On the other hand, one out-
standing result is that the MIMO LP-OFDM system offers a data rate of around 1 Gb/s,
which is twice the maximum data rate provided by the WiMedia system, with even slight
BER performance improvement. Note that these results are obtained with a practical
MIMO antennas spacing of only 5 cm. In conclusion, the proposed MIMO LP-OFDM sys-
tem can be advantageously exploited for high data rate UWB applications.






Conclusion and perspectives

T HIS thesis has proposed a new very high data rate UWB system based on the combina-
tion of OFDM, linear precoding, MIMO schemes and resource allocation principles.

In the first part of the thesis, mainly Chapter 1 and Chapter 2, we have started with a
general overview on the emerging UWB technology, focusing on the advantages of this
technology, which make it a potential candidate for future wireless communications. Then,
we have listed the wide application areas of UWB, which can be divided into high data rate
and low data rate communications. Since this thesis focuses on the high data rate WPAN
applications, we described the two main modulation schemes considered for WPAN envi-
ronment: the MB-OFDM and IR-UWB techniques. The MB-OFDM approach, based on
the combination of OFDM with a multibanding technique, was chosen as the starting point
of our studies as it is the most promising candidate for high data rate WPAN applications,
due to its numerous advantages over IR-UWB and its wide support by the standardization
and industrial groups.

On the other hand, we presented the principles of the main transmission techniques we
are dealing with in this thesis, mainly the OFDM and linear precoding schemes. Besides,
we described the MB-OFDM system and discussed its advantages in UWB communica-
tions, as well as its limitations notably in terms of system range and robustness, and in
terms of multiple access between users. Then, we described the proposed new LP-OFDM
UWB scheme, based on the combination of linear precoding techniques with the OFDM
waveform, whose objective is to reduce the MB-OFDM limitations and improve the total
system performance.

The second part of the thesis, mainly Chapter 3 and Chapter 4, was dedicated to the
analytical study of the LP-OFDM system, and particularly, to the study of the LP compo-
nent. In the first chapter, we considered a classical target SER approach and we presented
the main adaptive resource allocation strategies that can be carried out on multicarrier sys-
tems. Then, a new optimization study of LP-OFDM systems was carried out. This study
offers a wide variety of scenarios that can be chosen depending on the desired system
complexity. In fact, a novel low complexity optimization algorithm that maximizes the
LP-OFDM system range when a single QPSK constellation is used, as in the MB-OFDM
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system, was proposed. Additional algorithms that maximize either the system range or the
throughput were also proposed in the case where variable constellation orders are allowed.
Furthermore, a new system optimization study based on a dynamic TFC allocation was
considered. The numerical results of simulations carried out on the different adaptive and
non-adaptive systems showed that the LP-OFDM system outperforms the MB-OFDM sys-
tem in terms of throughput and range. This is due to the spreading gain provided by the
linear precoding component, and to the efficiency of the proposed algorithms. Note that
some of the proposed algorithms require the knowledge of the CSI at the transmitter side
and others just need a small information vector to be sent from the receiver to the transmit-
ter. One of the main advantages of applying resource allocation principles for indoor UWB
communications is that the UWB channel response varies slowly in time and can be con-
sidered as quasi-static during one frame. Consequently, the CSI can be sent by a simple
feedback to the transmitter at the beginning of each frame, which does not significantly
increase the implementation complexity of the proposed allocation algorithms.

On the other hand, in Chapter 4, we proposed a novel resource allocation approach that
focuses on the system mean BER instead of the subcarriers and codes SER. This approach
facilitates the error rate conversion between network layers, since the error rate limit im-
posed by the upper layers is in terms of BER and not SER. The main objective of this
study was to minimize the system mean BER for a given target throughput. This study also
offers a wide variety of scenarios that can be chosen depending on the desired system
complexity. Thus, the first proposed new algorithm minimizes the LP-OFDM system mean
BER under a single QPSK constellation order, by optimizing the variable spreading code
lengths configuration. Simulation results showed that this algorithm reduces the mean BER
significantly at the different SNR levels, and that the resulting adaptive LP-OFDM system
with variable code length outperforms the LP-OFDM systems using a unique code length.
In addition, new resource allocation algorithms which find the optimal power and bit dis-
tribution that minimizes the mean BER of OFDM and LP-OFDM systems when variable
constellation orders are allowed, were also proposed. Simulation results showed that the
resulting adaptive LP-OFDM system reduces the mean BER significantly, compared to the
LP-OFDM systems using a fixed constellation order.

