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Abstract

Today, wireless devices generally feature multiple radio access technologies
(LTE, WiFi, WiMax, ...) to handle a rich variety of standards or technologies. These
devices should be intelligent and autonomous enough in order to either reach
a given level of performance or automatically select the best available wireless
technology according to standards availability. On the hardware side, System on
Chip (SoC) devices integrate processors and FPGA logic fabrics on the same chip
with fast inter-connection. This allows designing Software/Hardware systems and
implementing new techniques and methodologies that greatly improve the perfor-
mance of communication systems. In these devices, Dynamic Partial Reconfigu-
ration (DPR) constitutes a well-known technique for reconfiguring only a specific
area within the FPGA while other parts continue to operate independently. To
evaluate when it is advantageous to perform DPR, adaptive techniques have been
proposed. They consist in reconfiguring parts of the system automatically accor-
ding to specific parameters. In this thesis, an intelligent wireless communication
system aiming at implementing an adaptive OFDM based transmitter and per-
forming a vertical handover in heterogeneous networks is presented. An unified
physical layer for WiFi-WiMax networks is also proposed. An intelligent Vertical
Handover Algorithm (VHA) based on Neural Networks (NN) was proposed to se-
lect best available wireless standard in heterogeneous network. The system was
implemented and tested on a ZedBoard which features a Xilinx Zyng-7000-SoC.
The performance of the system is described and simulation results are presented
in order to validate the proposed architecture. Real time power measurements
have been applied to compute the overhead power for the PR operation. In ad-
dition demonstrations have been performed to test and validate the implemented
system.

il






Résumé de la Theése

Un systéme de communication sans fil est défini comme la transmission et la
réception de signaux par des systémes électromagnétiques. 11 a été initialement uti-
lisé vers 1890 en télégraphie sans fil. De nos jours, les systémes de communication
sans fil sont partout.

Le canal sans fil constitue un canal de communication des plus difficiles. Comme
le canal sans fil est considéré comme variant dans le temps, il semble intéressant
de disposer d’un systéme sans fil reconfigurable au noeud d’extrémité ,comprenant
certains modules de la chaine de communication pouvant étre reconfigurés pour
optimiser 'utilisation de la capacité de canal disponible. Aujourd’hui encore, les
utilisateurs font face a une trés grande diversité de réseaux et de protocoles de
communication généralement trés complexes et hétérogénes. Dans ce contexte, il
semble évident que nous pourrions bénéficier de I'utilisation de systémes sans fil
reconfigurables. Les questions qui sont ouvertes : comment et quand les radios re-
configurables devraient-elles étre reconfigurées 7 Comment décider quelle standard
est le plus adapté et décider dde I'utiliser pour la communication ?

Afin de décider quand et quoi reconfigurer dans la chaine de communication,
des techniques adaptatives ont été proposées pour permettre d’appliquer des mo-
difications en temps réel aux couches PHY et/ou MAC d’un systéme sans fil. Des
algorithmes "d’hand-over" vertical (VHA) ont été proposés pour permettre de sé-
lectionner le meilleur systéme de communication sans fil disponible sur le noeud
final. Par ailleurs, les algorithmes d’apprentissage automatique sont une des tech-
niques prometteuses utilisées dans ces VHA pour fournir plus d’intelligence au
dispositif de noeud final. Lorsqu’une décision est prise, le systéme devra exécuter
et reconfigurer la chaine de communication. Parmi les solutions matérielles, les ré-
seaux FPGA (Field Programmable Gate Arrays) constituent des circuits efficaces
pour mettre en oeuvre de tels systémes reconfigurables. Ces dispositifs sont main-
tenant suffisamment mirs pour implémenter des systémes trés complexes avec un
haut niveau de performance. La reconfiguration partielle (PR) est I'une des fonc-
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tionnalités intéressantes qui ont été ajoutées par les fournisseurs de FPGA pour
assurer encore plus de flexibilité. La PR fournit la possibilité de reconfigurer un
module spécifique sur le FPGA pendant 'exécution, sans perturber le fonctionne-
ment des autres blocs statiques.

Une autre caractéristique intéressante dans les récents dispositifs basés sur les
FPGA est la présence de coeurs de processeurs embarqués qui sont implémentés
avec la structure FPGA matérielle, dans la méme puce (SoC). Les périphériques
SoC sont appropriés pour la conception de systémes logiciels et matériels (SW
JHW). 11 est important de comprendre et d’étudier les mécanismes d’application
de la PR sur la plateforme ARM-FPGA dans le contexte d’un systéme sans fil
reconfigurable. Quelles sont les exigences et les besoins pour créer un systéme
sans fil reconfigurable sur les parties logicielles et matérielles? Comment ces par-
ties interagissent-elles entre elles et comment la reconfiguration est-elle gérée ? En
outre, il est intéressant d’effectuer des mesures en temps réel pour la consomma-
tion d’énergie dans la partie PR. La gestion de la reconfiguration est étudié sur
un systéme de communication utilisant la modulation OFDM (multiplexage par
répartition de fréquence orthogonal). En tant qu’étude de cas, le passage d’une
norme WIFT & WIMAX en utilisant la reconfiguration dynamique est analysé et
mis en oeuvre.

Cette thése a pour objectifs de répondre aux questions de 'intérét, de la mise

en ouevre de la technique PR dans le contexte de systémes de communication sans
fil sur une plateforme ARM-FPGA.

1. Concepts et état de art

1.1 Communications sans fil

Au cours des derniéres décennies, les communications sans fil sont devenues un
facteur important dans notre vie quotidienne. En raison de I'essor d’Internet, les
utilisateurs finaux souhaitent toujours étre connectés a l'intérieur et a I'extérieur,
en mobilité ou non.

Les canaux sans fil sont considérés comme des canaux les plus difficiles pour
la transmission de données. Les signaux sans fil sont généralement affectés par
de multiples facteurs liés a ’existence d’obstacles, de batiments et de la mobilité
de T'utilisateur. Les chercheurs ont proposé plusieurs techniques de modulation
et de multiplexage pour maximiser la capacité du canal. Parmi les différentes,
celle du multiplexage par répartition de fréquences orthogonale (OFDM). Lancé
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dans les années 1950, 'OFDM est une technique de multiplexage trés répandue
permettant une transmission de données a haut débit sur des supports filaire ou
sans fil [Cha66]. L’OFDM offre de bonnes performances contre les interférences
multi-trajets sur de grandes distances.

Les systémes de communication sans fil ont beaucoup évolué en termes de mobi-
lité, de couverture et de débit. Un grand nombre de normes avec des spécifications
différentes, a la fois dans les couches PHY (bande passante, débit et codage de
modulation) et MAC, sont prposées pour répondre aux différentes exigences tech-
niques et donner accés a de nouveaux services. Les architectures les plus connues
des réseaux sans fil sont les réseaux locaux sans fil (WLAN), les réseaux sans fil
meétropolitains (WMAN), les réseaux cellulaires et les réseaux Internet des objets
(IoT). Nous pouvons par ailleurs remarquer 'existence de plusieurs normes sans
fil. Cela contribuera & former des réseaux hétérogénes. Les noeuds source et desti-
nation devront savoir comment sélectionner le meilleur standard sans fil disponible
en fonction des préférences requises.

1.2 Techniques adaptatives et radio reconfigurable

L’augmentation des performances des systémes de communication sans fil a
toujours été I'un des premiers objectifs des concepteurs. En raison des caractéris-
tiques des canaux sans fil (perte de chemin, évanouissement, ombrage ...), de la
multiplicité des normes, des attributions de fréquences et des caractéristiques de
mobilité offertes par les dispositifs sans fil, ’environnement d’exploitation devient
de plus en plus complexe a appréhender.

Dans ce contexte, les chercheurs ont proposé des mécanismes adaptatifs pour
permettre aux systémes sans fil d’adapter les formes d’onde en fonction des proprié-
tés du canal. De tels systémes analysent, apprennent et décident de se reconfigurer
dynamiquement. Divers paramétres de bas niveau tels que la puissance du signal
regu (RSSI), le rapport signal / bruit (SNR), le taux d’erreur binaire (BER) ont été
utilisés pour garantir I’adaptabilité. D’autres parameétres de haut niveau, tels que
I'utilisation des ressources, la QoS et la consommation d’énergie, ont également
été étudiés pour décider et adapter de maniére appropriée le systéme a ’environ-
nement en temps réel. L’un des principaux avantages des techniques adaptatives
consiste a maximiser la capacité du canal tout en minimisant les coiits ( exemple
la consommation d’énergie).

La modulation adaptative est I'une des techniques de transmission qui a été
proposée pour établir le meilleur schéma de constellation en fonction des conditions
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de canal [FS], [KHO0] et [MN15]. L’encodage de canal adaptatif et le taux de co-
dage sont d’autres techniques adaptatives proposées pour sélectionner le meilleur
encodeur ou le meilleur débit en fonction de I’état du canal tel que présenté dans
[SPA10], [LTG04| et [DF03]. D’autres algorithmes et méthodologies ont également
été proposés pour traiter 'adaptation selon la bande passante. Par exemple, dans
les systéemes OFDM, les blocs de mappeur de FFT et de sous-porteuse peuvent
étre adaptés en fonction des parameétres fournis par le dispositif et par le réseau
tels que présentés dans [ZKS07] et [FBE16]. Dans [ZEAO05] et [LWNOQ9], les au-
teurs montrent qu’il est important d’adapter la taille de la FFT par rapport a
la consommation d’énergie. Les résultats présentés dans ces deux documents dé-
crivent comment la consommation d’énergie augmente a mesure que la taille de la
FFT augmente.

L’application de techniques adaptatives sur les communications sans fil néces-
site la mise en oeuvre d’un algorithme qui détecte 'environnement et reconfigure
en conséquence des blocs spécifiques dans la couche PHY pendant ’exécution, par
exemple le codeur, le modulateur et les blocs IFFT.

1.3 Transfert vertical dans les réseaux hétérogénes

Les algorithmes "d’hand-over" vertical (VHA) ont été développés par les cher-
cheurs pour décider quel standard sans fil dans les réseaux hétérogénes est le
meilleur pour la communication. Les VHA étudient plusieurs paramétres liés au ca-
nal sans fil, au réseau, a I’application utilisateur et aux périphériques pour prendre
une telle décision. Selon les valeurs des paramétres, le VHA sélectionne la meilleure
norme sans fil disponible et décide de passer d’'un standard sans fil a un autre si
nécessaire.

Dans le contexte du "hand-over" vertical dans des réseaux hétérogénes, plu-
sieurs travaux peuvent étre mentionnés. Dans [KJUT15], les auteurs ont proposé
un algorithme composé de deux étapes. Dans la premiére étape, le transfert est
déclenché en fonction du débit demandé par l'utilisateur. Avant de débuterr le
transfert, le systéme évalue la vitesse du noeud. Si la vitesse est supérieure a un
certain seuil prédéfini qui ne permet pas de bénéficier efficacement du passage a
un autre systéme, le transfert est annulé et considéré comme inutile. Sinon, si la
vitesse est appropriée, les réseaux disponibles sont comparés en fonction de cing
parameétres : la bande passante, la gigue, le retard, le cotit et 'erreur binaire. En-
suite, le meilleur standard est sélectionné et le changement de standard est effectué
si nécessaire.
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Les VHA proposés les plus prometteurs sont ceux basés sur les techniques d’ap-
prentissage automatique. Ils peuvent étre catégorisés comme des systémes basés sur
'intelligence définie dans [ABG14] avec les autres VHA basés sur la logique floue.
Les VHA détectent généralement les standards sans fil disponibles et prennent
une décision basée sur les valeurs actuelles de certains paramétres. D’un autre
coté, les VHA basés sur des techniques d’apprentissage automatique auront la ca-
pacité d’étudier et d’apprendre des étapes précédentes pour prendre une décision
efficace.

Les réseaux de neurones (NN) sont des systémes informatiques inspirés des
réseaux de neurones biologiques qui constituent le cerveau. De tels systémes d’ap-
prentissage sont considérés comme un algorithme d’apprentissage automatique su-
pervisé. le réseau de neurones apprend a partir d’'un ensemble de données pour
générer des sorties. L’apprentissage par renforcement est un domaine d’appren-
tissage automatique qui concerne la facon dont les agents doivent agir dans un
environnement afin de maximiser le résultat. Il est similaire & la programmation
dynamique, dans laquelle les résultats sont enregistrés aprés chaque action et la
fonction est reconfigurée pour maximiser le résultat. Les VHA basés sur des al-
gorithmes d’apprentissage automatique ont fourni de bonnes performances et ont
la capacité d’apprendre des anciens enregistrements pour créer des fonctions de
prédiction.

L’une des principales étapes du "hand-over" vertical est 'étape d’exécution.
Aprés avoir décidé de passer d’un standard sans fil & un autre, au niveau du noeud
d’extrémité, la communication doit étre commutée de la couche MAC / PHY
actuelle a la couche MAC / PHY cible. Certaines études considérent dés lors la

création d’une chaine reconfigurable unifiée pour plusieurs normes sans fil.

1.4 Plates-formes reconfigurables flexibles pour les systémes
de communication

Contrairement a un ASIC, un FPGA est un circuit intégré congu pour étre
configuré par un concepteur. Les dispositifs FPGA contiennent un ensemble de
blocs logiques programmables et une hiérarchie d’interconnexions reconfigurables
qui permettent aux blocs d’étre interconnectés entre eux. La reconfiguration par-
tielle est une fonctionnalité intéressante qui a été rendue disponible dans certaines
familles de FPGA. 1l offre la possibilité de reconfigurer un sous-ensemble de blocs
logiques dans le FPGA sans altérer le fonctionnement des autres blocs implantés.

Au cours de la derniére décennie, la recherche sur la conception de micropro-
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cesseurs intégrés et d’architectures hybrides FPGA est devenue un sujet d’intrét.
L’idée consiste & combiner les dispositifs FPGA traditionnels et les microproces-
seurs avec des périphériques associés afin de construire un systéme complet sur
puce programmable (SoPC). A titre d’exemple, le Zynq 7000 proposé par Xilinx
est un composant SoC dont I'architecture est constituée d’un processeur ARM
Cortex A9 dual-core et d'un FPGA Artix-7 ou Kintex-7 [CEES14].

Les systémes d’exploitation pour les systémes numériques embarqués sont gé-
néralement congus pour étre efficaces en ressources et en énergie. Le concept de
base de micro-noyau a été proposé dans [Han70| comme un noyau réduit avec des
mécanismes d’ordonnancement fondamentaux. Les micro-noyaux s’exécutent sur
la partie processeur (PS) et peuvent utiliser des blocs sur FPGA en tant qu’ac-
célérateurs matériels. L'un de ces micro-noyaux proposés est Ker-ONE [XPN15].
Ker-ONE est trés simple, il ne fournit que des fonctions fondamentales telles que
I'ordonnancement circulaire, la communication interprocessus et la gestion de la
mémoire.

1.5 Application de la reconfiguration partielle dans le contexte
de radios reconfigurables

En raison de ses propriétés intéressantes, il semble trés intéressant de bénéficier
de la technique de reconfiguration partielle dans le contexte des radios reconfigu-
rables, car elle permet de reconfigurer les modules matériels lors de ’exécution. De
nombreux travaux proposés pour les systémes de communication sans fil reconfi-
gurables et la radio cognitive ont déja mis a profit la technique de reconfiguration
partielle dans les FPGA.

2. Plate-forme ARM-FPGA pour systémes de com-
munication sans fil adaptatifs automatisés utilisant
une technique de reconfiguration partielle

Dans cette section, nous présentons une plate-forme logicielle / matérielle pour
les systémes de communication sans fil adaptatifs automatisés. Le systéme proposé
bénéficie de la technique de reconfiguration partielle disponible dans le dispositif
FPGA. Les fonctions de bande de base du systéme sans fil sont implémentées dans
la structure FPGA, tandis que la reconfiguration des différents blocs fonctionnels
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FIGURE 1 — Blocs de conception générale du systéme

est gérée par des processus s’exécutant sur le processeur ARM. Les processus sont
basés sur des algorithmes adaptatifs. Leur role est de prendre des décisions et de
gérer le processus de reconfiguration des modules concernés.

2.1 Conception générale du systéme

Le systéme SoC proposé peut étre divisé en deux parties : la premiére partie
est exécutée sur le processeur ARM, tandis que la seconde partie est exécutée dans
le FPGA. La conception générale du systéme est présentée dans la FIGURE 1.

Les modules proposés sur I’ARM sont les suivants : le Contréleur de configura-
tion, le fournisseur de paramétres et le module de mise & jour matérielle. Tous ces
modules fonctionnent comme des taches dans ’espace utilisateur du micro-noyau
Ker-One. Le controleur de configuration doit appliquer et controler la PR sur le
PL et controler le flux de données pendant 'opération de reconfiguration partielle.
Le fournisseur de paramétres fournit aux processus adaptatifs les paramétres né-
cessaires a la prise de décision. Le processus de mise a jour matérielle ajoute ou
met & jour les nouvelles versions des modules reconfigurables.

Sur la partie PL, une chaine de communication reconfigurable (niveau PHY)
est implémentée en utilisant la conception reconfigurable dynamique. Ainsi, la
chaine de communication sans fil est divisée en parties statiques et reconfigurables
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dynamiquement. Les modules reconfigurables sont reconfigurés pendant I’exécution
lorsque le processus adaptatif le décide.

2.2 Emetteur OFDM adaptatif automatique

Pour étudier I'impact de 'application de la reconfiguration partielle dans le
contexte des radios reconfigurables, nous avons implémenté un transmetteur OFDM
auto-adaptatif.

L’émetteur OFDM générique est composé d’un codeur, d'un modulateur, d'un
mappeur et d'une IFFT. Sur la base de I'outil Xilinx Vivado, plusieurs bitstreams
partiels ont été générés pour ces modules.

Dans la conception PR, les différentes versions des blocs reconfigurables seront
stockées en mémoire et chargées a la demande. Si le mécanisme de reconfiguration
partielle n’est pas mis en oeuvre, il convient alors d’implanter toutes les versions
possibles de chacun des blocs. Ceux-ci seront alors rendus actifs selon la demande
(choix des paramétres du standard) et le flux de données y est alors appliqué. Ce
type d’implantation est qualifié d’implantation paralléle. En utilisant la PR, il est
certain que les ressources utilisées sur le FPGA diminuent, au fur et & mesure que
le nombre de blocs implémentés diminuent.

L’outil Xilinx SDK a été utilisé pour implémenter trois processus adaptatifs
s’exécutant sur le processeur ARM. Les processus sont implémentés en code C et
s’exécutent parallélement au micro-noyau Ker-One. Dans notre scénario, nous ap-
pliquerons trois processus adaptatifs. Le premier processus concerne la modulation
adaptative qui décide de reconfigurer le module modulateur. Le second processus
est le codage adaptatif qui controle le module codeur et le reconfigure selon les
conditions de canal. Le troisiéme processus adaptatif est le processus IFFT adap-
tatif qui reconfigure le module TFFT.

2.3 Résultats expérimentaux

Cette section présente les résultats obtenus & partir du scénario d’émetteur
OFDM adaptatif. Les résultats analysent le temps nécessaire pour reconfigurer les
modules dynamiques, la taille des bitstreams partiels, la consommation d’énergie
et les ressources réservées par chaque version de modules. Enfin, un diagramme
de Gantt illustre le comportement du systéme en fonction des variations des para-
métres liés aux demandes de reconfiguration.

Comme décrit précédemmen, nous considérons trois modules de la chaine OFDM
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reconfigurables : le modulateur, 'encodeur et 'TFFT. Les résultats présentés dans
TABLE 1 incluent la taille des bitstreams partiels et le temps requis pour reconfi-
gurer chaque module respectivement.

TABLE 1 — Taille partielle de Bitstream et temps de reconfiguration

Module Taille partielle de Bitstream | Temps de reconfiguration
IFFT 188 KB 1.48 ms
Encoder 106 KB 0.834 ms
Modulation 30 KB 0.236 ms

Comme indiqué dans la TABLE 1, le temps nécessaire pour transférer un flux
de données vers le matériel a I'aide de I'interface PCAP du SoC dépend de la taille
du bistream.

En outre, il est important d’analyser les processus en cours a travers un dia-
gramme de Gantt tel que représenté dans la FIGURE 2. Comme le montre cette
figure, trois processus adaptatifs fonctionnent en paralléle sur la partie PS, ils ana-
lysent leurs propres paramétres et détectent finalement tout changement. Si néces-
saire, la reconfiguration partielle est appliquée sur le bloc approprié afin d’adapter
le systéme au nouvel environnement.

On peut remarquer que le temps nécessaire pour reconfigurer le module TFFT
est plus long que celui des modules de codage et de modulation. Cela est di
a la différence dans la taille des bistreams partiels. Pendant la reconfiguration
partielle, les modules précédents dans la chaine sont "suspendus" comme indiqué
dans la FIGURE 2. Le temps de suspension dépend de la taille des bistreams partiels
transférés. Comme illustré, la suspension d’exécution n’affecte que les modules
précédents le bloc reconfiguré.

Avec la reconfiguration partielle, la consommation d’énergie du FPGA et les
ressources réservées sont réduites. En alternative a cette technique, toutes les ver-
sions des différents modules peuvent étre implémentées dans le FPGA, avec des
multiplexeurs supplémentaires pour sélectionner le module souhaité. Cela néces-
site généralement beaucoup plus de ressources sur le FPGA. En conséquence, la
consommation d’énergie statique et dynamique de la puce serait relativement plus
élevée vis a vis d’un systéme basé sur la PR.

La TABLE 2 indique la quantité de ressources utilisées lors de 'application de la
technique PR par rapport au cas o la PR n’est pas adoptée. On peut voir qu’il y
a environ un rapport de 4 entre les deux cas. De plus, dans le cas de la PR, le gain
de ressources permet d’utiliser les parties restantes du FPGA pour implémenter
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FIGURE 2 — Processus adaptatifs reconfigurant I’émetteur OFDM pendant I'exé-
cution en fonction des valeurs des paramétres

TABLE 2 — Comparaison de 1'utilisation des ressources matérielles

Ressources LUTs | REGs | DSPs
avec reconfiguration partielle | 2578 4129 12
sans reconfiguration partielle | 10320 | 16938 o7
Disponible sur ZYNQ 53200 | 106460 | 220

des unités de traitement supplémentaires. Le pourcentage des LUT, REG et DSP
utilisés sur le SoC est respectivement de 19,3%, 15,9% et 25,9%, lorsque tous les
blocs sont implémentés en paralléle. Lors de 'utilisation de la technique PR, le
pourcentage de ressources utilisées est respectivement de 4,8%, 3,8% et 5,4%.

3. Couche PHY unifiée reconfigurable pour les sys-

témes sans fil utilisant la reconfiguration partielle -
VHA

Dans cette section, le principe de la reconfiguration partielle appliquée & dif-
férents standards est étudié. Deux architectures d’implémentation différentes et
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reconfigurables sur PL sont comparées. Une chaine sans fil reconfigurable unifiée
pour Wifi-WiMax est testée en tant qu’étude de cas pour évaluer les résultats
expérimentaux.

3.1 Plate-forme ARM-FPGA pour la commutation entre plu-
sieurs systémes sans fil

Le systeme étudié est divisé en deux parties : logiciel et matériel. Dans la partie
logicielle, les processus s’exécutent sur le processeur ARM pour controler et gérer
la configuration de la chaine sans fil implémentée sur le matériel. Dans la partie
matérielle, les systémes sans fil reconfigurables sont implémentés et concus pour
étre partiellement reconfigurés pendant leur exécution.

La partie logicielle du systéme s’exécute dans l'espace utilisateur du micro-
noyau léger dédi¢ a la reconfiguration partielle. Le role du VHA est de lire les
paramétres des systémes de communication disponibles, d’apprendre et de décider
s’il faut passer & un autre systéme ou continuer a fonctionner avec le systéme
actuel.

Le flux de données de la partie logicielle peut étre résumé comme suit : Le
fournisseur de paramétres fournit au VHA les paramétres pertinents des différentes
couches d’u standard. Le VHA analyse les valeurs des paramétres et prend une
décision concernant un hand-over possible. En conséquence, une demande de hand-
over est envoyée par le VHA au controleur de configuration. Le contréleur de
configuration gére le transfert des bitstreams vers les modules reconfigurables du
FPGA a travers I'interface PCAP.

La partie matérielle du systéme implante les couches physiques des systémes
de communication mis en place sur le FPGA. En utilisant la reconfiguration par-
tielle, nous visons a mettre en oeuvre une seule chaine reconfigurable unifiée pour
différentes normes sans fil. Le systéme de communication est supposé fonctionner
en paralléle avec d’autres accélérateurs matériels sur le FPGA. Lorsque la recon-
figuration partielle est appliquée, les autres accélérateurs ne sont pas impactés.

3.2 Architectures reconfigurables proposées

Dans la partie PL, une seule couche physique reconfigurable pour plusieurs
systémes sans fil est implémentée.

Dans la premieére architecture, toute la chaine de communication est considérée
comme un module reconfigurable. Dans ce cas, chaque standard sans fil ne posséde



XVl Résumé de la Thése

qu’un seul bistream partiel. Lorsque le systéme décide de passer a un autre systéme
sans fil, le bistream partiel souhaité est transféré et remplace I'existant. Cette
architecture reconfigurable est dénommeée une architecture de bloc reconfigurable
(ORBA).

La deuxiéme architecture divise le systéme de communication en plusieurs blocs
reconfigurables. Dans ce cas, pour chaque bloc reconfigurable dans la chaine, n
bistreams partiels sont stockés en mémoire, ol n est le nombre de normes sans fil
considérées. Si chaque chaine est divisée en m blocs reconfigurables, alors (m * n)
bistreams sont nécessaires. Cette architecture reconfigurable est appelée architec-
ture & blocs reconfigurables multiples (MRBA).

Les deux schémas sont comparés pour définir les avantages et les inconvénients
de chaque architecture.

3.3 Etude de cas : Chaine reconfigurable unifiée WiFi-WiMax

Tout d’abord, la couche physique pour chaque norme est présentée, puis nous
expliquons la chaine unifiée.

IEEE définit la couche PHY et les spécifications des couches MAC pour WIFI
et WIMAX. La couche physique de ces deux normes est basée sur le schéma, de mo-
dulation OFDM. Les modules principaux sont : Brouilleur/Désembrouilleur, Co-
deur/Décodeur de Correction d’Erreur Directe (FEC), Interleaver/De-Interleaver,
Mapper/De-Mapper, Insertion/Retrait de Pilot Guard, IFFT/FFT et Insertion/-
Suppression de Préfixe Cyclique. Les différences dans les architectures des émet-
teurs sont illustrées dans la FIGURE 3. Comme indiqué dans la FIGURE 3, les
architectures de couche physique des deux standards sont assez similaires avec peu
de différences dans la fonctionnalité de certains modules. Par exemple, WIMAX
utilise un FEC Reed-Solomon avec un encodeur de convolution tandis que WIFI
utilise uniquement I'encodeur de convolution. Les différences dans le récepteur sont
similaires a celles de I’émetteur. Sur cette base, il semble approprié d’appliquer la
PR avec la méthode MRBA.

L’application de la PR dans la conception du systéme a ’aide de MRBA né-
cessite de diviser le systéme en deux parties, statique et dynamique. La partie
statique est constituée de blocs partagés utilisés dans les deux normes. Pendant le
processus de commutation entre les normes, cette partie du systéme reste inchan-
gée. La partie dynamique est composée de modules qui peuvent étre reconfigurés
si nécessaire. Plusieurs versions de ces modules reconfigurables sont stockées en
mémoire.
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BPSK, QPSK, 16-QAM, 64-
Wimax TX Controller 15 bits ReedSolom/Convolutional 192 ~ 1152 bits QAM, 265-QAM

Wifi TX Controller 7 bits Convolutional 48~288 bits  BPSK, QPSK, 16-QAM, 64-QAM
256 size 256 samples 256 samples

64 size 64 samples 64 samples WIMAX

WIFI

FIGURE 3 — Liste des modules reconfigurables pendant VHA

3.4 Résultats expérimentaux

Les résultats expérimentaux pour la chaine unifiée de Wifi et WiMax sont
donnés en terme de temps de reconfiguration, de ressources sur FPGA, et de
consommation sur puce.

Les outils d’estimation de puissance et Vivado ont été utilisés pour estimer la
consommation d’énergie et les ressources réservées des différentes versions des mo-
dules reconfigurables. Comme indiqué dans la TABLE 3, 'application de la recon-
figuration partielle permet de réduire la consommation d’énergie et les ressources
utilisées sur le FPGA. Pour 'émetteur, les résultats montrent que les ressources

TABLE 3 — Comparaison de I'utilisation des ressources matérielles

LUTs | REGs | DSPs
chaine unifiée pour les deux normes | 2229 3376 9
les deux normes mises en oeuvre 3967 6027 15
Disponible sur ZYNQ 53200 | 106460 | 220

utilisées sont réduites d’environ un facteur de 1,7, lorsque la chaine unifiée partiel-
lement reconfigurable est utilisée. Le pourcentage de ressources utilisées lorsque les
deux normes sont implémentées est respectivement de 6,9%, 5,6% et 6,81% pour
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FIGURE 4 — Etat des modules reconfigurables pendant le VHA

les LUT, les REG et les DSP. En revanche, le pourcentage est de 4,18%, 3,17% et
4,09%. lorsqu’une chaine unifiée est utilisée pour les deux normes.

Dans la FIGURE 4, un diagramme de Gantt illustre un scénario qui montre
I’état des modules reconfigurables implémentés sur FPGA lors de I'application du
VHA. Le graphique est établi en fonction des temps de reconfiguration mesurés et
refléte la maniére dont la chaine unifiée passe d’un standard a I’autre. Comme le
montre la figure, les modules sont reconfigurés séquentiellement dans un ordre lié
a leur position dans la chaine. Le temps nécessaire pour passer d’un standard a un
autre est la somme des temps de reconfiguration requis par chaque module.

Comme indiqué, lorsqu’un module est reconfiguré, le flux de données est mis en
pause jusqu’a ce que les modules suivants soient également reconfigurés. Comme
mentionné précédemment, le temps nécessaire pour reconfigurer un bloc est lié &
sa taille. Ceci est illustré dans la FIGURE 4 dans laquelle le temps nécessaire pour
reconfigurer le bloc IFFT est supérieur a celui requis par les autres. Le passage
de WIFI & WIMAX est réalisé lorsque le dernier module (par exemple IFFT) est
reconfiguré avec succes. Enfin, les données sont transférées via la norme WIMAX
jusqu’a ce qu’une autre VHA se produise.
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4. VHA intelligent pour les réseaux sans fil utilisant
les réseaux neuronaux et I’apprentissage par renfor-
cement

Dans les réseaux hétérogenes, les utilisateurs mobiles peuvent détecter de mul-
tiples normes sans fil telles que 1’accés sans fil haut débit mobile (3G, 3.5G et 4G)
et les technologies WLAN. Dans cette section, nous présenterons 'application du
VHA pour les réseaux hétérogénes dans lesquels le WiFi et le WiMax sont présents.
Ce VHA est considéré comme I'agent de décision dans la plateforme ARM-FPGA
proposée.

4.1 VHA pour WIFI et WiMax basé sur le poids des para-
metres

Le VHA proposé pour un réseau WIMAX-WIFI se déroule en trois étapes :
un déclencheur de transfert/hand-over,une décision initiale, et une décision finale.
L’algorithme identifie deux contextes d’exécution. Dans le premier contexte, le
systéme sans fil communique via le standard WIMAX, alors que dans le second
cas, le systéme fonctionne initialement avec WIFI.

Le déclenchement est initié dés que le processus de transfert détecte une valeur
RSS  WIFI supérieure au RSS WIMAX. L’état de décision initiale est utilisée
pour prendre des décisions rapides et détecter de faux transferts. un faux transfert
est détecté si la vitesse du mobile est supérieure a un seuil WIFI _max_speed limit.
Si la décision initiale est validée, le systéme passe a ’étape de décision finale. Dans
cette derniére étape, un systéme de notation adaptatif lit plusieurs paramétres
pour décider quel standard est le meilleur selon les préférences de l'utilisateur.
L’ajout de 'adaptabilité au systéme de notation améliore 'efficacité du systéme.

4.2 VHA proposé basé sur apprentissage automatique

Il est intéressant d’utiliser les techniques de ML (Machine learning) pour rendre
le VHA plus intelligent. L’apprentissage automatique fait référence a la science
consistant a faire en sorte que les ordinateurs agissent sans étre explicitement pro-
grammés. Les Neural Networks (NN) sont 'une des techniques ML intéressantes.
De tels systéemes d’apprentissage sont considérés comme un algorithme d’appren-
tissage automatique supervisé. Les systémes NN apprennent a partir d’'un ensemble



XX Résumé de la Thése

de données pour générer des sorties, des décisions, des classes.

L’apprentissage par renforcement est un domaine d’apprentissage automatique
qui traite de la maniére dont les agents logiciels doivent agir dans un environnement
afin de maximiser la récompense. Il est similaire & la programmation dynamique,
oll les récompenses sont enregistrées aprés chaque action et la fonction du systéme
est reconfigurée pour maximiser la récompense.

Dans ce travail, nous proposons un systéme qui combine & la fois des algo-
rithmes d’apprentissage automatique supervisés et non supervisés pour passer
d’une norme a 'autre. Ce mécanisme qui est implémenté dans le systéme est basé
sur une amélioration du processus de notation adaptative proposé précédemment.
L’idée principale est de bénéficier du travail précédent dans une premiére étape.
Cette étape consiste a collecter des enregistrements et des récompenses/retours du
systéme de notation adaptatif précédent. Les décisions prises sont ensuite classées
en fonction des récompenses obtenues. Dans un deuxiéme temps, seules celles qui
générent de bonnes récompenses sont considérées et elles formeront un nouvel en-
semble de données. Les enregistrements collectés et les récompenses acceptables ou
bonnes correspondantes seront utilisés pour ’apprentissage du réseau de neurones
NN.

Apres la collecte d’un grand ensemble de données, le réseau de neurones NN est
considéré comme suffisamment "formé" et stable pour prendre une bonne décision.
Ainsi, il peut étre adopté pour prendre les décisions. Le systéme peut répéter la
procédure d’apprentissage du NN apreés la mise a jour de ’ensemble de données afin
d’optimiser cette opération et d’améliorer son comportement. Le systéme proposé
est constitué des blocs représentés sur la FIGURE 5.

4.3 Résultats expérimentaux

Pour prouver le concept, une simulation a été réalisée sur la base d’un scénario
WiFi-WiMax utilisant un simulateur Java. Basé sur le systéme de notation adap-
tative et un systéme de récompense/retour simple, un simulateur Java a été mis en
place pour générer les données requises (Paramétres d’entrée - Décisions - Récom-
penses/Retours - et Décisions d’apprentissage). Le simulateur génére aléatoirement
les paramétres d’entrée : RSS, Charge réseau, Préférences utilisateur, Niveau de
puissance et Statut. Ensuite, les décisions et récompenses associées pour la puis-
sance et la QoS peuvent étre sélectionnées selon une décision simple et un moteur
de récompenses. Le moteur fonctionne en fonction des paramétres d’entrée et des
décisions précédentes.
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FI1GURE 5 — Conception proposée de VHA

Comme nous 'avons déja expliqué, 'agent d’apprentissage doit savoir quand
il faut que le NN apprenne. Il a également pour tache de valider le NN chaque
fois qu’il y a suffisamment d’enregistrements étiquetés. Il est important de savoir
quel est le meilleur nombre d’enregistrements étiquetés nécessaires pour obtenir
de bons résultats.

Le taux de décisions réussies conduit & en ajouter une pour une bonne décision
et en soustraire une pour une mauvaise décision. Les résultats prennent en compte
le retour de la consommation d’énergie pour décider si les décisions obtenues sont
bonnes ou mauvaises. Il est a souligner que la formation du NN avec les enregis-
trements marqués qui représentent les enregistrements avec seulement de bonnes
récompenses donne de meilleurs résultats. Le méme scénario a été appliqué en
prenant en considération la récompense QoS comme récompense principale pour
décider de la qualité de la décision prise.
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5. Implémentation et mesures de puissance en temps
réel

Dans cette section, nous présentons la implémentation du PR sur les outils
Vivado pour la technique de modulation adaptative dans une chaine OFDM. En-
suite, nous présentons les résultats de consommation d’énergie sur le SoC. A la
fin de ce chapitre, deux démonstrations sont présentées. La premiére concerne le
déroulement des processus du micro-kernel Ker-One et de la PR. La deuxiéme
démonstration concerne la commutation entre le WiFi et le WiMax en utilisant la
technique PR.

5.1 Implémentation et analyse de puissance pour un trans-
metteur OFDM reconfigurable automatisé et adapté

La chaine générique de I'émetteur SISO OFDM est formée par différentes enti-
tés. Ces entités sont implémentées en utilisant VHDL. Certaines de ces entités sont
créées & 'aide du générateur IP Xilinx. Ils sont connectés par mappage de port
pour former la chaine compléte. Le code VHDL du transmetteur SISO OFDM a
été implémenté a ’aide de la suite de conception Xilinx ISE et testé avec le simula-
teur Modelsim. Les résultats générés par le simulateur Modelsim ont été comparés
a ceux obtenus avec Matlab pour garantir et valider la fonctionnalité de ’ensemble
du systéme.

Le flux de conception Xilinx pour la reconfiguration partielle est utilisé pour
mettre en oeuvre le concept de reconfiguration sur la chaine de comumnication
aprés avoir testé les différents blocs de code VHDL. Pour mettre en oeuvre la
technique de modulation adaptative, le concept PR a été appliqué sur le bloc de
modulation. Dans ce cas, les blocs Encoder, Mappeur, Bloc IFFT, Scaler et FIFO
constituent les parties statiques du systéme. En utilisant Xilinx ISE ou Vivado
Tools, le bloc de modulation a été resynthétisé sous forme de boite noire. Une
boite noire est une implémentation d’une entité avec une définition de ports mais
sans architecture. Le systéme a été rendu auto-intelligent en appliquant le concept
DPR (Dynamic PR) sur la partie PL du Soc. Pendant la phase de démarrage,
le systéme envoie le bistream principal au FPGA, puis configure le PS. Il charge
également les bistreams partiels en mémoire permettant au PS d’y accéder lors de
I’exécution de la reconfiguration.

La puissance consommée par la puce FPGA est la somme des consommations
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d’énergie statique et dynamique. La puissance statique est principalement due
au courant de fuite des transistor. Cela se produit méme lorsque le transistor
est "off'" logiquement. La puissance dynamique est la somme de la consommation
d’énergie transitoire et de la consommation d’énergie de la charge capacitive. Dans
notre cas, nous utiliserons Xpower Analyzer, un analyseur de phase de conception,
pour estimer les consommations électriques statiques et dynamiques. Les résultats
montrent un taux de réduction de 1,6% de la puissance totale sur la puce et un
taux de réduction de la puissance dynamique de 18,7%.

5.2 Analyse dynamique et partielle de la consommation d’éner-
gie lors de la reconfiguration des mesures d’exécution pour
les appareils SoC Zynq

Il est intéressant dans notre travail de calculer la consommation d’énergie pour
I'opération de reconfiguration partielle dynamique a la fois sur le PS et le PL.

Dans cette étude, les cartes d’évaluation ZC70 ZYNQ et ZC702 ZYNQ ont été
utilisées. La carte ZC706 posséde un SoC AP-SoC ZYNQ 7000-XC7Z045, alors que
la carte ZC702 est équipée d’une carte SoC AP ZYNQ 7000-XC7Z020 CLG484. Le
SoC ZYNQ 7000-XC7Z045 fournit plus de ressources que le ZYNQ 7000-XC7Z020.
Dans les deux dispositifs ZYNQ), les parties PS et PL sont intégrées avec des
interfaces d’interconnexion AMBA AXI a bande passante élevée.

Les deux controleurs de consommation sont accessibles via l'interface 12C en
utilisant le protocole de commandes PMBus [pmb|. Nous avons utilisé 1'outil TT
pour obtenir une vue d’ensemble de la consommation d’énergie sur PL et le PS lors
d’une reconfiguration partielle. De plus, nous exécutons notre code implémenté
sur le processeur pour contréler les données a envoyer, et pour lire ces données
uniquement pendant le processus de reconfiguration partielle.

La puissance consommée par le FPGA est mesurée sur deux SoC ZYNQ de
taille différente. L’objectif est d’évaluer 'impact de la taille de la partie logique
sur la consommation d’énergie pendant la reconfiguration partielle.

Pour la partie PS, le processus DPR est comparé & un processus de référence
dans lequel la reconfiguration partielle n’est pas appliquée. Par conséquent, le pilote
DevCfg avec I'interface PCAP n’est pas utilisé. Ce processus de référence consiste a
exécuter une boucle while infinie et vide. Le processus DPR est un code C exécuté
sur le processeur et a accés au pilote DevCfg pour appliquer des transferts de
bits partiels consécutifs au PL. Dans ce cas, l'interface PCAP est engagée dans le
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processus PR et le processeur ARM envoie des requétes répétitives pour effectuer
la reconfiguration partielle sur le bloc concerné. La puissance consommée par le
VCCPINT est mesurée a 'aide de 'outil TI GUL

La puissance consommeée par le processus de référence est légérement supé-
rieure & celle obtenue pour le processus DPR. Ce résultat montre qu’il n’y a pas
d’augmentation de la consommation d’énergie pour le processus de reconfiguration
partielle sur le processeur. De plus, nous avons mesuré la puissance consommeée par
le régulateur VCCPAUX pendant la DPR et le processus de référence. Les résul-
tats montrent qu’il y a une légére puissance supplémentaire consommeée pendant
le processus DPR. Les valeurs moyennes pour les mesures de puissance présentées
dans les figures précédentes sont résumées dans TABLE 4.

Power Reg | with DPR | No DPR
VCCINT | 274,8 mW | 274,4 mW
VCCPINT | 40.2 mW | 41.8 mW
VCCPAUX | 170.3 mW | 157.7 mW

TABLE 4 — Puissance moyenne pour PS et PL dans deux cas

5.3 Démonstrations

Dans cette section nous présenterons deux démonstrations, la premiére dé-
monstration illustre le fonctionnement du micro-noyau Ker-ONE utilisé pour le
controle de la reconfiguration. La deuxiéme démonstration décrit ’application du
VHA entre le WiFi et le WiMax basée sur une reconfiguration partielle.

La premiére démonstration est exécutée sur la plateforme Xilinx Zynqg-7000
SoC, avec le processeur ARM Cortex-A9 dual-core et le FPGA reconfigurable.
Plusieurs algorithmes de communication sont implémentés dans le FPGA. Tls sont
considérés comme des accélérateurs matériels vis a vis des applications s’exécutant
sur PARM, par exemple la FET. Au dessus de Ker-ONE, plusieurs OS( ucos-II)
s’exécutent simultanément en mode machines virtuelles (OS invités) avec des prio-
rités différentes. La démonstration montre comment Ker-One traite les requétes
des machines virtuelles selon leur priorité et les demandes de reconfiguration sur
le FPGA.

Dans la seconde démonstration, nous proposons un systéme implémentant le
VHA pour les standards WIFI-WiMAx sur la méme plateforme utilisant la tech-
nique PR. Le VHA fonctionne sur ’TARM. La chaine reconfigurable unifiée qui
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implémente les couches PHY des deux normes sans fil est implémentée dans la
partie PL. du SoC. La démonstration est constituée en deux parties. La premiére
partie consiste en une application en code C fonctionnant sur le processeur ARM
avec la chaine de communication sans fil implémentée sur le FPGA. La deuxiéme
partie est un code JAVA exécuté sur le PC pour simuler les paramétres de prise de
décision et gérer l'interface graphique. Le simulateur sur le PC et I'application sur
ARM communique via P'UART. Le simulateur collecte les valeurs de paramétres
générées a partir de modéles mathématiques et les transmet dans un paquet a
Papplication sur 'ARM en temps réel. L’application sur 'ARM extrait les valeurs
et applique le VHA pour sélectionner le meilleur standard. Si le VHA décide de
passer d’un standard a un autre, il demandera au controleur de reconfiguration de
reconfigurer la chaine unifiée. Sur la ZedBoard, ’application transmet le nouveau
statut des modules reconfigurables au simulateur. Cette transmission est également
illustrée dans l'interface graphique (voir FIGURE 6).

La démonstration illustre ainsi I’effet de la mobilité d’un utilisateur, la décision
prise par le VHA et I’état des blocs reconfigurables sur le FPGA.

FPGA Blocks:
' NODE

! L
IMWhr FEq Inwkaver| | IFFT?

FIGURE 6 — Capture d’écran du simulateur illustrant 1’état des blocs reconfigu-
rables, le noeud mobile et la décision VHA
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6. Conclusion et perspectives

Au cours de la derniére décennie, les systémes de communication sans fil ont
beaucoup évolué en termes de mobilité, de couverture et de débit. Un grand nombre
de normes avec des spécifications différentes, a la fois dans la PHY (bande passante,
débit, et techniques de codage de modulation) et MAC couches, ont été fournis
pour répondre aux différentes exigences techniques et donner accés & de nouveaux
services.

La reconfiguration matérielle des systémes de communication sans fil est la
solution la plus intéressante pour mettre en oeuvre des techniques adaptatives et
VHA. Dans ce cas, certaines fonctions du systéme peuvent étre modifiées pendant
I’exécution, tandis que d’autres continuent & fonctionner sans interruption. Les
FPGA constituent les circuits idéaux pour implémenter de tels systémes reconfi-
gurables. De tels dispositifs sont maintenant suffisamment miirs pour implémenter
des systémes trés complexes avec un haut niveau de performance. PR est 'une
des fonctionnalités intéressantes qui ont été ajoutées par les fournisseurs de FPGA
pour assurer encore plus de flexibilité.

Une autre caractéristique intéressante dans les récents dispositifs FPGA est la
présence de coeurs de processeurs embarqués qui sont implémentés avec la struc-
ture FPGA matérielle, dans la méme puce. Par exemple, les appareils SoC Zynq
de Xilinx sont équipés d’un processeur ARM Cortex-A9 a double coeur (PS) ainsi
que d’un PL dans un seul appareil. Comparés a leurs homologues de processeurs
soft core, ces processeurs offrent beaucoup plus de puissance et de rapidité de cal-
cul. Les appareils SoC sont appropriés pour la conception de systémes logiciels
et matériels communs. L’existence de tels systémes dans les terminaux permet de
concevoir des objets de communication intelligents haute performance.

Dans cette thése, nous présentons une plate-forme ARM-FPGA pour les sys-
témes de communication sans fil reconfigurables qui bénéficie de la technique de
reconfiguration partielle. Le systéme proposé a été testé pour la chaine OFDM
auto-adaptative. Il a également été utilisé pour basculer entre les réseaux WiFi
et WiMax basés sur 'apprentissage automatique VHA. Des mesures de puissance
et des démonstrations en temps réel ont été effectuées pour extraire les résultats
expérimentaux et tester le systéme proposé.

Pour le travail & venir, il est intéressant d’avoir un vrai test pour une commu-
nication sans fil entre deux ou plusieurs cartes basées sur SoC avec 'application
de PR pour reconfigurer les blocs dans la chaine sans fil. 1l sera également inté-
ressant d’appliquer un test réel pour une commutation entre deux standards sans
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fil sur deux cartes ARM-FPGA en utilisant une technique de reconfiguration par-
tielle. Il sera également intéressant de proposer une architecture combinée entre
PR et conception paralléle pour optimiser la meilleure puissance et le temps de
reconfiguration pour les systémes sans fil reconfigurables.
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INTRODUCTION

Context

Wireless communication was defined as the transmission and reception of si-
gnals by electromagnetic systems. It was initially used around 1890 in wireless
telegraphy. In the 90’s it was used mainly for the voice telecommunication which
was known as cellular network. Today, researchers keep working on achieving best
wireless communication performance in terms of data rate, coverage, and mobility.

In the last decade, wireless communication systems have greatly evolved in
terms of mobility, covered range, and throughput. A lot of standards with dif-
ferent specifications, both in the physical layer (PHY) (bandwidth, throughput,
and modulation encoding techniques) and media access control (MAC) layer, have
been provided to meet different technical requirements and give access to new ser-
vices. Nowadays, wireless communications systems are everywhere, in our homes,
offices, metros, urban, and in space. Furthermore these systems are now used for
machine to machine communication in an Internet of Things (IOT) to go beyond
the standard Internet.

The wireless channel is one of the most challenging communication channels.
Due to the characteristics of this channel, the existence of obstacles in the signal
path, and the mobility of the end-nodes, the form of the transmitted signal will not
be the same at the receiver side. Since the wireless channel is considered unstable,
the wireless system at the end-node may be reconfigurable and some modules
in the wireless communication chain could be reconfigured to optimize the usage
of the available channel capacity. Also today, users are facing a huge diversity
of communication networks and protocols that are generally very complex and
heterogeneous. This is especially true for mobile devices that have to deal with
multiple radio access technologies (Multi-RAT) during their mobility.

Nowadays the requirements of the applications used at the end-node consist in
using the best available wireless standard. Throughput, delay, and other quality
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of service parameters are variable due to the mobility of the user. This is effected
by the characteristics of the wireless channel used by the wireless standard and
the variable number of connected users to the wireless network. To achieve best
performance, the end device should switch to the best available wireless standard.

In this context, it seems obvious that one could benefit from using reconfi-
gurable wireless systems. The open questions are how and when reconfigurable
radios should be reconfigured 7 Which parts of the wireless communication chain
have to be reconfigured during runtime? What is the overhead of real time re-
configuration 7 Is it possible to have one reconfigurable chain for multiple wireless
standards ? How to decide which is the best standard and how to switch the com-
munication through it?

In order to decide when and what to reconfigure in the communication chain,
adaptive techniques were proposed to enable applying modifications in real-time
to both PHY or MAC layers of a wireless system. Using these techniques, mo-
difications are performed according to specific conditions and to the state of the
communication channel within the overall network. This allows achieving the best
performance by adapting and reconfiguring the communication system in real-time
without interruption. The operation of switching between radio access technologies
is denoted as vertical handover. Vertical Handover Algorithms (VHA) have been
proposed to enable selecting the best available wireless communication system at
the end-node. Based on multiple parameters coming from different layers, many
simple and complex VHAs have been proposed to achieve better Quality of Service
(QoS) or most power efficient communications. Machine learning algorithms are
one of the promising techniques used in such VHAs to provide intelligence to the
end-node device.

When a decision is made, the system needs to execute and reconfigure the com-
munication chain. This reconfiguration step can be applied to software as proposed
in Software Defined Radio (SDR). On the other hand, hardware reconfiguration of
wireless communication systems seems also a promising solution for implementing
adaptive techniques and systems dealing with multiple wireless standards. In this
case, some system functions may be modified during runtime, while other func-
tions continue to run without any interruption. Field Programmable Gate Arrays
(FPGA)s constitute efficient circuits to implement such reconfigurable systems.
Such devices are now sufficiently mature to implement very complex systems with
a high level of performance. Partial Reconfiguration (PR) is one of the interesting
features that has been added by FPGAs’ vendors to ensure even more flexibility.
PR provides the ability to reconfigure a specific modules on the FPGA during
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runtime. Furthermore, partial reconfiguration decreases the time needed to recon-
figure parts of the circuit, and reduces its power consumption by considering only
partial bit-streams instead of complete ones.

Another interesting feature in recent FPGA devices is the presence of embedded
hard processor cores that are implemented with the hardware FPGA fabric, in the
same chip. For example, the ZYNQ SoC devices from Xilinx feature a dual-core
ARM Cortex-A9 based Processing System (PS) as well as a Programmable Logic
(PL) within a single device. Compared to their soft core processors counterparts,
these processors offer much more computing power and speed. SoC devices are
appropriate for designing joined software and hardware (SW/HW) systems. The
existence of such systems in the end-devices allows designing high performance
smart communication systems.

In this context, it has become very interesting to consider a multi-standards
device, capable of implementing several MAC/PHY layers within the same chip.
In general, this is performed by implementing several radio access technologies,
in parallel, within the same chip. This solution is obviously very costly and not
satisfactory in terms of hardware resources usage. Moreover, only few protocols
can be handled in this case.

It is important to understand and study the mechanisms of applying PR on
ARM-FPGA platform in the context of reconfigurable wireless system. What are
the requirements and needs for creating a reconfigurable wireless system on both
software and hardware parts? How do these parts interact with each other and
how the reconfiguration is managed ? For that, PS modules have been proposed
to control the PR operation on PL in context of wireless communication systems.
It is also important to understand what should be taken into consideration in the
hardware design when applying partial reconfiguration. In addition, some mea-
surements should be done to extract specific parameters in order to evaluate the
performance of the system. These parameters include the reconfiguration time, on-
chip power consumption and reserved hardware resources. Also, it was interesting
to perform real time measurements for PR power consumption.