The last part of the thesis, i.e. Chapter 5, was dedicated to the global system study, tak-
ing into account the different functions of the transmission chain. In a SISO context, the
different parameters of the proposed LP-OFDM system were first optimized to improve the
system range in terms of BER. One significant advantage of the LP-OFDM system is that
it provides a wide range of data rates due to the high flexibility brought by the joint as-
signment of the used spreading codes number and the channel coding rate. The global sys-
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tem study brought comparable simulation results, showing the advantage of adding a linear
precoding component to the MB-OFDM solution, in terms of performance and flexibility,
which verifies the analytical results obtained in the previous chapters. On the other hand, a
MIMO component was added to the LP-OFDM system, first to improve the system robust-
ness while considering a QPSK constellation, and then to reach higher data rates with good
robustness, while considering a higher constellation order of 16-QAM. A new geometric
statistic MIMO channel model, developed at IETR, was used for the MIMO UWB system
simulations. Simulation results show that the proposed MIMO LP-OFDM system outper-
forms the WiMedia system in terms of robustness at low and medium data rates. In addi-
tion, when a 16-QAM constellation is combined with a MIMO scheme, the resulting
MIMO LP-OFDM system offers a 1 Gb/s data rate with even better BER performance than
the WiMedia system, which can provide at maximum only half of this data rate.

In conclusion, the different results show the advantage of combining linear precoding
and MIMO schemes with OFDM, and using dynamic resource allocation algorithms to
improve the performance of UWB systems. Thus, the proposed MIMO LP-OFDM system
can be efficiently exploited for high data rate UWB applications at reasonable additional
complexity of the receivers.

The theoretical and practical results of this thesis work led to contributions to the
European FP7 OMEGA project [1], and to an external research contract with Orange Labs
RESA/WIN/CREM (France Télécom R&D). This work has also led to two published jour-
nal papers and seven published international conference papers. Furthermore, one addi-

tional journal paper and two international conference papers are under process.

Perspectives

There are a variety of fruitful areas for future research on UWB communications and re-
lated topics. We present in what follows some of interesting research directions that need
to be further investigated.

Concerning the analytical study of Chapter 3 and Chapter 4, the intrinsic characteris-
tics and capabilities of the precoding function were highlighted and different resource allo-
cation algorithms were developed without taking into account the channel coding. The
global system study verified the analytical study results and showed the effect of combin-
ing spreading and channel coding to well exploit the channel diversity. Thus, a smart ap-
proach, with some increased analytical complexity, would be to modify the proposed allo-
cation algorithms to accommodate the coding gains relative to the channel coding schemes.
This approach has been considered in [105] in the case of linear precoded discrete multi-
tone modulation for power line communication. In fact, the SNR gap value for a given
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target SER or BER can be modified to carry the desired margin of the system as well as the
coding gain of the channel coding scheme.

Besides, the resource allocation principles with a mean BER approach are new in wire-
less communications and more investigation is required. In fact, only few papers in the
literature have considered a BER approach, where only discrete greedy-type methods were
used. Thus, finding new numerical methods that solve the allocation problems, such as the
method we have proposed for mean BER minimization study, would be very useful to im-
prove the system performance while not significantly increasing the algorithms complex-
ity. One example that could be analytically investigated is the LP-OFDM rate maximiza-
tion problem under a target mean BER, which can be seen as a complementary study to the
greedy-type method we have proposed in [106].

In addition, interesting analytical studies can also be carried out on the MIMO
LP-OFDM scheme. In fact, considering a partial or perfect knowledge of the CSI at the
transmitter, different resource allocation algorithms that maximize the margin or through-
put of the MIMO LP-OFDM system can be derived. In addition, dynamic MIMO configu-
rations that select the optimal MIMO scheme which increases the diversity or complexity
gain for a given channel condition, can be proposed.

Concerning the global LP-OFDM system study, additional enhancements can be car-
ried out to further improve the system performance. For instance, the use of low-density
parity-check (LDPC) codes or turbo codes instead of the convolutional codes proposed by
the MB-OFDM solution could be investigated. LDPC and turbo codes could significantly
reduce the mean BER of the system at the cost of a low increase of the complexity. On the
other hand, in this thesis we have only used the well-known orthogonal Alamouti scheme
since it provides a high diversity gain at low complexity. If higher complexity systems are
allowed, other MIMO schemes, such as the Golden code, could also be investigated to fur-
ther improve the performance in terms of diversity and multiplexing gains.

Furthermore, in the global LP-OFDM system study, we did not consider CSI knowl-
edge at the transmitter side, and thus the allocation algorithms were not implemented. An
interesting future work would be to implement and test these algorithms in the final
LP-OFDM system. Besides, these algorithms could be combined within enhanced cross-
layer mechanisms in order to improve the system performance, while respecting the QoS
requirements and constraints provided by the MAC layer [104]. Thus, dynamic cross-layer
spectrum allocation for high data rate multiband UWB systems could be developed without
notably increasing the system complexity.
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