To study the proposed system and in order to achieve measurements, a reconfi-
gurable Orthogonal Frequency Division Multiplexing (OFDM) transmitter, which
is considered as one of the most modulation schemes in current standards, has been
implemented. Adaptive and PR techniques have been applied to reconfigure the
implemented chain. As a case study, switching between WiFi-WiMax standards
using PR has been considered and implemented and an unified chain for both
standards was implemented. In addition, VHA based on adaptive scoring system
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for both standards was proposed. It was very interesting to benefit from machine
learning algorithms such as Neural Network (NN) to improve the decision of the
proposed VHA and make it more intelligent.

This thesis proposes to answer the questions by benefiting from the PR tech-
nique in the context of reconfigurable wireless communication systems on ARM-
FPGA platform. In our research, we propose a general architecture for such type
of systems. Our approach has been implemented and tested in specific scenarios.
We have also run extensive experiments on our system to evaluate the resources,
time, and power consumption of the proposed approach.

Manuscript organization

This thesis is organized as follows : In Chapter 1, we introduce the general
techniques and concepts used throughout this thesis. Also, we present the related
works concerning the topics used in the research. In Chapter 2, we propose an
ARM-FPGA platform for reconfigurable radios using the partial reconfiguration
technique. The proposed system is applied on an auto adapted OFDM transmitter
as a case study. The results for power consumption, resources utilization, and
reconfiguration time are presented. In Chapter 3, the ARM-FPGA platform is
improved to be applied for switching between multiple wireless systems. An unified
chain for WiFi-WiMax is tested as a case study to extract the required results.
In Chapter 4, we describe a vertical handover algorithm for switching between
multiple wireless systems based on a neural network. The performance of our
system in terms of real-time power consumption are presented in Chapter 5. We
conclude this thesis and give the perspectives of our work in Chapter 6.
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CHAPTER 1

CONCEPTS AND RELATED WORKS

1.1 Introduction

In this chapter, the main concepts of the ideas covered in this thesis are ex-
plained. The state of the art and related works are also presented. First, wireless
communication main concepts as well as wireless standards are presented. Next,
we discuss reconfigurable radios and the idea of adaptive techniques. Switching
between multiple wireless standard is also considered as reconfiguring the wireless
communication system. Switching between multiple wireless standards is called
vertical handover. This is also presented with the notion of heterogeneous wire-
less networks and the vertical handover algorithms concepts. Vertical handover
algorithms, which decide when to switch from a wireless standard to another, can
be based on machine learning techniques. Definition and discussion about ma-
chine learning techniques and related works for benefiting from those techniques
in context of vertical handover are also presented in this chapter. After discussing
the needs of reconfigurable wireless systems in the context of adaptive techniques
or in switching between multiple wireless standard it is important to present a
flexible reconfigurable platform. The main feature of the reconfigurable platform
as well as the flexible reconfiguration technique are defined and presented. The re-
lated works dealing with reconfiguration technique in the context of reconfigurable
wireless systems are discussed at the end of the chapter.
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1.2 Wireless Communications

In the last decades, wireless communications have become ubiquitous in our
daily lives. Due to the rise of Internet, end-users always need to be connected
indoor and outdoor, when they are stationary or mobility. For this reason, it is
very important to get wireless networks availability wherever users go. In addition
to its coverage, wireless communications networks should also fulfill the demands
of the end-users in terms of stable connectivity and (QoS. The wireless channel
effect the wireless communications due to its characteristics. The characteristics
of the wireless channel is described in the next section.

1.2.1 Wireless Channels

Wireless channels have been considered as some of the most difficult channels
for transmitting and receiving data. Wireless signals that are transmitted from
a transmitter to a receiver are generally affected by multiple factors due to the
existence of obstacles and buildings and is particularly sensitive to the mobility of
end-users. The wireless signal power may be degraded or even lost because of the
propagation mechanisms as free space loss, diffraction, reflection, and refraction of
the signal. In addition to other challenges like multi-path delay, Doppler effect, and
fading, signals should be processed at transmitter and receiver side for not losing
information, and to achieve the maximum available bandwidth on the wireless
channel [Korll].

The aim of digital communication systems is to transmit the information with
the highest reliability. The general architecture of such a system consists of three
basic components : the transmitter, the wireless channel and the receiver as illus-
trated in FIGURE 1.1. At the transmitter side, the source sends the information
to the source encoder. The source encoder converts this signal into a binary data
stream. The bits stream is encoded by a channel encoder which outputs a code-
word. The channel encoder encodes the data to make them more reliable and have
the ability to correct the errors caused by noise or interference through the trans-
mission channel. The coded data are then mapped into a carrier signal through
the modulator. Then the signal passes through radio propagation channels where
many perturbations may affect the signal. At the receiver side, an altered version
of the transmitted signal is received. The reverse operation of signal processing is
applied. The demodulator and the decoder recover the original signal and generate
an estimate of the transmitted information and send it to the destination (sink).
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FIGURE 1.1 — Wireless channel effects on transmitted signals

Researchers have proposed multiple modulation and multiplexing techniques
to maximize the channel capacity. One of the famous multiplexing technique is the
Orthogonal Frequency-Division Muliplexing (OFDM) that will be explained in the
next section.

1.2.2 OFDM

First introduced in the 1950’s, the OFDM is a very popular multiplexing
technique allowing a high data rate transmission over wireless mediums [Cha66].
OFDM provides good performance against multi-path interference on large dis-
tances. It has become the core of most 4G fixed and mobile wireless communi-
cation systems. This technique divides high data streams into multiple low rate
data streams as shown in FIGURE 1.2. Then, the information is modulated and
transmitted over multiple sub-carriers. This technique was robust against fading
channels by minimizing the Interference Inter Symbol (ISI) between sub-carriers.
Sub-carriers are orthogonal to each other in order to avoid the interference bet-
ween them (thanks to the Inverse Fast Fourier Transform (IFFT) function). A
cyclic prefix (CP) is added before transmission at the end of the OFDM symbol.
The cyclic prefix must be chosen larger than the delay spread of the channel to
completely remove the ISI. The OFDM modulation and demodulation are presen-
ted in FIGURE 1.3.

The input data stream is modulated by a modulator, resulting in a complex
symbol stream X|[0], X[1],..., X[N — 1]. The input serial data are arranged in
parallel formation according to the size of the IFF'T. The data bit-stream is mapped
to symbols, I and Q values of symbols are now assigned to sub-carriers. These

sub-carriers are transformed from frequency domain to time domain through the
IFFT block. The IFFT yields the OFDM symbol consisting of the sequence x[n] =
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z[0],...,xz[N — 1] of length N, where

N-1
1 .
) = =Y X[ N 0<n< N -1 (1.1)
N =0

CP is inserted at the end of the vector and then the time symbols are trans-
mitted serially to wireless channel.

At the receiver, received symbols are arranged in parallel formation then CP
is removed. After that, the FF'T block transforms symbols from time domain to
frequency domain. Finally, The frequency symbols are transfered serially then to
the demodulator [Gol05].

OFDM technique is sensitive to Doppler shifting, which leads to a loss of ortho-
gonality between sub-carriers. The high Peak-to-Average Power Ratio (PAPR) is
another drawback of OFDM technique. Because of its good performance in fading
wireless channels, the OFDM is considered as the core of the PHY of the most
popular wireless communication standards which we will mention in the next sec-
tion.

1.2.3 Wireless Communication Standards

Wireless communication systems have greatly evolved in terms of mobility, co-
vered range, and throughput. A lot of standards with different specifications, both
in the PHY (bandwidth, throughput, and modulation encoding techniques) and
MAC layers, have been provided to meet different technical requirements and give
access to new services. The most famous types of wireless networks are the Wireless
Local Area Network (WLAN), Wireless Metropolitan Area Networks (WMAN),
cellular network and the Internet of things (IoT) networks.

1.2.3.1 Wireless Local Area Networks

WLAN is a type of network that connects several equipments using the wi-
reless media and provides Internet accessibility within a bounded region such as
a company, university, house, hospital, etc. Current WLANs are based on IEEE
802.11 standards and are advertised under the wireless fidelity (Wi-Fi) trademark.
The IEEE 802.11 standard defines multiple releases, each of a set of MAC and
PHY specifications for a Wi-Fi network. Most PHY layers of the WiF1i releases are
based on the OFDM technique [TEE99|. Designed for indoor, WiFi is considered
as short range with high data rate wireless communication standard. Nowadays,
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the performance of WiFi networks is remarkable ; the performance of all suppor-
ted services is excellent. One main advantage for WLAN networks is the low cost
at the operational and maintenance level. When compared to cellular networks,
the infrastructure equipment cost is much lower. Therefore, WLAN networks are
considered as a low cost competitive radio access technology in low-mobility hots-
pot areas. An important disadvantage of WLAN networks is that the throughput
at the end node decreases when the distance between a node and an AP increases.
Therefore, WLAN networks deployment should be carefully designed, in order to
maintain uniform throughput in all the area covered by WLAN APs.
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1.2.3.2 Wireless Metropolitan Area Networks

WMAN have been designed to provide Internet accessibility for the users in
a larger area than that defined for the WLAN. One of the most popular WMAN
standards is the IEEE 802.16 known as WiMax [wim]|. WiMax implements full
packet switching (IP based) networks and provides wider coverage than WiFi net-
works. The core of the PHY layer of WiMax is also based on the OFDM technique
[Korll]. The WMANS are designed to provide wider coverage with a data rate and
performance similar to the WLAN networks.

1.2.3.3 Cellular Networks

Cellular networks were proposed to cover cities and provide voice and text ser-
vices for users. Currently, the global system for mobile Communications (GSM)
is the most widely-spread cellular system that supports both circuit-switched and
packet-switched services. Cellular networks have evolved by providing data ser-
vices. One of the most famous recent generation of the cellular network is the
Long Term Evolution(LTE) [lte] which is considered as 4G. Now researchers are
working on 5G which should provide more coverage and throughput. The main
goal of cellular networks is to cover wide area while supporting high user mobility.
For this reason, these networks are designed in a way that ensures good service for
users experiencing high mobility. The importance of cellular networks is mainly
characterized by the large geographical coverage region and the huge number of
users served by these networks.

Usually the number of connected nodes to the cellular networks is huge, for that
cellular networks support multiple hierarchical structures. For example, a single cell
could be adjusted to operate in a hot spot area, rural, urban, and suburban areas,
by using what we call pico, micro, and macro cells. As the number of connected
nodes increases, the data rate for each node decreases also. In some cases, the
radio resources are all reserved and the data rate supplied for each user could
be extremely low. Therefore, cellular networks could cooperate with WLANs and
WMANS to supply better services for users.

1.2.3.4 Internet of Things Networks

[oT is a network that enables communication and data exchange between elec-
tronic devices, vehicles, home appliances and any other objects. The IoT network
allows to sense or remotely control nodes connected to the network. Such type of
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FIGURE 1.4 — Data rate vs. range for IoT connectivity technologies

applications requires long range and low power wireless communications. Many
wireless standards are proposed to fulfill the demands of ToT like LoRa [All15],
SigFox, NB-IoT, LTE-M [RMGV14], etc ... In FIGURE 1.4 different IoT standards
are compared in terms of achieved range and data rate.

We can notice the existence of multiple wireless standards. This will contribute
to form heterogeneous networks. End-nodes will need to know how to select the
best available wireless standard according to the required preferences.

Before describing the techniques and algorithms that are used to select the
best wireless standard and how to reconfigure the wireless communication chain,
we first present the methodology of adapting the wireless radio to the channel
situation.

1.3 Adaptive Techniques and Reconfigurable Ra-
dio

Increasing the performance of wireless communication systems has always been
one of the first objectives of designers. Due to the characteristics of wireless chan-
nels (path loss, fading, shadowing ...), the multiplicity of standards, the frequency
allocations, and the mobility features provided by wireless devices, the operating
environment has become more and more complex to understand. In FIGURE 1.5,
the general four steps (Sense, analyze, decide, and reconfigure) applied by recon-
figurable radio are presented [MM99|. This concept aims to create a smart radio
which has the ability to reconfigure itself to adapt according to the new wireless
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channel status. The first main step is to sense the environment continuously, and
then analyze and understand the new wireless channel status. Upon the analysis,
the system should decide whether to reconfigure itself or not. If the decision was
to reconfigure, reconfiguration is applied and the system starts sensing the envi-
ronment again. In this case, it is necessary have multiple versions of the wireless
radio that are compatible with different status of the wireless channel. The sys-
tem has the ability to identify the wireless channel status. This allows deciding
whether it is necessary to reconfigure the system to another version or not. Each
of the four mentioned steps raises new research issues. For example what parame-
ters must be sensed and analyzed to detect the new wireless channel state 7 Also,
what is the optimal decision that can be made or how to apply fast and efficient

Sense
Environment
Reconfigurable
Radio
Make
Decisions

FIGURE 1.5 — Reconfigurable radio block diagram

reconfiguration ?

Reconfigure Analyze and
Radio Chain learn

In this context, researchers have proposed adaptive mechanisms to enable wi-
reless systems to adapt waveforms according to channel properties. Such systems
sense, learn, analyze, and decide to reconfigure part of the wireless system. Va-
rious low-level parameters such as the Received Signal Strength Indicator (RSSI),
Signal-to-Noise Ratio (SNR), Bit Error Rate (BER) have been used to guarantee
adaptability. Other high-level parameters, such as resource allocation, QoS, and
power consumption, have also been investigated to decide and appropriately adapt
the system to the environment in real time. One of the main goals of the adaptive
techniques consists in maximizing the channel capacity while minimizing the po-
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wer consumption. In some cases the situation is based on a trade-off. For example,
sometimes adaptive techniques may reconfigure the system to reduce the data rate
in order to decrease the power consumption. In other cases it increases the power
consumption to increase the data rate.

Adaptive modulation is one of the transmission techniques that has been pro-
posed to set up the best constellation scheme according to the channel conditions.
The constellation mapping scheme or the modulation technique is reconfigured
with different versions according to specific values of the parameters that are sen-
sed from the wireless channel. Some works in this context are described in [FS],
[KHO00], and [MN15]. For example, in FIGURE 1.6 from [FS],it is clearly shown
how the adaptive modulation provides the best performance compared to static
modulation when SNR values are changing. The adaptive modulation decreases
the constellation mapping rate as the SNR decreases which will decrease the bit
error rate. On the other hand when the SNR increases, a modulator with higher
data rate is selected to increase the throughput.

Adaptive channel encoding and code rate is another adaptive technique propo-
sed to select the best encoder or the code rate according to the channel status. The
encoder have the role to add coded bits to data in order to provide reliable com-
munication and to allow the correction of the some errors caused by the channel.
Some types of encoders add more coded bits than others but with a better error
correction rate. This trade-off between decreasing the data rate and BER can be
adapted to obtain an optimal solution using adaptive encoding techniques. Some
works in this context are presented in [SPA10|, [LTG04|, and [DF03].

Other algorithms and methodologies have also been proposed to deal with
bandwidth adaptation. In this case, the system is able to adapt the bandwidth
size according to the spectrum status. For example, in OFDM systems, FFT and
sub-carrier mapper blocks can be adapted according to parameters provided by
the device and by the network as presented in [ZKS07] and [FBF16]. In [ZEA05]
and [LWNO9|, the authors show that it is important to adapt the FFT length
with respect to the power consumption. The results presented in these two papers
describe how the power consumption increases as the size of the FFT increases.

Applying adaptive techniques on wireless communications requires implemen-
ting an algorithm that senses the environment and accordingly reconfigures specific
blocks in the PHY layer during runtime for example the encoder, the modulator,
and IFFT blocks.

In this section, we have defined and mentioned some of the adaptive techniques
used to improve the quality of the wireless communication and make an efficient
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FIGURE 1.6 — Adaptive modulation performance results

decision to reconfigure the wireless chain. Also, there are other types of techniques
and algorithms to select the best available wireless standard and decide to recon-
figure the communication chain to transmit data through the selected standard.
These are presented in the next section.

1.4 Vertical Handover in Heterogeneous Networks

The operation of switching between two standards is called vertical handover.
The VHAs algorithms decide when to apply the handover. The execution of the
handover may be performed by reconfiguring a wireless chain to switch from a
standard to another.

1.4.1 Vertical Handover Algorithms

In heterogeneous wireless networks, the concept of being always connected has
progressively move towards being always best connected. That is, not only being
always connected, but also being connected to the best available network at any
time.

Many Vertical Handover Algorithms (VHA) have been developed by resear-
chers to decide which wireless standard in heterogeneous networks is the best for
communication. VHAs read and study multiple parameters from the wireless chan-
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nel, network, user application, and devices to take such a decision. An example
of vertical handover in WiFi and WiMax heterogeneous networks is shown in F1-
GURE 1.7.

The key of taking a good decision is to collect and study as much parameters
as possible, from the environment. These parameters can be divided into four
categories :

1. Wireless Channel : Reading parameters from wireless channel inform the
VHA about the status of the channel. We can mention some used parame-
ters : RSS, SNR, and BER.

2. Network Information : These parameters inform the VHA about the status
of the network. The important parameters that provide information about
the network : number of connected nodes to the network, data rate, delay,
jitter, and cost.

3. User Parameters : These parameters reflect user data requirements at the
application layer ex : data rate, and high priority data.

4. System Parameters : Such type of parameters inform the algorithm about
the status of the device such as : power consumption, battery level, and
device speed.

Most of the proposed VHASs can be divided into three main steps :

— 'Trigger : While sensing the environment, a main change is detected which
triggers the VHA to process the parameters.

— Decision : In this step, the VHA will read the values of the parameters and
decide to keep on operating with the current wireless standard or to switch
to another available wireless standard.

— Execution : After deciding to switch to another wireless standard, the data
flow should be directed on the device to the MAC/PHY of the selected
standard. In addition, signaling between access points should be performed
to provide seamless handover.

In [ABG14], the authors provide a detailed state of the art of the existing

vertical handover algorithms. The survey defines five categories of VHASs :

1. RSS based Schemes : In RSS based decision algorithms, RSS is used to
decide which available network is better.

2. QoS based Schemes : Such VHA must achieve best QoS, and make optimal
handover decision using available bandwidth, SINR, and user preferences
parameters.
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FIGURE 1.7 — Vertical Handover in WiFi-WiMax Heterogeneous Network

3. Decision Function based Schemes : Such vertical handover algorithms ge-
neralize the cost, utility, score and policy based functions.

4. Intelligence based Schemes : These schemes require some tools for correla-
ting, analyzing, and reporting the network using some parameters.

5. Context based Schemes : In this category, decisions are made, based on the
the information shared between users and access points.

In the context of vertical handover in heterogeneous networks, several works
can be mentioned. In [KJUT15|, the authors proposed an algorithm composed of
two steps. In the first step, the handover is triggered according to the data rate
requested by the user. Before starting the handover, the system evaluates the speed
of the node. If the speed is higher than a certain predefined threshold that does
not allow benefiting efficiently from switching to another system, the handover
is canceled and considered as unnecessary. Otherwise, if the speed is appropriate,
the available networks are compared according to five parameters : the bandwidth,
jitter, delay, cost and bit error. Then, the best standard is selected and the vertical
handover is performed if necessary.

In [JHO9], the authors propose an adaptive network scanning algorithm in the
context of heterogeneous wireless networks. In this work, the main idea is to avoid
unnecessary scanning processes. As a result the power consumption is reduced.
The device speed is the main parameter that the algorithm considers to adapt the
scanning period. A speed limit is defined for each wireless standard.
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In [ARS10], the authors propose a vertical handover algorithm between LTE
and WLAN consisting of 3 steps. The first step aims to initiate the handover based
on RSS. In the second step, a fuzzy logic system compares four parameters provided
by the two networks (Bandwidth, SNR, Battery Life, and Network Load) to decide
which network provides the best connectivity. In the third step, a seamless vertical
handover is executed.

Based on the SINR, the authors in [AMM12]| propose a vertical handover bet-
ween WiFi and WiMax. According to a custom mathematical function, the equi-
valent SINR value for each network is computed and compared. The handover
decision is based on the best equivalent SINR value.

VHASs may be more intelligent if based on machine learning algorithms. In the
next section, machine learning techniques are defined and VHAs based on ML are
mentioned.

1.4.2 VHASs Based on Machine Learning

The most promising proposed VHAs are those based on the machine lear-
ning techniques. They can be categorized as intelligence based schemes defined in
|[ABG14] with the other fuzzy logic based VHAs. VHAs usually detect available
wireless standards and make a decision based on the current values of certain pa-
rameters. On the other hand, VHAs based on machine learning techniques have
the ability to study and learn from the history to create an efficient decision.

1.4.2.1 Machine Learning

Machine Learning is the science of getting computers to act without being
explicitly programed. It uses algorithms to build analytical models, helping com-
puters to learn from data. It can now be applied to huge quantities of data to
create exciting new applications.

Many Machine Learning algorithms can be classified according to two main
categories [Chrl6] :

— Supervised Learning : In this category, the program is generated by training
data which contain samples of inputs and desired outputs. A supervised lear-
ning algorithm analyzes the training data and produces a function, which
can be used for mapping new input data.

— Unsupervised Learning : This type of learning algorithm finds its own struc-
ture based on the history of the inputs and the rewards of the outputs. After
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presenting a specific amount of inputs/outputs pairs, it will be able to ge-
nerate appropriate outputs.
Machine Learning algorithms can also be classified according to the following
categories :
— Classification : This category is based on algorithms where inputs are divi-
ded into two or more classes.
— Regression : In this category, outputs are continuous and not discrete.
— Clustering : It consists of unsupervised techniques where the set of inputs
is to be divided into groups.
Machine Learning have been successfully applied in different domains such as
computers network, economics, industry, marketing, robotics, medical diagnosis,
speech and handwriting recognition.

1.4.2.2 Neural Networks

Neural networks (NN) are computing systems inspired by the biological neural
networks that constitute the brain. Some of these systems are considered as su-
pervised machine learning algorithm. In this case, NN learns from a set of data to
generate outputs.

An NN is based on a collection of connected units or nodes called neurons.
Each connection between neurons can transmit a signal from one to another. In
NN implementations, the signal at a connection between artificial neurons is a
real number, and the output of each neuron is calculated by applying non-linear
function of the a weighted of its inputs. Neurons and connections typically have
weights that are adjusted as learning proceeds. A particular weight value may
increase or decrease the signal at a connection. The NN system is formed of inputs,
hidden and output layers as shown in FIGURE 1.8 [Chrl6].

NNs have been used in various applications, including computer vision, speech
recognition, machine translation, social network filtering, playing board, video
games and medical diagnosis. In communications, NNs are also used to make the
networks and end-nodes more intelligent.

1.4.2.3 Reinforcement Learning

Reinforcement learning is an area of machine learning concerned with how
software agents ought to take actions in an environment in order to maximize
the reward. It is similar to dynamic programming, in which rewards are recorded
after every action and the function is reconfigured to maximize the reward. The
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algorithm of reinforcement learning is described in FIGURE 1.9. In some cases
it is categorized as un-supervised machine learning, whereas in other cases it is
considered as an independent category of machine learning. We can mention the
Q-learning as one of the famous reinforcement techniques in machine learning. For
example, Q-learning can be used in robotics in a scenario where the robot can learn
to walk by itself. In this case only the reinforcement algorithm is implemented on
the robot. The robot will start changing the speed of the motor in its leg, which
can be considered as the actions that transfer from a state to another. After each
action the reward will be the stabilization of the robot, so if it falls down then it
is a bad reward otherwise it is good. The robot should try different actions until
it reaches the best sequence of actions which will provide stable walking. After
a while, the robot will learn walking by itself using the reinforcement learning
technique.

1.4.2.4 Applying the Machine Learning Technique in the VHA context

Vertical handover in wireless networks has led to a lot of works that benefit from
the machine learning techniques. Generally, authors make use of different machine
learning algorithms to make a decision and switch from a wireless network to
another. This decision is often based on the prediction and the probabilistic study
of the collected data history.

In [AA15], the authors use NNs to select the best available wireless standard



22 Concepts and Related Works

Environment

Action

FIGURE 1.9 — Reinforcement learning block diagram

in a WiFi-WiMax-LTE heterogeneous network. In this paper, a vertical handover
manager, an attributes Collector, and a neural network system are proposed. The
NN has the task of selecting the best standard according to users’ preferences. In
[YZL11|, the authors aim to eliminate failed VHAs by proposing a linear predica-
tion based algorithm to predict the time of vertical handover using location and
speed.

The authors in [XLSL14] proposed a handover between multiple access points
of the same standard to communicate through the best available AP. The system
is proposed for Vehicular Wireless Networks. Q-Learning was used to benefit from
RSS, speed and location to create switching decisions. FIGURE 1.10 illustrates
the proposed system by [ZAT15| for mobile heterogeneous networks. This paper
combines a fuzzy system, multiple level neural networks and reinforcement learning
to switch between multiple wireless systems. The fuzzy logic is responsible for
the VH decision. The NN is responsible for learning the Fuzzy Logic Controller
(FLC) parameters from the quality indicators. Using Q-learning, the NN system
will predict the quality indicator according to the given parameters. RSS, network
load are used in this work to determine if handover is acceptable or not.

In [NADSI16|, a linear regression prediction algorithm is proposed to change
over between WiFi access points on a campus. In [JL15|, the authors propose a
vertical handover between LTE, WiFi, and WIMAX based on Bayesian decision.
In [PA10], a hidden Markov chain is used to predict mobility of the node to the
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AP in order to allocate resources according to the prediction. A lot of other works
has also benefited from machine learning techniques, we can mention also some
works based on NN in [Bha07], [KM09]|, [NGS07], and [LWLO0S|.

As a result, VHAs based on machine learning algorithms provide good per-
formance and they have the ability to learn from old records to create prediction
functions.

1.4.3 Unified Reconfigurable Communication Chain for Mul-
tiple Wireless Standards

One of the main steps of vertical handover is the execution step. At the end-
node, after deciding to switch from a wireless standard to another, the communi-
cation should switch from the current MAC/PHY to the target one. There are two
ways of implementing reconfigurable wireless systems. In the standard case, mul-
tiple wireless PHY layers are implemented in parallel. On switching, the data flow
is re-directed from the blocks of the current standard to the blocks of the other one.
Another case is when only one reconfigurable PHY layer for multiple wireless stan-
dards is implemented. The blocks of the unified PHY chain are reconfigured when
switching from a wireless standard to another. Then communication can switch to
the reconfigured standard. An example that is used to switch between two wireless
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FIGURE 1.11 — An example of switching the physical layer between two wireless
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systems in PHY layer is shown in FIGURE 1.11. This methodology may face some
constraints such as implementing reconfigurable design for wireless standards with
different PHY layer architecture and the effect of needed reconfiguration time.
So, data from upper layer should be stored until reconfiguration is ended. Also a
generic interface for multiple wireless standards should be implemented.

For example, the PHY layers in the popular IEEE standards WiFi and WiMax
are based on similar blocks. For that, it was interesting to work on creating a
reconfigurable unified chain. In this context, interesting studies for WIMax and
WiFi systems are proposed in [NVDT07]|, [DP12], and [RRMS11]. The similari-
ties and differences between WIMax and WiFi physical layers are shown in these
articles. These studies describe how WiMax and WiF'i physical layers are quite
similar in their global architecture with only few differences in specific modules. In
the mentioned works, it is explained how it is possible to create a reconfigurable
unified chain for both wireless standards.

In this section we have talked about vertical handover between multiple wireless
standards. It is noticed that the wireless communication chain can be reconfigured
to switch from a standard to another on the execution phase of the VHA. Also,
in the previous section, the reason was given why the adaptive techniques require
reconfigurable wireless chain. At this step, we can ask the following question :
what is the solution to perform reconfiguration for the wireless system and which
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digital platform is appropriate to implement a unified chain for multiple wireless
standards ? This is the topic of the next section.

1.5 Flexible Reconfigurable Platforms for Commu-
nications Systems

Today, FPGAs are considered as a valuable alternative to their Application
Specific Integrated Circuits (ASIC)s counterparts. They provide more flexibility,
large bandwidth and are appropriate for signal processing applications. FPGAs are
also more advantageous to implement wireless communication systems than Digital
Signal Processors (DSP)s due to their intrinsic parallel hardware architecture.

Dynamic Partial Reconfiguration (DPR) is a technique that enables reconfigu-
ring a specific block while the remaining blocks of the system in the FPGA are still
running. Furthermore, a promising architecture was proposed by FPGA vendors
that now integrates ARM processor cores within their FPGAs, in the same chip.

1.5.1 Field Programmable Gate Array

Unlike ASICs, an FPGA is an integrated circuit designed to be configured
by a designer after manufacturing. Designs implemented in FPGAs are generally
described using a hardware description language (HDL) such as VHDL or Verilog.

FPGA devices contain an array of programmable logic blocks and a hierarchy of
reconfigurable interconnects that allow the blocks to be inter-connected together.
They consist of a parallel bit-level programming platform. Within FPGAs, logic
blocks can be configured to perform complex combinational and sequential func-
tions. In most FPGAs, logic blocks also include memory elements, which may be
simple flip-flops or more complex blocks of memory like Random Access Memory
(RAM)s and Look Up Tables (LUT)s. Some FPGAs also contain Digital Signal
Processing (DSP) blocks to perform complex computations. FPGAs also feature
Input/Output (I/O) blocks to buffer the input and output signals received and
transmitted from the external pins. In FIGURE 1.13, the internal architecture of
an FPGA is presented. From this figure, it is shown how the logic array is divided
into Configurable Logic Block (CLB) and how the logic, memory, and DSP blocks
are located in the device.

Currently, the most popular FPGA vendors are Xilinx [xil] and Altera [alt]



26

Function_v_1

Reconfigurable
Module

Concepts and Related Works

Function_v_4

Function_v_3

Function_v_2

FIGURE 1.12 — Partial reconfiguration on FPGA example

] I T T T

Logic resources
(CLB slices) RAM blocks
DSP units
Logic resources

}
9

FIGURE 1.13 — FPGA internal architecture



Flexible Reconfigurable Platforms for Communications Systems 27

(now Intel). Both vendors produce different versions of FPGAs with different logic
gates size, speed, and power consumption. The two vendors provide development
software tools like Vivado tools from Xilinx and Quartus from Altera. Using these
tools the developer can design both hardware and software systems for SoC devices.

The developer can also implement his design and configure the SoC chips of the
FPGAs.

1.5.2 Dynamic Partial Reconfiguration (DPR)

Partial Reconfiguration is an interesting feature that has been made available
in some FPGA families. It provides the ability to reconfigure a subset of logic in the
FPGA system. The main idea of DPR is to reconfigure specific blocks within the
system while the remaining blocks keep on operating without any interruption.
The blocks of the system that can be reconfigured during run-time are called
Reconfigurable Modules (RM) whereas the unconcerned blocks are called static
modules (FIGUREL.12).

In addition to providing more flexibility, one of the benefits of partial reconfi-
guration is the cost reduction that is obtained by reserving a specific area within
the FPGA to implement different /multiple functions. It allows reducing resources
used on the same FPGA since only one block with multiple functions is imple-
mented rather than having multiple blocks running concurrently. Another benefit
of DPR is reduction of in power consumption. This is achieved by reconfiguring
small blocks of the system instead of reconfiguring the entire device.

The main disadvantage of using DPR is the reconfiguration time overhead.
In Xilinx FPGAs, two main ports are used to partially reconfigure the FPGA
during runtime. These are the Internal Configuration Access Port (ICAP) and the
Processor Configuration Access Port (PCAP). ICAP is used to reconfigure the
FPGA partially by an Intellectual Property (IP) block implemented internally on
the FPGA. On the other hand PCAP is used to reconfigure the FPGA from an
external processor. The partial bit-stream in both cases is located in the memory
and is transfered during PR using a Direct Access Memory (DMA) component.
This provides quite similar reconfiguration speeds for both interfaces. The main
difference is that ICAP needs additional hardware resources on the FPGA whereas
PCAP does not.

In FIGURE 1.14, the transfer of the partial bit-streams from the Secure Digital
(SD) to Double Data Rate (DDR) memory, and then to the FPGA through the
PCAP is clearly shown. FIGURE 1.15 shows how the internal Microblaze processor
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partially reconfigures the RM through the ICAP block. The partial reconfiguration
operation is controlled by a process on the Microblaze. The Microblaze processor
and ICAP modules are located on the FPGA while the PCAP is located on the
SoC between the ARM and the FPGA. The ICAP reconfigures the RM on the
FPGA by transferring the bit-stream located in the memory.

One of the important advantages of the DPR is that the different versions of
the RMs are located in the memory, which provides the possibility to update or
add new versions of a specific RM from a server or cloud on the network.

1.5.3 ARM-FPGA Platform

In the last decade, the research on designing embedded microprocessors and
FPGA hybrid architectures has become a hot topic. The idea consists in combining
the traditional FPGA device and a microprocessor with related peripherals in order
to build a complete Reconfigurable SoC (RSoC) device.

As an example, the Zynq 7000 proposed by Xilinx is an SoC device whose
architecture consists of a dual-core ARM Cortex A9 processor and an Artix-7 or
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FIGURE 1.16 — A simplified architecture of the Zynq SoC
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Kintex-7 FPGA fabric [CEES14].

The Zyng-7000 SoC is divided into two main parts : PS and PL parts. A high
speed connection is achieved between the two parts using the Advanced Extensible
Interface (AXI) interconnection. A simplified model of the SoC architecture is
shown in FIGURE 1.16. The PL part which is equivalent to a classic FPGA fabric
is ideal for implementing high speed logic arithmetic and data flow subsystems. On
the other hand, the PS part supports software and operating systems. The different
AXI buses are shown in the figure, the High Performance (HP) bus and General
Purpose (GP) master and slave buses are used to connect both PL and PS parts.
As a result, users can benefit from SoC designs to implement Hardware /Software
systems where the hardware design is implemented on the PL and software runs
in PS with a high speed connection between both parts.

Many development kits make use of the Zynq-7000 SoC. The Zedboard (see
FIGURE 1.17) contains a Zynq device with additional peripherals like multiple dis-
play interfaces, Ethernet, SD card, DDR3 random access memory, USB-UART,
and PS/PL Input/Output expansions. The board contains everything that is ne-
cessary to run Operating Systems (OS) like Linux, Windows, Android, or other
RTOS-based design. Also, users can develop bare-metal applications or operating
systems to manage the creation and usage of the hardware accelerators on the
FPGA and benefit from the partial reconfiguration technique.

1.5.4 Embedded Operating Systems in SoC Devices

Operating systems for embedded computer systems are typically designed to
be resource and power efficient. The embedded OS are considered to be reliable
and are generally compatible with real-time constraints. Most functions found in
classical OS are not found in the embedded OS, because the embedded systems
are limited in resources and mostly designed for a specific task. Kernels are consi-
dered as the core of the computer’s OS, it is loaded at initial state and handle
input/output requests from pieces of software. For the embedded OS, lightweight
micro-kernels have been proposed. Some embedded OS can be mentioned like ucos
[uco], RTOS, ...

The basic micro-kernel concept was proposed in [Han70]| as a reduced nucleus
with fundamental kernel mechanisms. Actual system services were supposed to be
implemented at the user-level. Micro-kernel systems follow strictly the principle of
least privilege by providing the minimal set of abstractions. The main idea behind
micro-kernels design is the low kernel complexity, which results in better feasibility
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FIGURE 1.17 — ZedBoard with the Zyng-7000 SoC integrated with other periphe-
rals

and security. On ARM-FPGA platform, multiple micro-kernels have been proposed
to benefit from this hybrid architecture. Micro-kernels run on the PS part and use
blocks on FPGA as hardware accelerators.

As a conclusion, FPGAs provide high performance and ability to apply flexible,
dynamic, and partial reconfiguration to implement a system using the DPR tech-
nique. With such advantages, FPGA with DPR is considered as a good tech-
nique for implementing reconfigurable radios. ARM-FPGA SoC systems provide
the ability to create SW/HW applications while benefiting from running multiple
processes on the ARM and reconfiguring the hardware modules using partial re-
configuration technique. In the next section we will present some works that have
used the PR technique in wireless communication applications.
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1.6 Applying Partial Reconfiguration in Context
of Reconfigurable Radios

Reconfigurable radio systems demand high performance platforms with flexible
reconfigurable techniques. Due to its properties, it seems very interesting to benefit
from the partial reconfiguration technique of FPGA in wireless communications
and reconfigurable radios, since it provides the flexibility to reconfigure hardware
modules at runtime. In this section we presents related works used this technique
in context of wireless communications.

Numerous works proposed for reconfigurable wireless communication systems
and cognitive radio have already taken advantage of the partial reconfiguration
technique in FPGAs. In [NR15], a review of partial reconfiguration techniques in
wireless communication systems is presented. The authors also suggest benefiting
from the partial reconfiguration concept to design and implement a Multi Carrier
Code Division Multiple Access (MC-CDMA) system which combines both OFDM
and CDMA without presenting the technical details of the proposed system. The
authors present the results of the referenced works and discuss the advantages of
using partial reconfiguration technique in such systems.

In [Kum12| and [Kum13a], the authors propose an M-Phase Shift Modulation
(M-PSK), and M-Quadrature Amplitude Modulation (M-QAM) modems imple-
mented on FPGA with reconfigurable modulation and demodulation modules ba-
sed on the partial reconfiguration technique for Software Defined Radio (SDR) and
Cognitive Radio (CR) applications. In [Kum12|, the author uses a Virtex 6 FPGA
to implement a PR design for M-PSK modulation and demodulation. The modu-
lator and demodulator are partially reconfigured with different versions (BPSK,
QPSK, 8-PSK, and 16-PSK) during runtime by reconfiguring a control register
in the FPGA. In [Kum13a|, the author describes the design and implementation
of 4/8/16/32/64 QAM modulations using the PR technique. Similar to M-PSK,
M-QAM RM are partially reconfigured during runtime with multiple versions by
configuring a register in the FPGA. When the register is reconfigured, the par-
tial bit-stream is transfered to the RM. In these works, the author compares the
PR design with the parallel design and present results that show reduction in
reconfiguration time and power consumption values.

Also, in [Kuml3b|, the author continued his work by proposing a partially
reconfigurable OFDM transmitter. The author describes the design and imple-
mentation of OFDM transmitters with multiple modulation, and channel coding
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schemes. PR technique allows user to swap between multiple OFDM transmitters
that are based on 1/2 BPSK, 1/2 QPSK, 3/4 QPSK, 1/2 QAM and 3/4 QAM.
This is performed during runtime by configuring a control register in FPGA. The
author uses the MicroBlaze soft processor implemented on FPGA to manage the
PR process.

In |[Kum14], the authors propose a full reconfigurable OFDM transmitter, in
which most of the blocks (modulator, encoder, and FTT) of the OFDM are par-
tially reconfigured using the PR technique. However, they do not describe how the
partial reconfiguration is managed and controlled in real-time, and under what
conditions the system decides to apply the PR process.

In [SABN14], a similar work based on the DPR concept is discussed. It consists
in applying DPR on the modulation and encoder blocks of the IEEE 802.11g
physical layer. The OFDM physical layer is implemented with various encoding
and modulation schemes to achieve different data rates using the PR technique.
The design has been implemented in a Xilinx Virtex-5 board. Unfortunately, in
this work the authors do not describe how they manage the partial reconfiguration
process as well as the required real-time control.

In [VSR*13|, the authors describe an adaptive reconfigurable transmitter for
OFDM-based cognitive radio. In this transmitter, the modulation block is adap-
ted according to the SNR value. The authors implement a simple configuration
controller but do not describe the bit-stream transfer to the FPGA. The confi-
guration controller is based on a look up table and it is specified for adaptive
modulation process. Moreover, it is not clear whether the system can run multiple
adaptive processes in parallel or not. Furthermore, the author didn’t present how
the partial bit-streams are transfered using ICAP or PCAP.

The authors in [DPMLO07] and [DMN708] benefit from the PR technique to
propose a reconfigurable radio system. In [DPMLO07|, PR is applied dynamically
to reconfigure a convolution encoder, a constellation mapper and an FIR filter.
In [DMNT08], PR is applied in a Network on Chips (NoC) architecture for SDR
applications. The authors test the proposed system with a demonstration based on
a video transmission between two Virtex 4 FPGAs. The code rate and constellation
mapper are dynamically reconfigured and the results are noticed by the quality
of the video at the receiver. The aim of the research is to benefit from the PR
technique to have the ability to use more resources of the FPGA by reconfiguring
blocks to allow implementing different communication chains within the same area.

The PR management is controlled by the MicroBlaze soft processor implemented
on FPGA with an ICAP controller.
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1.7 Summary

In this chapter, we have introduced the main concepts and the related works in
the context of applying the partial reconfiguration technique on an ARM-FPGA
platform for reconfigurable wireless systems. We have briefly described general
wireless communication notions and introduced most popular wireless standards.
Then, we have introduced the needs to reconfigure wireless systems and the concept
of vertical handover. After that, we have described the PR technique on the ARM-
FPGA platform.

Many of the related works have used the PR technique to create a reconfigurable
radio system. Most of these works used the MicroBlaze soft processor with the
ICAP interface. Also, it was not clear how the partial reconfiguration process is
managed and controlled. In the context of the switching between multiple wireless
systems using the PR technique we were not able to find any work that explains
the management and the execution of the handover on the ARM-FPGA device.

In the next chapter we present an original ARM-FPGA based platform for
reconfigurable wireless communication systems that benefits from the partial re-
configuration technique. The baseband functions of the wireless system are im-
plemented within the FPGA fabric, whereas the reconfiguration of the different
functional blocks is managed by processes running on the ARM processor. The
role of these processes is to take decisions and manage the reconfiguration pro-
cess of the concerned modules. A custom micro-kernel that is dedicated to partial
reconfiguration is used to schedule and share resources among processes.

The main contributions of our work are :

— Proposing an ARM-FPGA platform for reconfigurable wireless systems

using PR and adaptive technique.

— Proposing an ARM-FPGA platform for unified PHY layers for multiple
wireless standards using PR technique.

— Proposing a Vertical handover algorithm based on neural networks and
scoring system in the context of heterogeneous wireless communication net-
works.

— Quantitative Evaluation of the system performance based on a case study.

— Real time power measurements for PR architectures and operation using
two SoC based boards.

— Demonstration was applied to illustrate the proposed concept based on
specific case study.

ZedBoard, ZC706, and ZC702, which features an Zynq SoC at it’s heart, were
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the main platform used to retrieve the performance evaluation and apply the de-
monstrations.
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CHAPTER 2

ARM-FPGA BASED PLATFORM FOR
AUTOMATED ADAPTIVE WIRELESS
COMMUNICATION SYSTEMS USING
PARTIAL RECONFIGURATION
TECHNIQUE

2.1 Introduction

Since the last decade, the concept of reconfigurable radio has been a hot topic.
The adaptive techniques were some of the first proposed techniques that allo-
wed applying modifications to both PHY or MAC layers of the wireless system.
These modifications are performed according to certain conditions and the state
of the communication channel within the overall network. The reconfiguration of
wireless communication systems is an efficient solution for implementing adaptive
techniques.

In this chapter, we present a Software /Hardware platform for automated adap-
tive wireless communication systems. The proposed system benefits from the par-
tial reconfiguration technique that is available in the FPGA device. The baseband
functions of the wireless system are implemented within the FPGA fabric, whe-
reas the reconfiguration of the different functional blocks are managed by processes
running on the ARM processor. The processes are based on theoretical adaptive al-
gorithms. Their roles are to take decisions and manage the reconfiguration process

37
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FIGURE 2.1 — General system design blocks

of the concerned modules.

2.2 General System Design

The proposed SoC system can be divided into two parts : the first part is
running on the ARM processor, whereas the second part is executed in the FPGA
logic. The general system design is presented in FIGURE 2.1.

2.2.1 Overview for ARM-FPGA platform

The ARM-FPGA platform is based on the Zyng-7000 device. This SoC in-
tegrates both PS and PL parts within the same chip. In this case, the PS uses
the Device Configuration Interface (DevCfg) integrated on the ZYNQ device. The
PCAP interface is driven by a 100 MHz clock and deals with a word width of
32 bits. The theoretical throughput is 3.2 Gbit/s, but due to the speed limit of
transferring bit-streams from RAM, the interface speed is limited to 1.2 Gbit/s.
In our case, we use the PCAP interface for its better compatibility with soft-

ware applications and because it does not require additional logic resources in the
FPGA.
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FIGURE 2.2 — Zynq block as represented in design flow using Vivado tools

2.2.2 Xilinx Vivado Tools

Vivado Design Suite is a software suite produced by Xilinx for synthesis and
analysis of HDL designs, superseding Xilinx ISE with additional features for SoC
development and high-level synthesis. Vivado represents a ground-up rewrite and
re-thinking of the entire design flow (compared to ISE). Unlike ISE which relied
on ModelSim for simulation, the Vivado System Edition includes an built-in lo-
gic simulator. Vivado also introduces high-level synthesis, with a toolchain that
converts C code into programmable logic. Vivado enables developers to synthesize
(compile) their designs, perform timing analysis, examine RTL diagrams, simu-
late a design’s reaction to different stimuli, and configure the target device with
the programmer. Vivado is a design environment for FPGA products from Xilinx,
and is tightly-coupled to the architecture of such chips, and cannot be used with
FPGA products from other vendors. FIGURE 2.2 illustrates the block design for
Zynq with AXT interface as shown in Vivado.

Partial reconfiguration design flow on Vivado is more based on TCL commands
than GUI where PR can be applied through GUI only in ISE.

2.2.3 Processing System Modules- PS part

In order to manage the partial reconfiguration on the ARM, the system is divi-
ded into 3 sub processes : The Configuration Controller, the Parameters Provider,
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and the Hardware Updater. All these modules run as tasks in the user-space of the
micro-kernel Ker-One. The role of the Configuration Controller applies PR on the
PL and controls the data flow during the PR operation. The Parameters Provider
provides the adaptive processes with needed parameters. The Hardware Updater
adds or updates new versions of the RMs.

2.2.3.1 Micro-Kernel

Ker-ONE is a lightweight micro-kernel that provides para-virtualization on
ARM-based embedded systems. In this work, it is seen as a simple kernel that may
implement several isolated tasks at user level. Since Ker-ONE is very simple, it
only provides fundamental functions such as round-robin scheduling, inter-process
communication (IPC) and memory management. It ends up with a small Trust
Computing Base (TCB) as described in [XPN15]. In the proposed system, multiple
adaptive processes run concurrently on the top of the kernel. Each task may access
the DevCfg in order to reconfigure specific hardware blocks in the PL region of the
FPGA. All the mechanisms that deal with the reconfiguration management are
implemented in different isolated tasks : the configuration controller, parameters
provider, and hardware updater.

2.2.3.2 Configuration Controller

The configuration controller has two main roles. The first role consists in trans-
ferring partial bit-streams to the FPGA. For additional security reasons, the partial
bit-streams memory locations are only accessible from the configuration controller.
This controller eliminates any conflict that may occur when several user processes
decide to access the DevCfg at the same time. In this case, it transfers the bit-
streams consecutively. The adaptive processes does not manage the bit transfer
operations but they only send requests and provide the memory addresses to the
configuration controller that performs the operation.

The configuration controller module can also configure the concerned hardware
modules by updating their input parameters in real-time. This operation is cal-
led parametric reconfiguration. In this case, the system reconfigures the hardware
either by updating the input parameters of the concerned module or by sending
a new version (bit-stream) of the RM. As an example, we can consider the IFFT
module which can be reconfigured in real-time either by modifying the [FFT size
parameter or by applying PR. This enables to combine both methods of reconfigu-
ration (partial and parametric reconfiguration) to create a reconfigurable system.
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Reconfiguration

Choosing the configuration method depends on the architecture of the hardware
module. Another important task of the configuration controller is to control the
data flow during partial reconfiguration. When a FPGA chain is formed by a set of
configurable modules, it is mandatory to make sure that the reconfiguration does
not cause any loss of data in the RMs during the PR process. An example of the
data flow management is described in FIGURE 2.3 where the second process (Pro-
cess3) is requesting to modify the third module (Block3). In this case, the confi-
guration controller suspends all the precedent modules (Blockl and Block2) that
produce inputs to the reconfigured module (Block3). The modules are suspended
by controlling the enable input signal in the module. During partial reconfigura-
tion incoming data will be stored in FIFOs located between the blocks. After the
module is reconfigured the precedent modules are enabled again and the data sto-
red in the FIFOs are dequeued and processed. Note that the reconfiguration time
of the concerned module is provided to the controller. This helps the controller to
determine the time during which the modules should be suspended. The data flow
of the hardware blocks is controlled through the AXI interfaces connecting the PS
and PL.
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2.2.3.3 Parameters Provider

The parameters provider is another important task running on the micro-kernel.
It is considered as an interface for all the parameters of the system. This module
provides all the required parameters to the user processes in order to take a decision
regarding the configuration of a specific module. The parameters are collected
from different layers in the system. For example, the parameters provider collects
parameters from physical layer such as SNR and BER, from the system parameters
such as location, power consumption and battery level where these parameters can
be also used to adapt the wireless chain.

2.2.3.4 Hardware Updater

The third module running on the processor is the Hardware Updater. In this
module, we benefit from one of the advantages of the PR that makes it possible to
implement new versions of modules or even update other available modules during
runtime. In a partial reconfiguration system design, RMs are defined as black boxes
with predetermined input and output ports. This means that all the versions of a
RM must have the same input and output ports. Many partial bit-streams can be
generated but only one is implemented on the FPGA at a time. The other partial
bit-streams are transferred to the RM on demand. In such designs, we have the
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possibility to reconfigure any RM without reconfiguring all the hardware chain.
The task of the hardware updater is to check for any new update or new version
of a RM. If any update is available, a module must retrieves its new partial bit-
stream in a secure way, which means that the update server should authenticate the
user requesting the update. Also the partial bit-stream should be encrypted while
transmitted on the channel. The idea is similar to updating or sending patches to a
software process, but in this case it are applied to hardware. The update or upgrade
for the RM will be applied over the network, so the transmitted files should be
encrypted and signed from the update server. This will protect the update process
and ensure data integrity. At the receiver side, the system decrypt the received file
then check if it is signed by the server. After that the received files is transfered
to memory to upgrade versions of the partial bit-streams or to add a new version
for a specific RM. These new versions can then be used for further PR.

2.3 Auto Adaptive OFDM transmitter

To study the impact of applying partial reconfiguration in the context of re-
configurable radios, we have implemented an auto-adaptive OFDM transmitter in
the proposed system.
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2.3.1 Reconfigurable Hardware

The generic OFDM transmitter is composed of an encoder, a modulator, a
mapper, and an IFFT (see FIGURE 2.6). Based on the Xilinx Vivado tool, multiple
partial bit-streams have been generated for these modules. The different versions
of the RMs and the parameters used in the transmitter are given in TABLE 2.1.

TABLE 2.1 — OFDM transmitter parameters

Parameters Scenario
Modulation 4-QAM,8-QAM,16-
QAM,32-QAM
,64-QAM
(DFFT Size 16,32,64,128,256,512,1024
Cyclic Prefix Length | 2,4,8,16,32,64,128
Encoder Convolutional

1/2,1/3,1/41/5,  3GPP
LTE Turbo Encoder 1/3

Frame 1 OFDM pilot + 10 OFDM
data symbols

FPGA Zyng-7000 xc7z020

Clock 200 MHZ

The OFDM transmitter has been implemented and tested on the ZedBoard.
The data path operates on the FPGA as follows : A random bit source generator
provides random data to the encoder. Then, data are encoded and provided to
the modulator in which frequency domain symbols are generated. The symbols are
mapped into sub-carriers in the IFFT module through the mapper. Finally, ten
OFDM symbols are generated by the IFFT module followed by cyclic prefix and
then concatenated with pilot bits to build a frame. The frame is then ready to be
transferred to the Radio Frequency (RF) module. The reconfigurable regions on
the FPGA (Pblocks) are selected using the floor-planning tool. Selecting a Pblock
with an amount of resources larger than necessary leads to wasting resources on the
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FPGA. Therefore, the selected Pblocks are tuned to the maximum resource utili-
zation that is required by the different versions of the RMs. FIGURE 2.7 shows the
floorplan design of the reconfigurable and static modules of the OFDM transmit-
ter. As required in a PR design, the different versions of a given RMs should have
the same interface (input and output ports). For example, if a 4-QAM modulator
has a 2-bit input whereas a 256-QAM modulator has an 8-bit input, then the re-
configurable modulator will match the largest module with 8-bit input. Therefore,
6 bits will be unused in the data input port of the 4-QAM. A similar concept is
applied to all the RMs in the chain. Note that these additional bits have no impact
since they are likely to be not considered in the optimization process of the design
flow. FIGURE 2.8 presents the adaptive OFDM transmitter implemented in the
proposed platform. The modulator, encoder, and TFFT blocks are RMs whereas
the other blocks remain static. The partial bit-streams corresponding to multiple
versions of each RM are located in memory, and transferred to FPGA on demand
by the configuration controller. Note that in some cases, such as for the (I)FFT
architectures, the concerned module can be reconfigured by parametric reconfi-
guration without initiating the DPR, process and transferring a bit-stream from
memory. This can be done by simply modifying the input size parameter of the
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module. This situation is also taken into account in the configuration controller.
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FIGURE 2.9 — Parallel implementation for reconfigurable OFDM with multiple
blocks

In FIGURE 2.9 and FIGURE 2.10, the difference between the parallel and PR
implementation designs in the OFDM scenario is illustrated. In the PR design,
the different versions of the RMs stored in memory and loaded on demand. On
the other hand in the parallel design all the blocks are implemented in parallel
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and data flow is modified by switching between the different static modules during
runtime.

2.3.2 Adaptive processes

The Xilinx SDK tool has been used to implement three adaptive processes
running on the ARM processor. The processes are implemented in C code and run
in parallel on top of the micro-kernel Ker-One. Adaptive processes has the task
to request reconfiguration for a specific RMs in the wireless chain implemented
on FPGA. In this section, three adaptive processes are described in the selected
scenario.

The first process ,(adaptive _mod), is based on the adaptive modulation tech-
nique and aims to monitor the SNR value to select the best modulation scheme.
The role of this process is to reconfigure the modulation block during run-time.
The implemented adaptive_mod process can be explained in FIGURE 2.11. The
process is first initialized (for example with a value corresponding to a 4-QAM
modulation) then it waits until another SNR value is received. When the process
receives a new SNR value, it is analyzed to check if it belongs to the current range.
If this is the case, the process returns to the waiting state. Otherwise, a new ver-
sion of the modulation block is selected according to the new range. The partial
bit-stream of the selected version is then transferred to the modulator. Finally, the
current operation of the SNR range is updated and the process waits for another
SNR value. In Listing 2.1, the pseudo code running on the ARM for the adaptive
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FIGURE 2.11 — Flow chart for the adaptive modulation process

modulation process is also shown.

The second process, adaptive encoder, is based on the adaptive channel coding
technique. This process reads the BER and SNR values to obtain the wireless
channel status in order to select the best coding rate or the most efficient encoder
type. This second process reconfigures the encoder module of the OFDM chain.
The purpose of the third process, adaptive IFFT, is to modify the IFFT size
according to the power consumption and remaining energy in the battery of the
system. This process monitors the power consumption in order to select the most
efficient IFFT size.

In Listing 2.2, the C code implementation of the function of the Configuration
Controller is presented, where the data flow is controlled before and after the
partial reconfiguration process. It is shown how the Configuration Controller take
into consideration the order of the blocks in the communication chain to know
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which block should be suspended during the PR operation.

The reconfiguration settings at the transmitter side (modulator, encoder, fft
size) is considered to be transmitted the receive side by control signals. The recon-
figurable modules are then reconfigured according to the received settings.

The three adaptive processes are executed as user processes. In this work, we
have considered a realistic scenario in which all the three processes are based on

theoretical adaptive techniques and reconfigurable wireless system methodologies
as proposed in [FS|, [DF03], and [ZEAO05].

Listing 2.1 — Pseudo code for adaptive modulation process

load PARTIAL_RECONFIG_Mod_QAM8_Bit_STREAM
load PARTIAL_RECONFIG_Mod_QAM16_Bit_STREAM
load PARTIAL_RECONFIG_Mod_QAM32_Bit_STREAM
load PARTIAL_RECONFIG_Mod_QAM64_Bit_STREAM

while true:
read SNR;

if SNR less than 15:
if status NOT EQUAL to QAMS:
Pause Encoder_Block
Send PARTIAL_RECONFIG_Mod_QAM8_Bit_STREAM
Un_Pause Encoder_Block
else if SNR less than 18:
if status NOT EQUAL to QAM16:
Pause Encoder_Block
Send PARTIAL_RECONFIG_Mod_QAM16_Bit_STREAM
Un_Pause Encoder_Block
else if SNR less than 21:
if status NOT EQUAL to QAM16:
Pause Encoder_Block
Send PARTIAL_RECONFIG_Mod_QAM16_Bit_STREAM
Un_Pause Encoder_Block
else if SNR less than 24:
if status NOT EQUAL to QAM32:
Pause Encoder_Block

Send PARTIAL_RECONFIG_Mod_QAM32_Bit_STREAM
Un_Pause Encoder_Block
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else
if status NOT EQUAL to QAM64:
Pause Encoder_Block
Send PARTIAL_RECONFIG_Mod_QAM64_Bit_STREAM

Un_Pause Encoder_Block

end while

Listing 2.2 — Configuration Controller C code

// Configure Function with dataflow control

int configure(int order,int version)

{
while (XDcfg_IsDmaBusy(XDcfg_0) == XST_SUCCESS)
{
xil_printf ("Driver Busy : Wait to finish!\n\r\n\r");
}
int 1i;
for (i=1;i<order;i++) // pause all previous blocks
till transfer bit stream finish
{
#ifdef gpio
XGpioPs_WritePin(&Gpio, i, 1);
#endif
}
int Status = XDcfg_TransferBitfile (XDcfg_O,
array_of_bits[order].address[version],
(array_of_bits[order].length >> 2));
if (Status != XST_SUCCESS) {
xil_printf ("ERROR : FPGA configuration failed!\n\r\n\r");
//exit (EXIT_FAILURE);
¥
for (i=1;i<order;i++) // unpause all previous blocks
after transfer bit streams finish
{
#ifdef gpio
XGpioPs_WritePin(&Gpio, i, 0);
#endif
}
}

2.4 Experimental Results

This section presents the results obtained from the adaptive OFDM transmitter
scenario. The results are described in terms of the time needed to reconfigure the
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RMs, partial bit-streams size, power consumption and reserved resources by each
version of the modules. Finally, a Gantt chart is presented to illustrate the behavior
of the system according to the input parameters’ variations. From the obtained
results, we aim to show how much hardware resources are used and evaluate the
corresponding power consumption as well as the reconfiguration time.

In the adaptive OFDM scenario, we consider three RMs : the modulator, enco-
der and IFFT. The results presented in TABLE 2.2 include the partial bit-stream
size and the time required to reconfigure a module. As mentioned earlier, the size
of the partial bit-stream is related to the size of the RM implemented in the FPGA.
This size is selected to fit the largest version of the concerned RM among all the
possible ones.

TABLE 2.2 — Partial bit-streams size and reconfiguration time

Module Partial Bit-Stream Size | Reconfiguration Time
IFFT 188 KB 1.48 ms
Encoder 106 KB 0.834 ms
Modulation 30 KB 0.236 ms

As noticed in TABLE 2.2, the time needed to transfer a bit-stream to hardware
using the PCAP interface depends on the size of the partial bit-stream file. In our
work, the reconfiguration time is computed by counting all the clock cycles needed
to complete the partial bit-stream transfer. Then, the number of clock cycles is
multiplied by the clock period (1/Frequency of processor). The way to compute
the partial reconfiguration time is shown in Listing 2.3.

Listing 2.3 — Computation of partial reconfiguration time needed

u32 timelow =0;

u32 timeaft =0;

u32 time ;

double counts = 0.002999995;

timelow = XTime_GetLow();

SD_TransferPartial ("pr500.bin", PARTIAL_RECONFIG_1_ADDR, PARTIAL_BITFILE_LEN_1);
timeaft = XTime_GetLow();

time=(timeaft -timelow) * counts;

The partial bit-stream size is related to the floorplan design, as shown in F1-
GURE 2.7, where the IFFT module occupies more resources on the FPGA compared
to the modulation block.

Vivado power and utilization estimation tools have been used to estimate the
power consumption and resources used by the different versions of the RMs. Vivado
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power tools are only used to estimate static power for different versions of each
module. These results are then used to compare the static power of the PR-based
design with the parallel-based one. For both cases, the dynamic power has not
been taken into account since it is closely related to the input stimuli provided
during timing simulation. These stimuli are similar for both the reconfigurable
and parallel architectures. The architecture of the IFFT used in this scenario is
the pipeline streaming IFFT (from the Xilinx IP library). This IFFT module allows
performing a continuous computation.

TABLE 2.3 — Size and power consumption of the considered blocks

Module Power (mW) | FPGA Resources (LUT-
REG-RAM-DSP)
4-QAM less than 0.1 | 15-8-0-0
8-QAM less than 0.1 | 16 -10-0-0
16-QAM less than 0.1 | 18 -15-0-0
32-QAM less than 0.1 | 20-19-0-0
64-QAM less than 0.1 | 22-20-0-0
Convolution 1/2 | less than 0.1 | 24-29-0-0
Convolution 1/3 | less than 0.1 | 25-31-0-0
Convolution 1/4 | less than 0.1 | 26-32-0-0
Convolution 1/5 | less than 0.1 | 28 -35-0-0
Turbo-Encoder 1/3 2 311-555-0-0
16-point IFFT 9 191 -1299-0.5-3
1024-point IFFT 29 2245 - 3554 - 3 - 12

TABLE 2.3 shows the differences between the IFFT, encoder, and modulation
blocks in terms of utilized resources and power consumption. These resources and
the on-chip power consumption are almost identical for the different modulation
versions. This observation is also true for the convolution encoders. The Turbo
encoder clearly consumes much power and occupies more resources on FPGA than
the convolution encoders do. As for the different versions of the IFFT block, it is
obvious that the power consumption and the utilized resources increase as the
IFFT size increases.

Also, it is important to analyze the running processes through a Gantt chart as
depicted in FIGURE 2.12. As shown in this figure, three adaptive processes run in
parallel on the PS part, sense their own parameters and finally detect any change.
If necessary, the partial reconfiguration is applied on the appropriate block in order
to adapt the system to the new environment.
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As an example, we consider the scenario illustrated in FIGURE 2.12. During
initialization, a default configuration is implemented in the FPGA : an 8-QAM
modulator, a turbo-encoder and a 1024-points IFFT.

At time ¢t = ty, the adaptive _mod process detects a high SNR. According to
the algorithm described for the adaptive_ mod process, a partial reconfiguration is
launched by the configuration controller that leads to implementing a 64-QAM in
order to increase the throughput. The partial reconfiguration is done and a new
configuration is effective at time ¢t = ¢; + 0.236 ms. Meanwhile the encoder block
is suspended for 0.236 ms.

At time t = tq, the adaptive coding process detects a decrease in the BER.
Therefore, a partial bit-stream of the convolution encoder is transferred to the
encoder module. The transfer is done at ¢t = ¢5 + 0.834ms. Since the encoder is the
first module in the chain, the other modules keep on running during the partial
reconfiguration operation.

At t = t3, the adaptive. FFT process that senses the power regulators on
the device detects a high power consumption with a low battery voltage level.
Therefore, this process reconfigures the IFF'T module and reduces its size. This
leads to reducing the power consumption of the system. The PR operation takes
1.48 ms and all the precedent modules are suspended during the partial bit-stream
transfer operation in order to avoid any data loss. It may be noticed that the time
needed to reconfigure the TFFT module is longer than those of the coding and
modulation modules. This is due to the difference in the size of the partial bit-
streams. The suspension of the precedent modules is clearly shown in FIGURE 2.12.
The suspension time depends on the size of the transferred partial bit-streams. As
noticed, the suspension overhead only affects the precedent modules of the chain.

As a result of applying partial reconfiguration, the FPGA power consumption
and reserved resources are reduced. As an alternative to this technique, all ver-
sions of the different modules may be implemented in the FPGA, with additional
multiplexers to select the desired module. This typically requires a lot of resources
on FPGA. As a consequence, the static and dynamic power consumption of the
chip would be relatively high compared to PR-based systems.

TABLE 2.4 shows the amount of resources that is used when applying the PR
technique compared to the case where PR is not adopted. It may be seen that
there is approximately a factor of 4 between the two cases. Moreover, in the PR
case, the resource gain makes it possible to use the remaining parts of the FPGA
to implement additional processing units. The percentage of the LUTs, REGs and
DSPs used on the SoC is 19.3%, 15.9%, and 25.9%, respectively when all blocks
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Processes
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FIGURE 2.12 — Adaptive processes reconfiguring OFDM transmitter during run-
time according to values of parameters

TABLE 2.4 — Comparison of hardware resource usage

Resources LUTs | REGs | DSPs
with partial reconfiguration 2578 | 4129 12
without partial reconfiguration | 10320 | 16938 o7
Available on ZYNQ 53200 | 106460 | 220

are implemented in parallel. When using PR technique, the percentage of the
corresponding used resources is 4.8%, 3.8%, and 5.45%, respectively.

2.5 Summary

In this chapter, an ARM-FPGA platform has been proposed for an adaptive
wireless communication system. The system implemented on the FPGA is par-
tially reconfigured. This HW/SW platform is based on a custom micro-kernel that
is already available in our laboratory. Its role consists in managing and controlling
partial reconfiguration processes. Multiple software processes based on theoretical
adaptive algorithms run in parallel and perform partial reconfiguration opera-
tions. These processes get knowledge of the environment condition by requesting
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parameters from the Parameters Provider. In this work, we made extensive use
of the PCAP interface and optimized the size of the partial bit-streams in order
to minimize the time overhead caused by partial reconfiguration. Also, to avoid
data loss, the Configuration Controller controls the data flow on the FPGA when
initiating the PR process. An adaptive OFDM transmitter was implemented to
test the proposed system. The obtained results have shown that implementing the
PR technique with the micro-Kernel has reduced both the global on-chip power
consumption and reduced the reserved resources on the FPGA. This study gives
an important information about the impact of adopting the PR technique in the
context of reconfigurable wireless communication systems.

After proposing the SoC system for auto adapted reconfigurable radios, it was
interesting to propose a similar platform for a reconfigurable unified PHY layer
for multiple wireless standards. In the next chapter, we will discuss, using PR
technique, an ARM-FPGA platform for switching between multiple wireless stan-
dards. The proposed system is described, a case study is considered to evaluate
the performance of the proposed system and to obtain numerical results.
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CHAPTER 3

RECONFIGURABLE UNIFIED PHY
FOR MULTI WIRELESS SYSTEMS
USING PARTIAL RECONFIGURATION

3.1 Introduction

In the previous chapter we have described the proposed ARM-FPGA system
for auto adaptive reconfigurable radios using PR technique. It is also interesting to
use the ARM-FPGA system to switch between multiple wireless systems. In this
chapter we will describe how the ARM-FPGA system can be adopted to handle
switching between multiple wireless standards. On the PL part, PR is used to
reconfigure a unified wireless chain to switch between multiple wireless standard.
For this purpose, two different proposed reconfigurable architectures are compared.
Finally, a unified reconfigurable wireless chain for WiFi-WiMax is tested as a case
study to extract and evaluate the experimental results.

3.2 ARM-FPGA Platform for Switching between
Multi Wireless Systems

This section describes the design of a reconfigurable PHY layer architecture
of multi wireless systems. As depicted in FIGURE 3.1, the system is divided into
two parts : software and hardware. In the software part, processes run on the
ARM processor to control and manage the configuration of the wireless chain

o7
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implemented on the hardware. In the hardware part, the system is implemented
and designed to be partially reconfigured during runtime.

User Space

User

Vs VHA Take
Application

Application decision

User APP g Read Param t
Param ‘ ‘ VHA Request

—— Configuration
Provider Controller

lPR Requests

Partial Reconfiguration

Get Bit
Streams

Hardware
Updater

Micro-Kernel

Hardware / OS Parameter

Channel parameters

» Scambler » Encoder » Interleaver » Mapper » IFFT »

EPGA unified Transmitter

FIGURE 3.1 — General system design blocks in the scenario of unified chain for
multiple wireless systems

3.2.1 Software Part

The software part of the system runs in the user space of the Ker-ONE mi-
crokernel dedicated for the partial reconfiguration management. Three modules,
similar to PS modules proposed in CHAPTER 2, form the main architecture of the
software part in addition to the VHA. The role of the VHA is to read parameters
from the available communication systems, learn, and decide whether to switch to
another system or to keep on operating with the current one.

The Parameters Provider has the task to provide the VHA with all the avai-
lable parameters that are necessary to make a correct decision. During run-time,
the Parameters Provider module collects the values of the parameters from dif-
ferent layers. For example, channel status parameters like the SNR, RSS, and BER
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are collected from the hardware part on the FPGA. User preference parameters
(throughput, real time demands, low cost communication, low power communica-
tion, high security connection, ...) are collected from processes running in the user
space. Furthermore, the Parameters Provider reads parameters from the hardware
and software parts such as the power consumption, battery level, speed of the
node as well as the location information. The VHA process manages the requests
to switch from a standard into another. The configuration controller manages and
controls the partial reconfiguration of the RMs in the FPGA. The processor uses
the DevCfg driver to reconfigure the FPGA through the PCAP interface.

In CHAPTER 2, it has been explained how the configuration controller works
in details in the case of reconfigurable radio scenario. In the current scenario,
when switching the communication between multiple standards, the Configuration
Controller block has the task to configure the unified chain when the system decides
to switch from a standard into another. The Configuration Controller manages the
data flow during the reconfiguration process.

In this scenario, the Hardware Updater has the ability to update a block of the
RMs by transferring partial-bit-streams to the memory. Also, it has the possibility
to add a new wireless standard if it is compatible with the reconfigurable unified
chain on the hardware.

The data flow of the software part can be summarized as follows : The Pa-
rameters Provider provides the VHA with the needed parameters from different
layers in the system. The VHA analyzes the values of the parameters and makes
a decision regarding a possible and useful handover. Accordingly, the VHA sends
a request to the configuration controller to switch to another standard. Then, the
Configuration Controller manages the transfer of the partial bit-streams to the
RMs on the FPGA through the PCAP interface.

3.2.2 Hardware Part

The hardware part of the system consists of physical layers of communication
systems implemented on the FPGA. Using partial reconfiguration, we aim to im-
plement a single unified reconfigurable chain for different wireless standards. As an
example, FIGURE 3.2 depicts the switching between two wireless standards on the
FPGA. In statel, the Sysl blocks are running while the partial bit-streams of the
Sys2 blocks are stored in memory. When VHA decides to switch to Sys2, partial
bit-streams of Sys2 are transfered to replace the Sysl blocks. The communica-
tion system is supposed to run in parallel with other hardware accelerators on the
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FPGA. When partial reconfiguration is applied, the other accelerators continue
running. The unified chain for multiple wireless standards can be implemented in
two possible reconfigurable architectures. These architectures will be described in
the next section. Also, a comparison between these two architectures is discussed
in the next section.

Encoder Mapper IFFT
System 1 System 1 System 1

State 1: Communication through Wireless System 1

‘ Partial Reconfiguration applied to each block ‘

State 2: Communication through Wireless System 2

Encoder Mapper IFFT
System 2 System 2 System 2

FIGURE 3.2 — State of part of the RMs during VHA

3.3 Proposed Reconfigurable Architectures

On the PL part, a reconfigurable unified physical layer for multiple wireless
systems is implemented. In this section, two reconfigurable architectures using PR
are proposed and compared in terms of reconfiguration time, design complexity,
and functionality.

In the first architecture, the entire communication chain is considered as one
RM. In this case, each wireless standard has only one partial bit-stream. FI-
GURE 3.3 provides an example related to the switching process. For n systems, n
partial bit-streams are stored in memory. At runtime, only one partial bit-stream
is transfered to the reconfigurable block. When the system decides to switch to
another wireless system, the desired partial bit-stream is transfered to replace the
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TABLE 3.1 — Comparison between both reconfigurable schemes
Specifications One Reconfigurable | Multiple = Reconfigu-

Unified Chain Archi-
tecture (ORBA)

rable Blocks Architec-
ture (MRBA)

Reconfiguration time

The time needed to trans-
fer the partial bit-stream

of the unified chain.

The time needed is the
sum of the reconfiguration
times of all the reconfigu-

rable blocks.

Partial bit-stream

- One partial bit-stream is
transfered during reconfi-
guration.

- Large bit-stream.

- m partial bit-streams are
transfered during reconfi-

guration.

- Small bit-streams.

Resources Utilization

Almost same resources re-
served for all architec-
tures.

Almost same resources re-
served for all architec-
tures.

Design Complexity

- Easier in partial reconfi-
guration design.
- No ability to have shared

blocks as a static part

- Harder is Partial Recon-
figuration Design.

- Possibility to have sha-
red blocks as a static
part in the communication

chain.

Hardware Update

- All chain is updated
when one block is needed
to be modified.

- Size of updated bit-
stream is relatively larger.

- Possibility to update one

reconfigurable block.
- Size of updated bit-
stream is relatively

smaller.

Runtime Reconfigura-
tion Complexity

- Simple reconfiguration
process.

- The data flow from up-
per layer is buffered un-
til partial reconfiguration

is done.

- More complex reconfigu-

ration process.

- Blocks are reconfigured
sequentially and some of
them are suspended until
all blocks are reconfigured.
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existing one. This reconfigurable architecture is denoted as One Reconfigurable
Block Architecture (ORBA).

The second architecture, called Multiple Reconfigurable Blocks Architecture
(MRBA), divides the communication system into multiple reconfigurable blocks.
In this case, for each reconfigurable block in the chain, n partial bit-streams are
stored in external memory, where n is the number of considered wireless stan-
dards. And, if each chain is divided into m reconfigurable modules, then (m *
n) partial bit-streams are needed. FIGURE 3.2 shows an example on the multiple

reconfigurable blocks architecture. Both reconfigurable schemes are compared to

Partial Bit Streams

Memory
System System System
1 2 3

Partial Reconfiguration

‘ to switch between
systems

FPGA Reconfigurable Module
From upper TO RF
layers

FIGURE 3.3 — Partial reconfiguration of the the unified chain using ORBA

define the characteristics of each architecture. The advantages and disadvantages
of each architecture allows to determine which architecture is better to adapt in
a given application. In terms of design complexity, ORBA is considered as easier
to design than MRBA. In MRBA, studying the similarities and differences of the
blocks forming the multiple wireless systems is needed. This study is essential to
determine which blocks are reconfigurable and which ones are static. The static
blocks are considered as common and thus they can be used in all the systems
without the need of reconfiguration. It is not the case in ORBA in which all the
blocks of a wireless system are grouped to form one reconfigurable block with an
interface to the upper layer. In this case, it is easier to implement the system using
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partial reconfiguration. In ORBA, the possibility to have static modules in the
chain (if they exists) is discarded. Both architectures have quite similar resources
utilization in the FPGA. In MRBA, the reconfiguration time is the sum of the
reconfiguration times of the concerned reconfigurable blocks. The time needed to
transfer a partial bit-stream to the FPGA is directly related to its size. The size
of the reconfigurable blocks varies according to their complexity. In ORBA, only
one partial bit-stream is transfered in order to switch between systems. Since the
unified chain contains all the blocks, the size of the partial bit-stream is relatively
large compared to the case of MRBA where the partial bit-streams represent re-
latively small RM. In most cases, there are many shared blocks between wireless
standards, and some blocks can be configured by only changing input parameter
values (ex. size of IFFT). This will reduce the number of reconfigurable blocks.
In this case, the reconfiguration time in ORBA is greater than that in MRBA.
To update one reconfigurable block in the chain when using ORBA, the whole
wireless chain must be updated. On the other hand, it is possible to update only
one reconfigurable block when using MRBA. Thus, the updated PR bit-streams
are relatively large when dealing with ORBA. During runtime, switching from one
system to another is simple when using ORBA. The data flow from the upper
layer is buffered until the partial reconfiguration is done. On the other hand, swit-
ching in MRBA is more complex since all the reconfigurable blocks are partially
and sequentially reconfigured. In addition to buffering the incoming data from the
upper layer, and during the reconfiguration of each block, the blocks preceding
the ones being reconfigured are suspended until all the PR blocks are successfully
reconfigured. TABLE 3.1 summarizes the comparison between the two schemes.

3.4 Case Study : WiFi-WiMax Unified Reconfigu-
rable chain

In this section, the proposed ARM-FPGA system is tested on a WiFi-WiMax
scenario. The physical layers for the two standards are compared and a unified
reconfigurable chain is proposed based on the partial reconfiguration technique. In
this section, we present the physical layer for each standard, then we explain the
proposed unified chain.



64 Reconfigurable Unified PHY for Multi Wireless Systems.

3.4.1 1IEEE 802.11 WiFi

The first IEEE specification for WLAN was released in 1997. Today, millions
of IEEE 802.11 devices are in use around the world. The IEEE has created dif-
ferent releases of the 802.11 standard. The earlier legacy release was based on the
Direct Sequence Spread Spectrum (DSSS) technique. The 802.11a,g,n,ac releases
were based on the OFDM technique. In 2009, the Multiple Input Multiple Output
(MIMO) technique was added in the 802.11n to provide higher data rate and better
performance. In our work, we have adapted the physical layer proposed in 802.11a.
The main blocks in the physical layer of the IEEE 802.11a release transmitter are
shown in FIGURE 3.4 and the explanation of each block is written in the yellow
boxes. WiFi 802.11a supports shared data rate up to 54 Mbit/s with a coverage
range up to 100 meters.

3.4.2 1EEE 802.16 WiMax

The IEEE 802.16 WiMax standard was created to provide better range than the
WLAN standards. For that, the physical layer, bandwidth and carrier frequency
were different from those in WikFi. Even though, the physical chain of WiMax
has similarities with that of WLAN standard since it is also based on the OFDM
technique. WiMax supports shared data rate up to 70 Mbit/s and coverage range
of up to 10 km. In FIGURE 3.4, the blocks of the WiMax PHY chain are explained
in the green boxes.

3.4.3 Unified chain Design using PR

After providing a brief overview of the two famous wireless standards (WiFi and
WiMax), we aim now to create an unified reconfigurable communication chain for
both standards using the PR technique. In this section, we study the similarities
and differences in the physical layer of the two standards. A unified reconfigu-
rable architecture based on PR is then proposed and described in details. The
corresponding design flow is also presented.

IEEE defines the PHY and MAC layers specifications for both WiFi and Wi-
Max. The physical layer of these two standards is based on the OFDM modulation
scheme. The main modules are : Scrambler/Descrambler, Forward Error Correc-
tion (FEC) Encoder/Decoder, Interleaver/De-Interleaver, Mapper/De-Mapper, Pi-
lot Guard Insertion/Removal, IFFT/FFT, and Cyclic Prefix Insertion/Removal.
The differences in the transmitter architectures are illustrated in FIGURE 3.4.
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Wifi TX Controller Convolutional 48 ~ 288 bits BPSK, QPSK, 16-QAM, 64-QAM

64 size 64 samples 64 samples

WIFI

FIGURE 3.4 — State of the RMs during VHA

As shown in FIGURE 3.4, the PHY layer architectures of both standards are
quite similar with few differences in the functionality of some modules. For example,
WiMax uses a Reed-Solomon FEC with a convolution encoder whereas WiFi uses
the convolution encoder only. The differences in the receiver are similar to those
in the transmitter. Thus, it seems suitable to apply PR with the MRBA method.

Applying PR in the system design using MRBA requires to divide the system
into two parts, static and dynamic. The static part consists of shared blocks used
in both standards. During the switching process between standards, this part of
the system remains unchanged. The dynamic part is composed of modules that
can be reconfigured when necessary. Multiple versions of these RMs are stored in
memory. To test the system, the choice has been made to reconfigure the Scrambler,
Interleaver, FEC, and IFFT blocks in order to perform vertical handover during
runtime. The configuration controller reconfigures these modules according to the
VHA requests.
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3.5 Experimental Results

In this section, the experimental results for the comparison between the two
proposed reconfigurable architectures are shown and discussed. Also, we present
the performance of the unified chain for WiFi and WiMax in terms of reconfigu-
ration time, FPGA resources, and power on chip.

3.5.1 Performance Evaluation for MRBA and ORBA

In this section, the two reconfigurable architectures are used to implement a
unified reconfigurable chain for WiFi-WiMax standards. To evaluate and test both
schemes, partial reconfiguration is applied on an OFDM chain implemented on the
ZedBoard. Blocks like Interleaver, Scrambler, and Reed-Solomon Encoder are ad-
ded to the OFDM chain and others are modified in order to make it similar to
the physical layer chain of the studied wireless standards. As mentioned earlier,
to use MRBA, the blocks of the different chains are compared to determine the
similarities and differences. Similar blocks with the same interface and functiona-
lity are defined as static modules in the design. Blocks with the same interface but
different functionalities are defined as RMs in the design. Using MRBA for the
unified chain of WiFi and WiMax the blocks defined as reconfigurable blocks are :
TX Controller, Interleaver, Encoder, Scrambler, Modulator, and IFFT. The static
part is formed by the remaining blocks that are used for both standards without
reconfiguration. The partial bit-streams for the different versions of the reconfigu-
rable blocks are generated and stored in memory. When using ORBA for switching
between WiFi and WiMax, all the chain is considered as one reconfigurable block.
In this case, only two partial bit-streams for both systems are generated.

During the partial reconfiguration process, the data flow is suspended and data
are saved in a buffer until the PR operation is done. It is important to know the
time needed to reconfigure the system so we can compute the minimum size of the
buffer. The time needed to achieve the partial reconfiguration in both architectures
is computed by Equation. 3.1 (MRBA) and Equation. 3.2 (ORBA).

N M
T=> P+) R, (3.1)
i=1 j

N
T=> P+Ry (3.2)
=1
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Where N is the number of all the blocks (static and reconfigurable) in the chain. P,
presents the processing time needed by each block to process the input data and
generate the output data. M represents the number of RMs in the chain. R is the
reconfiguration time needed for each module. Ry represents the reconfiguration
time of the full chain in case of the ORBA scenario. In fact, according to the
equations we can say that it is best to use ORBA when Rt < ij Ry.

If the equations are applied in the case of WiFi-WiMax unified chain, we will
get the following in MRBA scenario :

T =(P(scrambler) + P(Encoder) + P(Interleaver) + P(Modulator) + P(Mapper)
+ P(IFFT + cp) + P(Pilotguard) + P(RF)) + R(scrambler)
+ R(Encoder) + R(Interleaver) + R(IFFT).

For the ORBA scenario the equation is :

T =(P(scrambler) + P(Encoder) + P(Interleaver) + P(Modulator) + P(Mapper)
+ P(IFFT + cp) + P(Pilotguard) + P(RF)) + R(Uni fiedChain).

To create partial bit-streams, partial reconfiguration has been applied to the
unified chain using Vivado tools. During the floorplaning stage, each reconfigurable
block is enclosed in a reconfigurable region on the FPGA. The size of the region
depends on the resources needed by the block. The size of the output partial
bit-stream is directly related to the size of the reconfigurable region. The smallest
partial bit-stream that can be generated has a size of 30 kB. TABLE 3.2 presents the
partial bit-streams size and the reconfiguration time needed for the reconfigurable
blocks in case of the MRBA and for the full chain in case of the ORBA. The
partial bit-stream size is related to the complexity of the generated reconfigurable
block. The results show that, in the WiFi-WiMax scenario, the reconfiguration
time needed in the case of MRBA is :

T =rec_time_TX Controller + rec_time_ Interlevear
+ rec_ time_ Encoder + rec_ time_ Scrambler
+ rec_ time_ Modulator 4 rec_ time_IFFT
=0.238 +0.234 4+ 0.316 + 0.231 + 0.241 4 1.41 = 2.67Tms.

Alternatively, the time needed to reconfigure the full chain is 4.45 ms. TABLE 3.2
shows the difference in terms of the required reconfiguration time between full and
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partial reconfiguration. The full chain reconfigurable module will include all the
static blocks in addition to the reconfigurable one (fifos, wrappers, and similar
blocks). Using MRBA for implementing WiFi-WiMax reconfigurable unified chain
gives the best reconfiguration time by approximately 1/2 compared to ORBA
design. These results are not fixed, and they are actually related to the considered
scenario. In most cases, MRBA provides the best reconfiguration time compared
to ORBA design, but the benefit is related to the number of reconfigurable blocks
in the unified chain. The time needed to update the partial bit-streams depends on
their size and the available throughput. Since in ORBA the partial bit-streams size
is relatively large, then the time needed to update a partial bit-stream is greater
than that in the case of MRBA. In addition, in ORBA for example, if the system
needs to update the Encoder block (40 kB), the partial bit-stream of all the chain
(317 kB) is updated. On the other hand, in MRBA, it is sufficient to update only
the Encoder block.

3.5.2 Experimental Results for the Unified Chain for WiFi-
WiMax

The experimental results of the WiFi-WiMax vertical handover scenario are
presented in this section. Vivado power and utilization estimation tools had been
used to estimate the power consumption and the reserved resources of the different
versions of the RMs.

Module Partial Bit-Stream Size | Reconfiguration Time
TX Controller 30 KB 0.238 ms
Interleaver 30 KB 0.234 ms
Encoder 40 KB 0.316 ms
Scrambler 30 KB 0.231 ms
Modulator 30 KB 0.241 ms
IFFT 180 KB 1.41 ms
One chain 317 KB 4.45 ms
Full reconfiguration 3951 KB 95.46 ms

TABLE 3.2 — Partial bit-streams size and reconfiguration time
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TABLE 3.3 — Size and power consumption of the considered blocks

69

Module Power (mW) | FPGA  Re-
sources
(LUT-REG-
RAM-DSP)
Scrambler (WiFi) less than 0.1 | 10-19-0-0
Scrambler (WiMax) less than 0.1 | 12-20-0-0
Interleaver (WiF1i) less than 0.1 | 68-95-0-0
Interleaver (WiMax) less than 0.1 | 75 - 100 - O -
0
FEC Encoder (WiFi) less than 0.1 | 30-40-0-0
FEC Encoder (WiMax) 0.1 129 - 157 -1 -
0
64-point IFFT (WiF1i) 14 1185 - 1965 -
0.5-6
256-point IFFT (WiMax) 20 1676 - 2690 -
1-9

TABLE 3.3 shows the resources utilization and the estimated power consump-
tion of each version of the reconfigurable blocks. As a result of applying the partial
reconfiguration, the power consumption and the used resources on FPGA are re-
duced. As an alternative, both WiFi and WiMax standards would be implemented
in parallel. This typically requires a lot of resources on FPGA. As a consequence,
additional static and dynamic power would be consumed by the chip.

TABLE 3.4 — Comparison of hardware resources usage

LUTs | REGs | DSPs
unified chain for both standards | 2229 3376 9
both standards implemented 3967 6027 15
Available on ZYNQ 53200 | 106460 | 220

TABLE 3.4 shows the amount of used resources in two cases : first, when a
unified chain is implemented for both standards, and second, when they are imple-
mented in parallel. For the transmitter, the results show that the used resources
are reduced approximately by a factor of 1.7, when the partially reconfigured uni-
fied chain is used. The percentages of used resources when both standards are
implemented is 6.9%, 5.6%, and 6.81% for LUTs, REGs and DSPs respectively, on
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the other hand the percentages are 4.18%, 3.17%, and 4.09% when a unified chain
is used for both standards.

Reconfigurable
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FIGURE 3.5 — State of the RMs during VHA

In FIGURE 3.5, a Gantt chart illustrates a scenario that shows the state of the
RMs implemented on FPGA when VHA is applied. The chart is drawn according
to the measured reconfiguration times and reflects how the unified chain switches
from one standard to another. As shown in the figure, the modules are reconfi-
gured sequentially in an order that is related to their position in the chain. The
time needed to achieve switching from one standard to another is the sum of the
reconfiguration times required by each module.

As noticed, when a module is reconfigured, the data flow is paused until the
subsequent modules are also reconfigured. As mentioned earlier, the time needed
to reconfigure a block is related to its size. This is illustrated in FIGURE 3.5 in
which the time needed to reconfigure the IFFT block is greater than that required
by the other ones. The switching from WiFi to WiMax is achieved when the last
module (for ex. IFFT) is reconfigured successfully. Finally, data are transferred
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through the WiMax standard until another VHA occurs.

3.6 Summary

In this chapter, an ARM-FPGA platform for auto adaptive wireless communi-
cation systems has been proposed to switch between multiple wireless standards.
The general system design blocks on both PS and PL was presented and explained
in the current case. The mechanism of applying the partial reconfiguration tech-
nique in a unified reconfigurable chain for multiple wireless communication systems
was discussed. Two reconfigurable architectures (ORBA and MRBA) were propo-
sed and compared. The advantages and disadvantages of these architectures were
presented. Selecting the best reconfigurable architecture depends on the desired
application. MRBA is considered more appropriate for wireless standards with si-
milar PHY layer architecture. On the other hand ORBA is better for wireless stan-
dards with different PHY layer architectures. To test the proposed ARM-FPGA
system and evaluate the two proposed architectures, a unified chain for WiFi and
WiMax standards was considered as a case study. The similarities and differences
of the two standards were studied to obtain a reconfigurable unified chain for both
standards. The experimental results were extracted after implementing and testing
the unified chain on the ZedBoard. Tt was clearly shown the advantages of using
PR technique to reconfigure unified chain for multiple wireless standards.

The switching between the PHY layers of multiple wireless standards is consi-
dered as the execution of the decision made by VHA. It is very important for the
VHA to be smart enough and understand the environment to provide an efficient
decision. This will be discussed in details in the next chapter.
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CHAPTER 4

INTELLIGENT VHA FOR WIRELESS
NETWORKS USING NEURAL
NETWORKS AND REINFORCEMENT
LEARNING

4.1 Introduction

In the previous chapter the implementation of a unified reconfigurable PHY
layer for multiple wireless standards on ARM-FPGA platform has been discussed.
PR technique was adopted to implement the reconfigurable system. Besides, it is
important to study the algorithms that make the decisions to perform the reconfi-
guration operation. In our system, they will run on the ARM and request partial
reconfiguration for the PHY chain. In this chapter, we will discuss the concepts
of the VHASs in wireless systems and propose an intelligent VHA based on NN
combined with reinforcement learning. In the next section, we will present how

VHASs work.

4.2 Heterogeneous Networks and Vertical Hando-

ver

The wireless network formed of multiple wireless standards is called hetero-
geneous network. VHAs will have the task to sense the wireless spectrum conti-
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nuously and detect the available wireless standards.

VHASs read different parameters to learn, study, and then decide whether to
perform a vertical handover or keep on communicating through the current stan-
dard. The key of taking a good decision is driven by the collected parameters from
the environment. The known parameters can be divided into four categories :

1. Wireless Channel Parameters : Reading parameters from the wireless
channel to inform the VHA about the channel status. RSS, SNR, and BER
are examples of such parameters.

2. Network Information Parameters : These parameters inform the VHA
about the network status. This category includes the number of connected
nodes to the access point, data rate, delay, jitter, and cost.

3. User Parameters : These parameters reflect user’s data requirements at
the application layer such as the required data rate and high priority data.

4. System Parameters : Such type of parameters provides the algorithm
with the device status. These parameters may deal with power consumption,
battery level, and device speed.

4.3 VHA for WiFi and WiMax Heterogeneous Net-
work

In our work we have considered heterogeneous networks are composed of WiFi
and WiMax. Each radio access technology features different specifications in terms
of supported Uplink and DownLink data rate and coverage range. Both WiFi and
WiMax standards support the IP protocol that is widely used nowadays for voice,
data, and video streaming. The comparison between the two wireless standards is
presented in TABLE 4.1.

The proposed VHA is considered as the decision agent in the proposed ARM-
FPGA platform. The ARM-FPGA based end-node features a custom VHA running
on the PS part and an unified partially reconfigurable WiMax-WiFi physical layer
chain implemented in the FPGA.
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TABLE 4.1 — WiMax and WiF1i networks comparison

Characteristic WiMax WiFi
Range up to 40 Km up to 100 meters
Scalability user scale one to hundred user scale from one to ten
Bit Rate up to 100 Mbps in 20 MHz channel | up to 54 Mbps in 20 MHz channel
QoS provide several level of QoS Does not guarantee QoS service
Mobility support mobility fixed

4.3.1 Vertical Handover Algorithm based on Adaptive Sco-
ring System

The proposed VHA for an WiMax-WiFi network is composed of three stages :
an Handover Trigger, an Initial Decision and a Final Decision. The algorithm
identifies two execution contexts. In the first context, the system communicates
through the WiMax standard, whereas, in the second one the system is initially
operating with WiFi.

The handover algorithm that switches from WiMax to WiFi is illustrated in
FIGURE 4.1. The trigger is initiated as soon as the handover process detects that
the RSS of WiFi is greater than that of WiMax. The trigger is based on RSS
because it is considered as the simplest and fastest way to detect the availability
of wireless standards. The Initial Decision state is used to make fast decisions and
detect fake handover. Fake handover is detected if the speed of the device is greater
than a certain limit defined by WIFI max speed limit (similar to that defined
in [JHO9]). In this case, if the VHA is only based on RSS, the system will switch
to WiFi. Since the node is in a high speed it will leave the WiFi Access Point (AP)
and the system will switch back to WiMax. In this case, two handovers would have
occurred without any benefit, in addition to the waste of time and power. Thus
the system is able to detect and avoid type of fake handover.

If the Initial Decision state has successfully passed, the system goes into the
Final Decision state. In this final state, an adaptive scoring system reads multiple
parameters to decide which network is the best according to the user preferences. If
the scoring system decides that WiF'i is better than WiMax, then vertical handover
occurs. The handover algorithm from WiFi to WiMax is illustrated in FIGURE 4.2.
Since the initial state is WiFi, the trigger is initiated when the handover process
detects that the RSS of WiMax is greater than that of WiFi. The Initial Decision
state explores two conditions. The first condition consists in checking if the battery
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If Wimax

RSSWIFA > RSSWIMAX

If speed <limit wifi speed

Adaptive Scoring System
If (WIFI Better)

Switchto WIH
FIGURE 4.1 — From WiMax to WiFi Vertical Handover Algorithm

level is less than a certain limit defined by battery low level limit. The second
condition makes sure that the RSS of WiFi is less than a certain limit defined by
RSS_WIFI limit. These two conditions should be verified, otherwise the handover
is canceled. This initial condition will prevent another type of fake handover where
the battery level is low but the signal received from WiMax is better than that
from WiFi. Although WiFi is still available and the power permits communicating
through WiFi only. So if the decision is based on RSS only the system decides to
switch to WiMax and the power consumption increases. In this case if the battery
level is critical the system will power off soon, while on the other hand the Initial
Decision detect this situation and neglect the trigger.

If the Initial Decision state is successfully passed, the system reaches the Final
Decision state. At this state, an adaptive scoring system reads multiple parameters
to decide which network is suitable according to the user application processes
preferences. If the scoring system decides that WiMax is better than WiFi, then
vertical handover occurs.

The general concept of the scoring system is based on assigning values to each
selected parameter in the VHA decision. Values assigned to parameters are added
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If WIH

RSSWIMAX>RSSWIA

RSSWIF < limit
AND BATTERYLEVA > limit

Adaptive Scoring System
If (Wimax Better)

Switch to Wimax
FIGURE 4.2 — From WiFi to WiMax Vertical Handover Algorithm

to the score of the best wireless standard according to each parameter. The wireless
standard with the highest score wins and the VHA decides to switch to it. An
example dealing with the operation of the proposed scoring system is shown in
TABLE 4.2, where each parameter is assigned different points. The scoring system
operates as follows : If a standard provides a better performance regarding a given
parameter (ex. SNR, BER), then the points related to this concerned parameter
are added to the score of the corresponding network. For example, if the Data
Rate parameter is assigned 3 points, and WiFi provides better throughput than
WiMax, then 3 points are added to the WiFi score. On the other hand, if the delay
value in WiMax is less than that in WiFi, 4 points are added to WiMax. Finally,
the network with the highest score is selected. In this example, the values assigned
to the parameters are static. To increase the performance of the system adaptivity
is added. In this case, the values assigned to the parameters are changed according
to specific conditions.

Adding adaptivity to the scoring system improves the efficiency of the system.
For example, we consider the user preferences parameter to be the main parameter
which affects the score of the other parameters. In this case, it will be possible to
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TABLE 4.2 — Example of a scoring system

Parameter WiFi | WiMax
Data Rate (3) 3 -
Delay (4) - 4
Jitter (3) - 3
SNR (3) - 3
BER (3) - 3
Power Consumption (5) 5 -
Total Score 8 13

adapt the weight of each parameter in the scoring system according to the type of
application running in the user space. As shown in TABLE 4.3, the points attributed
to a given parameter may change according to the type of the running application .
The applications can be divided into four categories. The first category includes the
video applications that demand high data rate and low delay and jitter. The second
category is the VoIP applications. This type of applications requires less data
rate than Video applications but similar delay and jitter specifications. The third
category is the browsing which does not require real time services with average
data rate. The forth case, the ideal case, is when the node is only connected to the
wireless network but without running any application. For example, when running
a VoIP application, the required data rate, delay and jitter parameters have more
weights than in case of running a browsing application [CFY04].

The same concept can also be applied to the power consumption parameter.
In this case, the weight of this parameter is related to the current power level in
the system. For example the weight of power consumption increases as the battery
level decreases. Therefore, selecting the best network is not only related to the user
applications requirements but also to the power status of the system. In this case
the standard providing less power consumption will have a bigger weight when the
power level decreases.

The general equation for the proposed VHA in case of switching from WiMax
to WiFi and from WiFi to WiMax is as follows :

D(t) = Dy(t, speed, power) x Ip;(ScoreR;(t)) (4.1)

where R; is selected from set of available wireless systems WiFi, WiMax, ...
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Iy select the wireless standard with the highest score at time ¢, The initial
decision Dy is applied if the algorithm trigger is true. Otherwise, the system applies
the adaptive scoring system. The equation of the initial decision is based on speed
and the power level in the end node. Initial Decision gives zero if speed is greater
than limit speed of the current standard. This in case of the system is initially using
WiMax. The initial decision gives zero also if the system initially using WiFi, and
the RSS of WiMax is detected greater than the RSS of WiFi but the power level
is low. So, the possible values for Dy is 0 or 1.

The equation of the adaptive scoring system :

ScoreR;(t) = Z aW(z;,t) (4.2)

J=0

where a = 1 if wireless standard has best weight for parameter x at time t else 0
X, parameters delay , network load, throughput, SNR, BER, power consumption
... Score of a standard is the sum of each parameter score at time t. W(x;,t weight
of parameter z; at time t related to the category of the parameter. The equations
for the adaptive weight for QoS and power consumption :

QoS : w(t) = user_pref

Power Consumption : w(t) = (100 — battery level (t))/20

As noticed in the above equations, the QoS weight is related to the user prefe-
rences value. The user preferences value depends on the running applications, for
example 4 for video, 3 fo VoIP, 2 for browsing and 1 for Ideal state. In this case the
weight of the QoS parameter will change as the user runs different applications.
In the second equation we notice how the power consumption parameter varies as
the power level in the system varies. As the power level in the system decreases
the weight of the power consumption increases.

The proposed VHA based on adaptive scoring system can be improved by
adding the machine learning technique. In the next section, an VHA based on NN
combined with reinforcement learning is proposed and analyzed.
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TABLE 4.3 — Scoring system example according to different applications

Parameter | VOIP | Video | Browsing | Ideal

Data Rate 3 4 2 1
Delay 4 4 2 1
Jitter 4 4 1 1

4.4 Proposed VHA based on Machine Learning

In the previous section, we have presented an VHA for WiFi-WiMax hetero-
geneous network based on fast initial decision and adaptive scoring system. It is
interesting to use the Machine Learning (ML) techniques to make the system more
intelligent.

4.4.1 Proposed System Design

In this work, we propose a system that combines both supervised and unsu-
pervised machine learning algorithms to switch between different standards. This
system is implemented in the End-Device. It is based on an improvement of the
previously proposed adaptive scoring system. The main idea is to benefit from this
previous work in a first step. This step consists in collecting records and rewards
from the previous adaptive scoring system that is described in Section 4.3. The
taken decisions are then classified based on the obtained rewards. In a second step,
only those generating good rewards are considered and they will form a new data
set. The collected records and corresponding acceptable or good rewards will be
used to train the NN system.

At a certain time and after collecting a large data set, the NN system is consi-
dered as sufficiently trained to take a right decision. Thus, at this point, it may be
adopted by the system to take further decisions. The system can repeat the pro-
cedure of training the NN system after updating the data set in order to optimize
its operation and improve its behavior. The proposed system consists of the blocks
shown in FIGURE 4.3.

4.4.1.1 Parameters Provider

This block collects all needed parameters from different layers (physical, MAC,
Network) to get information about the status of the channel, networks, user run-
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FIGURE 4.3 — Proposed VHA design

ning applications, and also node status (location, power, speed). It is considered
as an interface for all the parameters of the system. The input of this block is the
parameters from different layers.

4.4.1.2 The Neural Network

In this study, we consider basic MLP feed forward networks. They permit to
model complex behaviors and allow performing multi-dimensional functions ap-
proximation. Such networks have one or more hidden layers composed of neurons
with non linear transfer function. Also they provide an output layer that imple-
ments output neurons with a linear activation function. In a first learning phase,
the multiple layers with nonlinear activation functions allow the network to learn
the relationships between inputs and outputs. This is performed by modifying
the weights values between the different neurons. In a second phase (the forward
phase), the network may estimate the correct output for any given input pattern.

In our models, three layers have been used. Each layer receives its inputs from
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the precedent layer and forwards its outputs to the subsequent one. In the forward
phase, the weight matrix of the hidden layer is multiplied by the input vector
X = (1,29, 73, .. ,xn)T, to compute the hidden layer output, as expressed in
equation 4.3.

N;
Ynj = I (Z Wh,jiTi — 9) (4.3)
i=1

where wy, j; is the weight connecting input ¢ to unit j in the hidden neuron
layer. 6 is an offset termed as bias that is also connected to each neuron. In order
to train the networks, the back-propagation algorithm has been used.

The inputs of this block are the parameters, decision, status, and reward for
each iteration during the training phase and the output is the learning validation.
When training is validated, the output is the NN decision.

4.4.1.3 Adaptive Scoring System

At the beginning of this chapter, we have proposed a VHA based on adaptive
scoring system for WiFi-WiMax networks. The proposed VHA is composed of an
initial decision and a final one. The initial decision is a direct function based on
the speed and power level of the node. The final decision is the adaptive scoring
system.

The role of the adaptive scoring system is to make decisions at initial time
where NN is not trained yet. These decisions are saved as data records to train
the NN function later. The reward is computed after each decision, and data with
good rewards are tagged while data with bad rewards are ignored. Only tagged
data are used to train the NN.

The inputs of this block are the parameters from the parameter provider and
the output is the decision of the adaptive scoring system.

4.4.1.4 Learning Agent

This module has an important role in the system. Its goal is to train the
NN function with the best records collected from the adaptive scoring system. As
mentioned above, initially and while the NN is not trained yet, the adaptive scoring
system will make decisions. The records are formed by parameters and decisions
at time ¢ and rewards at time ¢ + 1. The best records are tagged based on the
received rewards, and they are used to train the NN function. The learning agent
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changes the decision made by the adaptive scoring system for similar parameters
to get a different reward at time ¢+ 1. In this case, the learning agent will tag the
record with the best reward to use it later in the training of the NN. The role of
the learning agent can be summarized by the following points :

— Collect and save records : parameters, control signals, decisions, and re-

wards.

— Invert the decision for a given record with the same parameters and control

signals to get a new record.

— Select the best records to provide a new input for the NN training.

— Train the NN during runtime when new records are available.

— Validate and test the results from the NN to use them only when the NN

provides efficient decisions.

The inputs of the learning agent block are the parameters, decision from adap-
tive scoring system, rewards from reward provider, and training validation from
NN block. The learning agent train the NN blocks by tagged records and forward
adaptive scoring system decision to the decision selector.

4.4.1.5 Reward Provider

The reward provider provides the learning agent with the rewards after taking
a decision to switch from a state to another. For example, we consider a system
including the QoS and power consumption as input parameters. The system can
study the effect of any decision based on the QoS and power consumption. The
reward can be a numerical value for power consumption and QoS. The QoS values
reflect the quality of communication (throughput, delay, jitter) that must be achie-
ved for the running user application. For example the power consumption reward
is measured after making a decision to switch from a standard to another, if the
power consumption decreases the reward is considered as a good reward whereas
if the power consumption increases the reward considered as bad.

4.4.1.6 Decision Selector

This block receives the decision from the NN and learning agent. When the NN
module is validated by the learning agent, the decision agent forwards the decisions
made by the NN module to the configuration controller and the other modules are
suspended. At this level, the system should have learned to make good decisions
based on the experience and using machine learning algorithms. The NN module
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is validated when it is sufficiently trained by the minimum required number of
tagged records. This limit is selected based on experimental results.

The inputs of this block is the decisions from learning agent and from NN, the
output is final decision which is forwarded to the configuration controller.

4.4.1.7 The Configuration Controller

The goal of the configuration controller consists in transferring partial bit-
streams to the FPGA. For additional security reasons, the partial bit-streams me-
mory locations are only accessible from the configuration controller. This controller
eliminates any conflict that may occur when several user processes decide to ac-
cess the FPGA fabric at the same time. In this case, it transfers the bit-streams
consecutively.

4.4.2 NN based VHA Vs. standard VHA

Standard VHA are proposed to improve the performance of a system. For
example in terms of power consumption or QoS. Sometimes, the VHAs aim to
improve the performance of the end node only, while other types of VHAs aims to
improve the performance of the whole system. In the standard VHAS, the process is
static and depends only on the current status of the system. These static VHAs can
be described by mathematical models. The results obtained from the static VHAs
are not considered as optimal solutions and in some cases they provide bad results.
On the other hand, NN based VHASs analyze previous data to provide a non linear
black box function. All previous data (inputs and outputs) are stored and used to
create the NN box. The input parameters are always changing due to the mobility
of the user, the existence of multiple wireless standards, and the characteristics of
the wireless channel. Thus, it is difficult to create a relation between inputs and
outputs using mathematical or statistical models. On the other NN models can do
that.

The main advantages of using NN are :

— Can handle large amount of data sets ;

— Has the ability to implicitly detect complex nonlinear relationships between

dependent and independent variables ;

— Has the ability to detect all possible interactions between predictor va-

riables.

— It is considered very suitable for inverse modeling when the numerical re-
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lations between input and output variables are unknown, and cannot be
established.
Another major advantage of using NN over other statistical techniques is its ca-
pability to capture non linear relationship among concerned variables. Sometimes
NNs are better than other techniques. Some others will perform worse. It depends
on the learning data set. Large data set gives better results. Another disadvantage
of NN is that it is a black box function.

4.5 Experimental Results

To prove the feasibility of our approach, the proposed system was tested and
simulated to obtain experimental results. This gives an idea about the performance
of the system.

A simulation was performed based on a WiFi-WiMax scenario using a Java
simulator. Based on the adaptive scoring system and a simple reward system,
the simulator has been setup to generate the required data (Input Parameters
— Decisions — Rewards — and Learning Decisions). The Java simulator randomly
generates the input parameters : RSS, Network Load, User Preferences, Power
Level and Status. Then, the decisions and related rewards for power and QoS
can be selected according to a simple decision and a reward engine. The engine
operates based on the input parameters and previous decisions. The records with
good and bad rewards are tagged with different values to distinguish between them
during training process. The generated data are mapped to numerical results and
extracted to a file that could be used later in Matlab. The file contains typical
values :

— RSS : High 2, Med 1, Low 0

— Network Load : High 2, Med 1, Low 0

— User Preferences : Video 3, Voip 2, Browsing 1, Idle 0

— Power Level : High 2, Med 1, Low 0

— Status : WiMax 0, WiFi 1

— Decision : No Handover 0, Handover 1

— Reward Power : Decreased 2, Increased 1, Stable 0

— Reward QoS : Increased 2, Decreased 1, Stable 0

— Learn NN : Yes 1, No 0
For example, the sequence 0-1-2-2-2-0-1-1-2-2-1 represents : WiFi_RSS : low -
WiMax RSS : med -WiFi_ Network Load : high -WiMax _Network Load : high
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-User Preferences : Voip -Power Level : low -Status : Wifi —Decision : handover
-Reward Power Consumption : decreased -Reward QoS : increased -Learn NN :
Yes.

The generated data from the Java simulator are used as training data to create
a NN function using the Matlab Neural Net Fitting GUI interface. In this Matlab
toolbox we have the ability to select the input and output vectors, and the number
of hidden layers (in our case 2 layers have selected). Also we can select the training
algorithm (ex : Levenberg-Marquardt, and Bayesian Regularization). The result
of the NN toolbox is a matlab function with the generated parameters for the
NN layers. The generated NN has 7 inputs (RSS_ WiFi, RSS WiMax, N1 _WiFi,
NI WiMax, user preferences, power level, status) and has one output (Handover/
No Handover) as a real value between 0 and 1.

Training: R=0.85 Validation: R=0.82422
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FIGURE 4.4 — Training and Validation System Response of the Neural Network
System.

As we have discussed before that the learning agent should know when to train
the NN system, also, it has the task to retrain the NN every time there are enough



TABLE 4.4 — Example showing how the learning agent selects the best records

S3[nsey [ejuetLIadxy

WiFi-RSS | WiMax-RSS | WiFi-NL | WiMax-NL | User pref | PWL State/ Decision Rew-PWC | Rew-QoS | Learn NN
High Med High low Voip med WiFi/ Hand. Increased | Increased Yes
High Med High low Voip med WiFi/ No-Hand. No
High low High High Browsing | low | WiMax/ No-Hand. No
High low High High Browsing | low WiMax /Hand. Increased | ———— Yes

NL : Network Load; UP : User Preference; PWL :

Power Level ; PWC : Power Consumption ; Rew : Reward.

L8
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TABLE 4.5 — MSE of Training and Validation for different number of samples.

Number of Samples | MSE Training | MSE Validation
175 3.9 e-2 3.8 e-2
688 2.7 e-2 2.9 e-2
5500 2.04 e-2 2.03 e-2

18
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101

rate of success decisions

1
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number of handovers

FIGURE 4.5 — Rate of Successful Decisions using all records for Power Consump-
tion.
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FIGURE 4.6 — Rate of Successful Decisions using tagged records only for Power
Consumption.
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FIGURE 4.7 — Rate of Successful Decisions using all records (QoS)
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FIGURE 4.8 — Rate of Successful Decisions using tagged records only (QoS)

tagged records. It was important to know what is the best number of tagged records
needed to provide good results. In TABLE 4.5, we present the Mean Squared Error
(MSE) for different number of records used to train the NN system. As noticed,
the more the number of used samples is considered, the better the obtained MSE
becomes. Selecting large number of samples will give better results but more time
is required to collect these samples.

In FIGURE 4.4, we show the system response (NN decision) while training and
validating data of the NN system. It is noticed how the data are divided into two
categories (in our case, handover or no handover). Regression R values represent
the correlation between the outputs and the targets.

The proposed system is tested in terms of power consumption and QoS. In
FIGURE 4.5, we show the rate of successful decisions with respect to the number of
handovers using all the records (the tagged and not untagged ones). In FIGURE 4.6,
we present the rate of successful decisions with respect to the number of handovers
using the tagged records only.

The rate of successful decisions leads to adding one for a good decision and
subtracting one for a bad decision to the total sum of decisions. The results take
into consideration the Power Consumption (PWC) reward to decide whether the
obtained decisions are good or bad. It is clearly noticed that training the NN with
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the tagged records that represent the records with only good rewards provides
better results.

The same scenario was applied by taking into consideration the QoS reward
as the main reward to decide on the quality of the made decision. The results
are shown in FIGURE 4.7 for all the records and in FIGURE 4.8 for the tagged
records only. The results also show how training the NN with the good records
only provides better results.

4.6 Summary

In this chapter, we have proposed a VHA for wireless standards based on adap-
tive scoring system with initial fast decision. The three stages of the proposed VHA
are described with an explanation for the adaptivity added to the scoring system.
Then, we have proposed an NN based VHA to switch between multiple wireless
standards in an heterogeneous network. The NN is combined with reinforcement
learning to achieve better performance. A learning agent has been proposed to
train the NN system with best records only in order to improve the NN decision.
These good records are tagged based on the obtained reward after each taken deci-
sion. Experimental results have been presented based on a WiFi-WiMax scenario.
The results show that the learning methodology with the use of reinforcement
technique provides better performance in the NN system.

After proposing an ARM-FPGA platform for reconfigurable wireless systems
using the PR technique, it is important to perform power consumption and real-
time measurements for the PR operation and power analysis for the PR design
on PL. This will be the subject of the next chapter. In addition, the chapter will
contain an explanation for two use-cases in context of PR applications.
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CHAPTER 5

IMPLEMENTATION AND REAL TIME
POWER MEASUREMENTS

5.1 Introduction

In previous chapters, we had explained about benefiting from PR technique in
adaptive reconfigurable wireless systems and switching between multiple wireless
standards. We had also described VHA to decide when to switch between the
wireless standards. In this chapter we will go deeply into the PR implementation
of the adaptive modulation technique in an OFDM chain. Then we will present
the on chip power consumption results and analysis for PR design compared to
parallel one. It is important to measure the power overhead added during the PR
operation on both PS and PL.

5.2 Implementation and Power Analysis for Auto-
mated Adapted Reconfigurable OFDM Trans-
mitter

In this section, we present power analysis when using the PR technique in a
adapted reconfigurable OFDM transmitter. First, we describe the implementation
of the OFDM transmitter on the FPGA, and then we present the PR design for
a reconfigurable OFDM transmitter on ARM-FPGA SoC. Finally, we analyze the
on-chip power for the PR design compared to parallel design.

93
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5.2.1 Implementation of the OFDM Transmitter on FPGA

The generic chain of the SISO OFDM transmitter is formed by different entities.
These entities are implemented using VHDL. Some of these entities are created
using the Xilinx TP Generator. They are connected by port mapping to form the

full chain of the SISO OFDM transmitter.

The first block of the OFDM chain is the turbo encoder, created with the Xilinx
IP generator. Its task consists in encoding the transmitted data to help detecting
and correcting the corrupted bits at the receiver side. For each input bit, the turbo
encoder generates two parity bits concatenated with the original bit. Therefore,
its rate is 1/3.

The second block is the modulation block in which the output of the encoder
is connected to the input of the modulation block. It generates complex symbols
with real and imaginary values. In this section, we will explain how to apply the
partial reconfiguration concept on this specific block. The third block is the carrier
mapper which consists in mapping the generated symbols to the sub-carriers. The
IFFT is another IP core used from Xilinx. It is considered as the main block in
the OFDM chain. The IFFT block transforms symbols from the frequency domain
to the time domain. The generated time domain signal contains (in addition to
the multi orthogonal subcarriers) the cyclic prefix which is transmitted during the
Guard Interval (GI) to make the OFDM symbol robust against ISI. In our scenario,
we use a 256-point IFFT block.

The blocks that have been previously described can be considered as the main
blocks of the SISO OFDM transmitter. The chain contains additional blocks such
as the Digital to Analog Converter (DAC) Scaler. This block aims at scaling the
resolution of the TFFT output. After this step, the signal is ready for digital to
analog conversion and is then passed to the Radio Frequency (RF) block that
transmits information through the channel. A module for time pilot symbol in-
sertion is also added to insert a pilot at the beginning of each frame for channel
estimation at the receiver side. A global controller is also needed to enable, reset
and pause all the modules. It also synchronizes the data flow between the blocks.
This module is based on a state machine model. It generates an OFDM frame that
contains a time pilot signal and ten OFDM symbols. An initialized ROM (Read
Only Memory) is used to generate the input data, and also to hold the known time
pilot samples. FIFO (First In First Out) blocks are also implemented to adapt the
rate between the different modules of the system.

The VHDL code of the SISO OFDM transmitter has been implemented using
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the Xilinx ISE design suite and tested with the Modelsim Simulator. The results
generated by the Modelsim simulator have been compared to those obtained using
Matlab to ensure and validate the functionality of the whole system.

5.2.2 Applying Partial Reconfiguration on OFDM Trans-
mitter

The parallel implementation of the adaptive modulation technique of an OFDM
chain is shown in FIGURE 5.1. This is considered as a solution to implement it on
FPGA and it uses a multiplexer to select the desired modulator. The other solution
consists in using the PR technique which will be discussed next.

o

R e
o
o

FIGURE 5.1 — Parallel implementation for adaptive modulation in OFDM chain

According to the partial reconfiguration design flow from Xilinx, the partial
reconfiguration concept has been implemented in the chain after testing the VHDL
code. To implement the adaptive modulation technique, the DPR concept has
been applied on the modulation block. In this case, the encoder, mapper, IFFT
block, DAC scaler, and FIFO blocks constitute the static part of the system.
The modulation block constitutes the dynamic part of the system as shown in
FicUrE 5.2. Using Xilinx ISE or Vivado Tools, the modulation block has been
resynthesized as a black box. A black box is an implementation of an entity with
ports definition but without any architecture. Synthesizing a black box generates



96 Implementation, Real Time Power Measurements
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FIGURE 5.2 — PR implementation for adaptive modulation in OFDM chain

a netlist with a constraint information file (ngc). In addition to this netlist file,
it is required to import the netlist files of the static modules in order to create a
DPR project using Vivado Tools. When creating the DPR project and adding the
netlist files, Vivado Tools recognize the black box and select it as a reconfigurable
partition. The next step consists in selecting the area of the RM on the FPGA
(floorplanning). Then different netlist files of the modulation block are created with
different contents but with the same ports definition. In our case, we have created
netlists for 4QAM, 8QAM, 16QAM, 32QAM, and 64QAM modulation schemes. All
the VHDL entities of the constellation schemes have the same ports definition but
different architectures. The corresponding netlist files of the modulation blocks are
added to the reconfigurable partition. Finally, we obtain an OFDM chain including
a static part and a dynamic part.

Using Vivado Tools, it is possible to generate different bit-streams for pro-
gramming the FPGA. First, a basic bit-stream is generated, which contains all
the static blocks and one configuration corresponding to the reconfigurable block
of the system. The main bit-stream is promoted to create different reconfigurable
ones containing the different configurations of the reconfigurable partition. The
partial bit-streams are very small in size compared to the main bit-stream file.
In our case, we have considered a main file with a 4QAM modulation block, and
four partial bit-streams for the 8QAM, 16QAM, 32QAM, and 64QAM modulation
schemes. To test the partial reconfiguration concept, we programmed the FPGA
with the full bit-stream and then using a C code running on the ARM processor
we reconfigure it by sending different partial bit-streams. The modulator module
is reconfigured while the remaining parts of the system is still running. This was
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performed manually, in the next paragraph, we will explain how the system was
reconfigured to make it working dynamically.

FIGURE 5.3 — Boot sequence on the ZedBoard

5.2.3 Automated Adapted Reconfigurable OFDM Transmit-
ter

The system was reconfigured to apply PR on PL from PS automatically. In
this case the system will have the ability to reconfigure the reconfigurable hard-
ware modules on PL based on decision taken by processes running on PS. This is
performed by configuring the system to reconfigure the PL and PS, load partial
bit-streams, and run the application on PS.

During the boot process, the system sends the main bit-stream to the FPGA,
and then configures the PS. It also loads the partial bit-streams to the memory
allowing the PS to access it during runtime. An illustration of the booting sequence
is shown in FIGURE 5.3. For that, we used the first stage boot loader (FSBL)
C code provided by Xilinx SDK. FSBL uses the main bit-stream and the main
software executable (.elf) file to create a BOOT.BIN file. This file is loaded to the
SD card. By configuring the jumpers on the Zedboard, the system automatically
boots from the SD card and searches for the BOOT.BIN file. FSBL loads and then
gets access to the partial bit-streams stored on the SD card. Initially, it programs
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the PL with the main bit-stream. Second, it programs the PS with the main
software. Finally, it loads the partial bit-streams into the RAM embedded in the
board. The main software part has then the addresses of the partial bit-streams
in the memory. While the OFDM chain is running in the PL, the PS applies
the adaptive modulation technique. According to the SNR value, the PS decides
which modulation must be selected. As a result, the suitable partial bit-stream is
transferred to the PL.

5.2.4 On Chip Power Results

After we have created an adapted reconfigurable OFDM transmitter using PR
technique, it is important to analyze the on chip power consumption compared to
the parallel design.

The power consumed by the FPGA chip is the sum of the static and dynamic
power consumptions. The static power is mainly due to the transistor leakage. It
occurs even when the transistor is logically "off". The dynamic power is the sum
of the transient power consumption and capacitive load power consumption. The
transient power consumption represents the amount of power consumed when the
device changes its logic state, i.e. logic "0" to logic "1" or vice versa. The capacitive
load power consumption represents the power used to charge the load capacitance.
There are 3 possible ways to compute the power consumed on FPGA :

— Concept phase : A rough estimate of power can be obtained based on esti-

mates of logic capacity and activity rates.

— Design phase : Power can be calculated more accurately based on detailed

information about how the design is implemented in the FPGA.

— System Integration phase : Power is calculated in a lab environment.

In our case, we will use the Xpower Analyzer, a design phase analyzer, to
estimate the static and dynamic power consumptions. The power measurements
are applied in two scenarios. In the first scenario we implement only the modulator
independent from the full OFDM chain. In this case, the modulator is the top level
module in the VHDL code. The power results for the two designs, parallel and PR
designs are shown in TABLE 5.1 and TABLE 5.2 respectively.

In the second scenario, the adaptive modulator is a module in the OFDM
transmitter, the power measurements are retrieved for the modulator module in
two cases, the parallel and the PR designs. In the first case, all QAMs are imple-
mented with the controls and the multiplexer. The logic and signal power, which
reflects the static and dynamic power respectively, for the Multi-QAM are shown
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in TABLE 5.4. In the DPR case only one RM is implemented in the OFDM chain.
The results for DPR design are presented in TABLE 5.3. In TABLE 5.5, we present
the total on chip power and the dynamic power for all the OFDM transmitter in
the two designs.

In the PR design, the number of blocks running at the same time is reduced.
Thus, as it can be noticed from the results presented above, this approach results
in reducing the power consumption on the chip. The static power consumption is
related to the internal architecture of the FPGA and is therefore not affected by the
design change. On the other hand, as results show, the dynamic power consumption
is reduced when applying the DPR concept. The results in TABLE 5.5 show a 1.6%
reduction rate of the total power on chip and a 18.7% reduction rate in dynamic

power.

TABLE 5.1 — Power Results for modulator block only using DPR design

Block Total on chip(mW) | Total no I0’s(mW) | Dynamic Power(W)
Control-fifo-mem | 0.117 0.115 0.00022

QAM 0.134 0.115 0.00024

Total 0.251 0.230 0.00046

TABLE 5.2 — Power Results for modulator block only using parallel design

Block Total on chip(mW) | Total no I0’s(mW) | Dynamic Power(W)
Multi.Control-fifo | 0.127 0.118 0.00164
Multi-QAM 0.146 0.121 0.00345
Total 0.273 0.239 0.00509

TABLE 5.3 — Power Results for QAM and Control blocks in full OFDM chain using

DPR design
Block Logic Power (mW) | Signal Power (mW) | Total (mW)
QAM 0. 01 0. 05 0. 06
Control-fifo mem | 0. 02 0. 04 0. 06
Total 0. 03 0. 09 0. 12

In the next section we will show real time power consumption measurements
for PR process on PL and PS.
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TABLE 5.4 — Power Results for total control and QAM blocks using parallel design

Block Logic Pow.(mW) | Signal Pow.(mW) | Total(W)
Control (5 blocks +Mult.) | 0.40 0.72 0.00112
MultiQAM (5 blocks +Mult.) | 1.00 0.70 0.00197
TOTAL 1.40 1.41 0.00281

TABLE 5.5 — Power Results for Full OFDM chain

Total on chip (mW) | Dynamic Power (mW)
Circuit Design with No DPR | 0.246 0.04448
Circuit Design with DPR 0.242 0.03615

5.3 Real-Time Measurements and Analysis of Dy-
namic and PR Power Consumption for Zynq
SoC Devices

It is interesting in our work to calculate the overhead power consumption for
the PR operation on PS and PL. In order to evaluate the impact of dynamic
and partial reconfiguration, we propose to design a prototype and measure the
overhead power consumption when dealing with partial reconfiguration.

In this section, we present a SW/HW system implemented on a ZYNQ device.
Dynamic and partial reconfiguration can be applied on a part of the circuit running
on the PL. The advantage of a such platform is to measure the power consumed
both by the FPGA and the processor during the partial reconfiguration process in
order to obtain quantitative results.

5.3.1 BackGround and Related Work

The DPR technique, which provides the ability to reconfigure a part of the
system while the remaining parts are still running, may be seen as an approach to
reduce the energy budget. This is achieved by reducing the amount of resources
by dynamically time-multiplexing functions of the design.

Many studies have been performed for measuring and estimating the power
consumed by FPGAs in general and when applying the partial reconfiguration
process in particular. In [BHUO3|, the authors have measured and estimated the
power consumption for a Virtex IT Xilinx FPGA. A resistor shunt circuit is used
to measure the consumed current and deduce the power consumption. The au-
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thors have presented the results for the Vee (board) and Vcore (FPGA only) in
both cases, full and partial reconfiguration. The reconfiguration procedure is done
through the Xilinx Software from the computer.

The authors in [BCBS12] have proposed different mathematical models to es-
timate the partial reconfiguration power consumption in a Virtex-5 Xilinx FGPA.
The PR process is performed by a MicroBlaze processor implemented on the FPGA
through the ICAP interface. Power measurements are performed using a resistor
shunt, a high precision amplifier and a digital oscilloscope.

In [BNY14], a new technology is used. The authors benefit from the Power
Management Bus (PMBus) controllers embedded in the recent boards such as
ZYNQ ZC702 and ZYNQ ZC706 of Xilinx’s 7 series FPGAs. The authors have
proposed two possible ways to access this power controller. The first consists in
using the embedded hard processor (PS). The second makes use of the MicroBlaze
soft processor and an 12C controller implemented on the PL. The power consumed
by the PS and PL are presented according to different voltage levels. However,
authors in [BNY14] did not present any measurements when running a partial
reconfiguration process.

In our work, we have used a different methodology to measure the power
consumption. Different partial reconfiguration techniques (PCAP) and recent ARM
based SoC-FPGA devices from Xilinx (ZynQ) are considered. A program running
on the embedded ARM processor manages the partial reconfiguration on FPGA.
This is done by transferring the partial bit-streams from the external memory to
the FPGA through the PCAP interface.

5.3.2 Experimental Setup

The ZC706 ZYNQ and the ZC702 ZYNQ evaluation boards have been used in
our work. The ZC706 board has a ZYNQ 7000-XC7Z045 AP-SoC device, whereas
the ZC702 board has a ZYNQ 7000-XC7Z020 CLG484 AP SoC one. The ZYNQ
7000-XC77Z045 device provides more resources than the ZYNQ 7000-XC7Z020. In
both ZYNQ devices, PS and PL are integrated with high bandwidth AMBA AXI
interconnection interfaces.

The DevCfg module, integrated on the PS, allows transferring partial bit-
streams to the PL. The DevCfg configures the hardware through the 32-bit PCAP
interface which is clocked at 100MHz [Koh13|. Another important feature of the
two boards is the PMBus controller which provides a real-time monitoring of the
voltage and current values from the regulators that are available on the board.
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On the ZC706 board, the UCD90120A power monitor and controller from Texas
Instruments (TT) enable to monitor the voltage and current of the FPGA PL
only. However, the ZC702 board contains the UCD9248 Texas Instruments power
controller that permits to monitor the voltage and current on both PS and PL
simultaneously. The two power controllers are accessed through the 12C interface

Power -
Regulators Processor
Intiate Partial
Reconfiguration <
Power >
readings <
>
Power g
readings
>
< Interrupt Partial
Reconfiguration Done

FIGURE 5.4 — Reading power values during Partial Reconfiguration

using the PMBus protocol [pmb|. There are two possible ways to obtain values
from the PMBus controller. First, TI provides the Fusion Digital Power Designer
software package with the GPIO/USB adapter to monitor real-time power values
[TiF|. The second method consists in running a software application on the proces-
sor to access the power controller and read the voltage and current from multiple
power rails on board. In our work, we adopted the two methods. We took benefit
from the TI tool to get an overview of the power consumption on PL and PS
during partial reconfiguration. Also, we run our implemented code on the proces-
sor to control the data to be sent, and to read these data only during the partial
reconfiguration process.

In order to get power measurements samples during the partial reconfiguration
phase only, the DevCfg driver was modified. Following the beginning of the partial
bit-stream transfer, the power controller is accessed by the I12C bus and the process
of measuring and extracting the current samples is started. This process continues
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until an interrupt from the DevCfg is applied. This interrupt occurs when the
reconfiguration of the concerned block of the FPGA is done. This process provides
a precise estimate of the power consumption during the partial reconfiguration
process. FIGURE 5.4 describes how power samples are collected during the PR
process. The same operation is repeated many times in order to get a large number
of measures samples. In Listing 5.1, it is shown how current values are retrieved
during the partial reconfiguration process and before the operation is done.

Listing 5.1 — Reading current values during partial reconfiguration process

{IntrStsReg = XDcfg_IntrGetStatus(Instance);
current = readCurrent_real(device, page) ;

while ((IntrStsReg & XDCFG_IXR_D_P_DONE_MASK) != XDCFG_IXR_D_P_DONE_MASK)

¥
return XST_SUCCESS;

The voltage and current measurements from the power regulators on the board
are explained in this paragraph. The power controller chip communicates with
the ZYNQ chip through an I2C electrical interface using the PMBus command
protocol. On the two boards, the power controllers were on the same 12C channel
7. The PMBus is an open standard power management protocol, thus the PMBus
commands were the same for monitoring current and voltage. The 12C addresses
of the power controllers of the chip on the ZC702 board are 52 to 54. While the
address is 101 on the ZC706 board. Unlike ZC702 board that can monitor the power
consumed by the processor and the FPGA, the ZC706 board can only monitor the
power consumed by the FPGA. The voltage and current are monitored every 1
second by default. But this can be modified.

The voltage is calculated according to the following equation :
Voltage = V x 2N

Where V is the voltage value and N presents the exponent value. Read the V value
by sending the READ VOUT command (0x8B) on the PMBus, a reply of two
bytes is received and the V values are constructed from the value of the two bytes.
Reading exponent value N is performed by sending the VOUT MODE command
0x20.

The current is calculated according to the following equation :

Current = I x 2%




104 Real-Time Measurements and Analysis

Access Multi Bit

St Bitstream1
B reams Bitstream2
) BitStream3

Select bitstream

Using DevCfg
Apply DPR
)

>

Processor Configuration Access
Port (PCAP)

FIGURE 5.5 — Partial Reconfiguration from PS using PCAP

Where I presents the current values and X is the exponent value. Read the I value
and the exponent X by sending the READ TOUT (0x8C) and we get a reply of
a two-byte command that contains the exponent X and the I value. Now we have
the right voltage and current values for each iteration, the power consumed by the
FPGA can be computed.

As an example of application, a simple re-configurable OFDM transmitter chain
has been implemented on the PL. The main OFDM transmitter chain blocks are :
the channel encoder, the modulation, the mapper, and the IFFT. This application
has been taken from a part of a previous study and corresponds to a real case in
communications systems [CCEPO12].

The overall system was implemented and the bit-streams were generated using
the Vivado Xilinx software. On the ZC706, four OFDM transmitters where im-
plemented as static parts, and one as a re-configurable module. Then, this re-
configurable OFDM block was partially reconfigured while the other four identical
OFDM transmitters were running in real-time. For the ZC702, we considered the
whole OFDM chain as a re-configurable module with two different configurations.
The sizes of the partial bit-streams used on the ZC706 and ZC702 boards are
807KB, and 724KB respectively.

Using Xilinx SDK, we have implemented a C application that runs on the
PS part. This application allows to access the DevCfg driver in order to transfer
partial bit-streams from memory to PL. At the software initial state, the partial
bit-streams are transferred from the SD card to the RAM memory (DDR). Then,
the partial bit-streams will be directly accessed from the memory during run-time
as shown in FIGURE 5.5.
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5.3.3 Experimental Results

The PMBus power controllers monitor and control multiple power regulators
on the board. In our study, we will only focus on the power regulators described
in TABLE 5.6 which will give an overview of the power consumed on the PS and
the PL parts. The voltage values are constant approximately, for that the current
value is enough to calculate the consumed power. The measured values are read
from the power regulators with a sampling period of about 1 ms which corresponds
to the minimum period that we have obtained.

Regulator | Voltage Description

VCCINT 1.0V | powers all PL internal logic circuits
VCCPINT 1.0V | powers all PS internal logic circuits
VCCPAUX | 1.8V powers all PS auxiliary circuits

TABLE 5.6 — Power Regulators on board

The power consumed by the FPGA was measured for both ZYNQ devices that
have different sizes. This was performed in order to evaluate the impact of the
logic fabric size on the power consumption during partial reconfiguration.

5.3.3.1 PL Power Measurements

First, the power consumed by the FPGA on the ZC706 board was measured.
As previously explained, only the power consumed by PL part can be evaluated.
The measurements were performed by a software application running on an ARM
processor. The measured power values were sent (via the UART interface) to a
Matlab application running on a PC. To evaluate the impact of PR on the power
consumed by the FPGA, the power samples were collected only during the partial
reconfiguration process by a modified version of the DevCfg driver. These power
samples were compared to those obtained when the PR process was not activated.
The results are provided in FIGURE 5.6 and FIGURE 5.7. Note that we conside-
red the same static parts for the two scenarios to observe any additional power
consumption when applying partial reconfiguration.

It can be clearly noticed that the values of the obtained samples in both confi-
gurations (DPR and no DPR) are almost the same. Since we have the same static
part in both scenarios, we have approximately the same average power consump-
tion. The average power of samples in FIGURE 5.6 is 274,8 mW, and the average
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FIGURE 5.6 — Power samples only during the DPR process for the ZC706 Board
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FIGURE 5.7 — Power consumed by PL while no DPR applied for the ZC706 Board

power of those in FIGURE 5.7 is 274,4 mW. The experiment was repeated mul-
tiple times giving approximately the same results every time and providing no clue
about which process consumes the most power.

Next, we measure the power for PL on the ZC702 board. The power results
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graphs are provided by the TT GUI tool. Similarly to the ZC706 scenario, the
power consumed by the FPGA is measured during the two processes (with and
without DPR). The results obtained for the power consumed by the VCCINT
power regulator are similar to those obtained on the ZC706 board.

For both processes, the graphs representing the power consumption as a func-
tion of time are quite similar for the two boards. Using ZC706 board we have
obtained an average value of 95 mW with DPR and 94.6 mW without DPR.

5.3.3.2 PS Power Measurements

For the PS part, the DPR process is compared to a reference process where
the partial reconfiguration is not applied. Therefore, the DevCfg driver with the
PCAP interface is not used. This reference process consists in running an infinite
and empty while loop.

The DPR process is a C code running on the processor and has access to the
DevCfg driver to apply consecutive partial bit-stream transfers to the PL. In this
case, the PCAP interface is engaged in the PR process and the ARM processor is
sending repetitive requests to perform the partial reconfiguration on the concerned
block. The power consumed by the VCCPINT is measured using the TI GUI tool.
FIGURE 5.8 and FIGURE 5.9 show the power measurements while running both
the DPR process and the reference process, respectively.

As shown in FIGURE 5.8 and FIGURE 5.9, the power consumed during the
reference process is slightly higher than that obtained for the DPR process. This
result shows that there is no increase in power consumption when executing the
partial reconfiguration process on the processor. The power is even lower due to the
interrupts sources required for the PCAP management that blocks the code from
execution until the completion of the PR operation. On the other hand, continuous
memory accesses occur in the reference process.

In addition, we measured the power consumed by the VCCPAUX regulator
during the DPR and the reference process. The auxiliary circuits consists of confi-
guration section, input amplifiers, and input buffer circuits of some 1O standars.
FIGURE 5.10 shows that there is a small extra power consumed during both the
DPR process. While running power measurements using the TT GUIT tool, the pro-
cess running on the PS is switched from the reference process to the DPR process.
Power measurement samples were collected during 60 seconds. During the DPR
process, 10500 partial bit-streams (708 KB each) transfers had been applied to
consider the critical case of DPR. This is shown in FIGURE 5.10, where higher po-
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FIGURE 5.10 — Power consumed by VCCPAUX during the execution of both pro-

cesses

wer values appear when launching the DPR process repetitively. The experiment
was repeated many times providing similar results. The average power for the re-
ference process is 157.7 mW whereas it is 170.3 mW when performing the DPR
process. This additional power consumption is considered as the overhead power
when applying partial reconfiguration through the PCAP interface. Despite this in-
crease, the overhead remains relatively low (less than 20 mW). The average values

for the power samples obtained in this section are summarized in TABLE 5.7.

Power Reg | with DPR | No DPR
VCCINT | 2748 mW | 274,4 mW
VCCPINT | 40.2 mW | 41.8 mW
VCCPAUX | 170.3 mW | 157.7 mW

TABLE 5.7 — Average Power for PS and PL in two Cases



110 Real-Time Measurements and Analysis

5.4 Summary

In this chapter, first we have explained in details how the partial reconfigu-
ration technique is applied on ARM-FPGA platform in context of reconfigurable
radio systems. We worked on adaptive modulator within OFDM SISO chain and
compared the PR design with the parallel one. The two designs were compared in
terms of on chip power consumption.

Then, we have described an experiment aiming at evaluating the power consump-
tion of the dynamic and partial reconfiguration process in recent FPGA devices.
The power measurements were done for the processor and the hardware logic fa-
brics in real time. It is noticed that the power consumed by the FPGA is almost
unaffected when applying the partial reconfiguration. This result was obtained
using two different Xilinx ZYNQ-7000 SoC devices. Also, the PS internal circuit
does not exhibit any valuable additional power consumption. However, a slight
increase in power consumption was noticed in the PS auxiliary circuits when the
DPR is engaged. It was important to make sure that the power overhead is low
and acceptable for miniaturized embedded systems.



CHAPTER 6

Conclusion and Perspectives

6.1 Summary

In the last decade, wireless communication systems have greatly evolved in
terms of mobility, covered range, and throughput. A lot of standards with dif-
ferent specifications, both in the PHY (bandwidth, throughput, and modulation
encoding techniques) and MAC layers, have been provided to meet different tech-
nical requirements and give access to new services.

The wireless channel is one of the most challenging communication channels. To
optimize the usage of the available channel capacity, wireless communication chain
should be reconfigured to adapt to the wireless channel characteristics. Also today,
users are facing a huge diversity of communication networks and protocols that
are generally very complex and heterogeneous. This is especially true for mobile
devices that have to deal with Multi-RAT, during their mobility.

Hardware reconfiguration of wireless communication systems is the most inter-
esting solution for implementing adaptive techniques and VHA. In this case, some
system functions may be modified during runtime, while other functions continue
to run without any interruption. FPGAs constitute the ideal circuits to implement
such reconfigurable systems. Such devices are now sufficiently mature to imple-
ment very complex systems with a high level of performance. PR is one of the
interesting features that has been added by FPGAs’ vendors to ensure even more
flexibility.

Another interesting feature in recent FPGA devices is the presence of embed-
ded hard processor cores that are implemented with the hardware FPGA fabric,
in the same chip. For example, the ZYNQ SoC devices from Xilinx feature a dual-
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core ARM Cortex-A9 based (PS) as well as a PL within a single device. Compared
to their soft core processors counterparts, these processors offer much more com-
puting power and speed. SoC devices are appropriate for designing joint software
and hardware systems. The existence of such systems in the end-devices allows
designing high performance smart communication objects.

In this thesis, we present an ARM-FPGA based platform for reconfigurable wi-
reless communication systems that benefits from the partial reconfiguration tech-
nique. The proposed system was tested for auto adaptive OFDM chain. It was
also applied for switching between WiFi and WiMax networks based on machine
learning VHA. Real time power measurements and demonstrations was performed
to retrieve experimental results and test the proposed system.

In Chapter 1 have introduced the main concepts and the related work in the
context of applying partial reconfiguration technique on ARM-FPGA platform for
reconfigurable wireless systems.

In Chapter 2, an ARM-FPGA platform has been proposed for an adaptive wire-
less communication system. The system implemented on the the FPGA is partially
reconfigured. This HW /SW platform is based on a custom micro-kernel that is al-
ready available in our laboratory. Its role consists in managing and controlling
partial reconfiguration processes. Multiple software processes based on theoretical
adaptive algorithms run in parallel and perform partial reconfiguration operations.
These processes get knowledge of the environment condition by requesting para-
meters from the Parameter Provider. In this work, we made extensive use of the
PCAP interface and optimized the size of the partial bit-streams in order to mini-
mize the time overhead caused by partial reconfiguration. Also, to avoid data loss,
the Configuration controller controls the data flow on the FPGA when initiating
the PR process. An adaptive OFDM transmitter is implemented to test the propo-
sed system. The obtained results have shown that implementing the PR technique
with the micro-Kernel has decreased the global on-chip power consumption and
reduced the reserved resources on the FPGA.

In Chapter 3, an ARM-FPGA platform proposed for auto adaptive wireless
communication system is applied now to switch between multiple wireless stan-
dards. The general system design blocks on PS and PL where presented and ex-
plained in the current case. The mechanism of applying the partial reconfiguration
technique in a unified reconfigurable chain for multiple wireless communication
systems is discussed. Two reconfigurable architectures (ORBA and MRBA) are
proposed and compared. The advantages and disadvantages of these architectures
are presented. Selecting the best reconfigurable architecture depends on the desired
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application. Where MRBA is considered more appropriate for wireless standards
with similar PHY layer architecture. On the other hand ORBA is better for wireless
standards with different PHY layer architecture. To test the proposed ARM-FPGA
system and evaluate the two proposed architectures, a unified chain for WiFi and
WiMax is considered as a case study. The similarities and differences of the two
standards is studied to obtain a reconfigurable unified chain for both standards.
The experimental results for the case study is retrieved by implementing and tes-
ting the unified chain on the ZedBoard. It was clearly shown the advantages of
using PR technique to reconfigure unified chain for multiple wireless standards.

In Chapter 4, we have proposed a VHA for wireless standards based on adaptive
scoring system with initial fast decision.Then we have proposed an NN based VHA
to switch between multiple wireless standards in a heterogeneous network. The NN
is combined with reinforcement learning to achieve better performance. A learning
agent has been proposed to train the NN system with best records only to improve
the NN decision. These best records were tagged based on the reward received after
each decision made. Experimental results have been presented based on a WiFi-
WiMax scenario. The results showed that the learning methodology with the use
of reinforcement technique provides better performance in the NN system. The
system was integrated within the previously proposed ARM-FPGA system which
uses PR technique to switch between multiple wireless systems.

In Chapter 5, first we have explained more deeply how the partial reconfigu-
ration technique is applied on ARM-FPGA platform in context of reconfigurable
radio systems. We have worked on adaptive modulator on OFDM SISO chain and
compare the PR design with the parallel design. The two designs are compared
in terms of power on chip consumption. Then, we have described an experiment
aiming at evaluating the power consumption of the dynamic and partial recon-
figuration process in recent FPGA devices. The power measurements were done
for the processor and the hardware logic fabrics in real time. It is noticed that
the power consumed by the FPGA is almost unaffected when applying the partial
reconfiguration.

Finally we presented two demos, one concerning the functionality of the Ker-
One and the management of the PR processes. The important features of the
micro-kernel is shown in an GUT interface which communicates with the ZedBoard
to show real time data. The second demo illustrates the switching between WikFi
and WiMax on ARM-FPGA platform using PR technique. The demo provides
a GUI interface to simulate the mobility of an end-node and to show how the
switching process is performed in real-time.
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6.2 Perspectives and Future Works

Using dynamic partial reconfiguration technique on ARM-FPGA platform in
context of reconfigurable wireless systems is considered as an interesting topic. In
our study we have proposed multiple PS modules to control, update and manage
reconfigurable blocks on the PL. We had also proposed creating unified reconfigu-
rable chain for multiple wireless systems and the concept to switch PHY using PR
technique. In context of the decision agent, we have proposed an intelligent VHA
design based on Neural Networks and Reinforcement Learning. In our study we
provided a real time measurements to show the small power overhead of the PR
operation on PS and PL.

For the future work, it is interesting to have a real test for a wireless communi-
cation between two or multiple SoC based boards with applying PR to reconfigure
the blocks in the wireless chain. It can be initially by reconfiguring simple blocks
like the modulator to reach a full reconfigurable wireless chain.

It will be interesting also to apply a real testing for a switching between two
wireless standards on two ARM-FPGA boards using partial reconfiguration tech-
nique. The switching between the wireless standards can be tested in real mobility
scenario and be based on intelligent machine learning VHA.

Also it will be interesting to propose a combined architecture between PR
and parallel design to optimize the best power and reconfiguration time for re-
configurable wireless systems. In the same context it can be proposed a unified
reconfigurable chain for multiple wireless standards using hybrid design (PR and
parallel design).

It will be interesting also to design a platform that compare multiple wireless
standards and provide the used by the best reconfigurable unified architecture.
This will be done by applying an algorithm that detect the similar and different
blocks between the selected wireless standards and then propose the RMs in the
PR design.
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DEMONSTRATIONS

A.1 Introduction

In this section we will present two use-cases. The first demonstrations explains
the functionality of the Micro-kernel used in the system. The second demonstra-
tions describes applying vertical handover between WiFi and WiMax using partial
reconfiguration.

A.1.1 Ker-ONE : Embedded Virtualization Approach with
Dynamic Reconfigurable Accelerators Management

Ker-ONE is a lightweight micro-kernel that provides paravirtualization on
small-scaled embedded ARM systems. It cohosts multiple guest OSs in isolated
virtual machines at the user level. These virtual machines are managed by a vir-
tual machine monitor (VMM). Ker-ONE provides only fundamental functions such
as scheduling, inter-process communication (IPC) and memory management, and
ends up with a small trust computing base (TCB). The features of Ker-ONE in-
clude :

— Timing and spatial Isolation. Each VM domain is isolated from the others.

Virtual machines run with virtualized resources provided by the VMM.

— Preemptive priority-based round-robin scheduler. In our case, the dedicated
DPR resource manager service is given a higher priority than guest OSs,
and preempts other running components as soon as it is scheduled.

— TRQ-based simple IPC Channel, that allows VMs to send messages to other
components.
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FIGURE A.1 — A plan that describes how Ker-One control and manages PR pro-
cesses

Based on Ker-ONE, we have introduced a framework which facilitates the DPR
resource management for virtual machines. The principle is to provide VM users
with a highly-abstracted, transparent program interface to access reconfigurable
accelerators. In our system, DPR accelerators are implemented in different partial
reconfiguration regions (PRR) on the FPGA fabric. Between software and PRRs,
we introduced an intermediate layer composed of PR interfaces (IF). In each virtual
machine, IFs are mapped as universally-addressed accelerators, which can be acces-
sed as ordinary peripherals. Each IF is exclusively associated to as specific virtual
accelerator in a specific VM. Meanwhile, in lower layers, these IFs are connected
to the DPR accelerators that actually perform the desired algorithm. Through
dedicated memory management, our framework automatically detects the request
for DPR resources and allocates them dynamically according to a preemptive al-
location policy. Dedicated management components, i.e. Virtual Device Manager
and PRR Monitor are implemented on both software and hardware sides to handle
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allocations at run-time. The proposed management mechanism is depicted in F1-
GURE A.1. Note that the Virtual Device Manager is a particular software service
in an independent virtual machine domain, which is given a highest priority level.
Every time a VM requires a DPR accelerator, VMM immediately schedules the
Virtual Device Manager to handle this DPR resource request.
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VM Scheduling
= w0 s0 200 e 00 50
vmMa | VM Status
vz I Curremt VM ID: 3
w2 I VM1: GPOS VIM2- 6POS
war [ VM3: RTOS VMA4: Service
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[ Run I [ Stop ]
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FIGURE A.2 — The concept of GUI presenting the status of virtual machines,
where the scheduling of virtual machines, and guest OS tasks, are demonstrated
with specific Gantt charts and time labels.

A.1.1.1 Demonstrations Description

The demonstration is built on the Xilinx Zyng-7000 SoC platform previously
described. In the FPGA, several communication algorithms are implemented as
reconfigurable accelerators, e.g. FFT and QAM. On top of Ker-ONE, multiple
uC/OS-IT execute concurrently in virtual machines as guest OSs with different
priorities. In each guest OS, several tasks run periodically to use reconfigurable
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accelerators. The demonstration demonstrates the dynamic allocation of DPR ac-
celerators among different virtual machines. A custom GUI is implemented on
the PC side, which is connected to the platform via the UART port, and is in
charge of demonstrating the states of virtual machine and DPR resources. This
GUI communicates with the Ker-ONE micro-kernel at run time and illustrates
the procedures of software execution, and the allocation of accelerators. With this
GUI, users are able to observe the scheduling of virtual machines and tasks in a
step-in mode. Moreover, the usage of DPR resources, including their position, sta-
tus and allocation, are dynamically and specifically presented in the GUI, so that
the management algorithm can be clearly observed. The concepts of GUI are de-
picted in FIGURE A.2 and FIGURE A.3. During the demonstration the overhead of
Ker-ONE functions is also calculated. It will be shown that the associated latency
of VMM and DPR management is quite low (estimated as several micro-seconds).

Reconfigurable Region State

PRRID: 1
IP: QAMA

VM ID: 2

Reconfig Time: 231 us
Sattus: Presmption
PRRD: 2

IP: FFT512

VM ID: L

Reconfig Time: 810 us
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IP- FFT2048

VM ID:3

Reconfig Time: 1,206 us
Status: IDLE

FRR 2 PRR 3 i Legend of Status
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IP: FFT512 IP: FFT2048 1 by
VMID: 3 | -

Preemption

I ecoorracon

Al
[Time:0s23ms50us] VM 3 requires FFT2048;

[Time 0s23ms51us] Virtual Device Manager is launched,

[Time:0s23ms53us] PRR 3 is allocated to VM 3 without reconfiguration, and is ready to use;

Stalled

FIGURE A.3 — The concept of GUI presenting the status of reconfigurable accele-
rators, where the usage, position and status of PRRs are demonstrated. The GUI
also prints the detailed procedure of allocation and the timing
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A.1.2 WiFi-WiMax Vertical Handover on an ARM-FPGA
Platform with Partial Reconfiguration

In this demonstration we propose a system implementing previously proposed
VHA for WiFi-WiMax wireless standards on an ARM-FPGA platform using the
PR technique. The proposed system features a VHA running on the ARM. The
unified reconfigurable chain that implements the PHY layers of the two wireless
standards is implemented in hardware on the PL part of the FPGA. The demons-
tration simulates the mobility of the end-node, shows the decision made by the
VHA and the status of the RMs on the FPGA. This demonstration is performed
in real-time and is presented on an GUI interface.

A.1.2.1 WiFi-WiMax Handover on ARM-FPGA Platform with PR
Technique

In our scenario, two IEEE wireless standards have been taken into considera-
tion : WiFi and WiMax. These two standards have been chosen since they represent
a real possible situation. A VHA running on the ARM is proposed to decide and
select the best standard, then request reconfiguration of the unified reconfigurable
chain implemented on the FPGA.

The VHA used in demonstration is described in CHAPTER 4. The physical
layer for both standards have been studied to identify the similarities and diffe-
rences between physical layers. The main architecture of the physical layer for both
standards is based on the OFDM technique.

A.1.2.2 Demonstration Description

The demonstration can be divided into two parts. The first part consists of a
C code application running on the ARM processor with a wireless communication
chain implemented on the FPGA. The second part is a JAVA code running on the
PC to implement a graphical interface. The two parts are connected through to
exchange data in real-time. The demonstration is described in FIGURE A.4.

A.1.2.3 VHA on ZedBoard with Partial Reconfiguration

The first part of the demonstration is implemented on the ZedBoard that fea-
tures a ZYNQ programmable SoC device from Xilinx. The proposed VHA runs on
the PS with other modules for managing and controlling the PR process. Using Vi-
vado tools, a reconfigurable unified chain for both WiFi and WiMax standards has
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FIGURE A.4 — A plan that describes the demonstration and how the ZedBoard
and the Simulator interacts

been implemented on the PL part. Multiple modules in the reconfigurable chain
have been selected as RMs (Scrambler, Encoder, Interleaver, and IFFT). These
modules are dynamically reconfigured when the VHA decides to switch from a
standard to another based on MRBA design.

A.1.2.4 End-Node Mobility Simulator on the PC

The mobility of the end-node device in the WiFi-WiMax heterogeneous net-
work is simulated using a JAVA FX application. The simulator shows the end-node
device moving into different zones covered by one WiMax access point and mul-
tiple WiFi access points. Multiple parameters are collected in real-time and during
the mobility of the node. Examples of such parameters are the speed and the RSS.
Using the GUI interface, the user can also modify some parameters such as the bat-
tery level, user application, and node speed. Also, the interface displays the decision
made by the VHA and the status of the RMs on the ZedBoard. In FIGURE A.5,
we present the overall design of the demonstration with the reconfigurable unified
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chain on the PL.
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FIGURE A.5 — A plan thats illustrates the overall functionality of the demonstra-
tion showing the reconfigurable blocks on PL
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A.1.2.5 Connection between the ZedBoard and the Simulator

The simulator on the PC and the application running on the ZedBoard com-
municates through the UART. The simulator collects the parameters’ values ge-
nerated from mathematical models in a packet and transmit it to the application
on the ARM. The application extracts the values from the packet and applies the
VHA to select the best standard. If the VHA decides to switch from a standard
to another, it will request the reconfiguration controller module to reconfigure the
unified chain. On the ZedBoard, the application transmits the new status of the
configurable modules to the simulator. This transmission is also illustrated in the
GUI Interface (see FIGURE A.6).

On the Java GUI interface the user can select different scenarios. Each scenario
affects the mobility of the node. For example, in a selected scenario the node is
initially connected to WiMax and moving at a high speed in a WiFi access point
coverage. The VHA is triggered when RSS of WiFi is greater than that of WiMax.
Then VHA reads the speed parameter and considers this as a fake handover.
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On the GUI interface a green point is drawn to represent the location where
the fake handover was detected. In another scenario the node is located in the
coverage of the WiFi access point. the user can change the power level and user
preferences to notice how the VHA decides to switch from standard to another.
When the communication is switched from standard to another, the color of the
node is changed and a colored point is drawn in that location. Also the color of the
hardware blocks of the unified chain illustrated on the FPGA figure ( as shown in
FIGURE A.6) changes when the VHA makes a decision.

FPGA Blocks:

NODE

|
}E:rarrter FEQ| | nekae | (IFFT,

FIGURE A.6 — A screen-shot shows how the simulator illustrates the status of the
reconfigurable blocks, the mobility end node and the VHA decision
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EVALUATION BOARDS

B.1 ZedBoard

ZedBoard (see FIGURE B.1) is a low-cost development board for the Xilinx
Zyng-7000 All Programmable SoC. This board contains everything necessary to
create a Linux, Android, Windows or other OS/RTOS-based design. Additionally,
several expansion connectors expose the processing system and programmable logic
I/Os for easy user access. Take advantage of the Zyng-7000 AP SoC’s tightly
coupled ARM processing system and 7 series programmable logic to create unique
and powerful designs with ZedBoard. ZedBoard is supported by the zedboard.org
community website where users can collaborate with other engineers also working
on Zynq designs.

B.1.1 FEATURES

— Zyng-7000 All Programmable SoC XC7Z020-CLG484-1
— Memory
— 512 MB DDR3
— 56 Mb Quad-SPI Flash
— 4 GB SD card
— Onboard USB-JTAG Programming
— 10/100/1000 Ethernet
— USB OTG 2.0 and USB-UART
— PS and PL I/O expansion
— (FMC, Pmod™ Compatible, XADC)
— Multiple displays (1080p HDMI, 8-bit VGA, 128 x 32 OLED)
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FI1GURE B.1 — ZedBoard Evaluation Board

— 125 Audio CODEC

B.1.2 TARGET APPLICATIONS

Video processing

Motor control
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Linux/Android /RTOS development
Embedded ARM processing

General Zynq

7000 All Programmable SoC prototyping

B.2 ZYNQ-7000 SOC ZC706 Evaluation Kit

The Zynq™-7000 All Programmable SoC ZC706 Evaluation Kit (FIGURE B.2)
includes all the basic components of hardware, design tools, IP , and pre-verified
reference designs including a targeted design. This makes it a complete embed-
ded processing platform and 12.5 Gbps transceiver for high-end applications that
require higher performance and high I/O throughput. The included pre-verified
reference designs and industry standard FPGA Mezzanine Connectors (FMC )
allow scaling and customization with daughter cards.

The Zyng-7000 AP SoC PCI Express Targeted Reference Design demonstrates
PCI Express communication with a host system at PCI Express x4 GEN2 speed.
In this PCT Express Targeted Reference Design, the input of the video processing
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pipeline is generated by an application on the host computer at 1080p60 resolution
and transmitted to the ZC706 board via PCI Express. The data is processed by
the video pipeline implemented in Programmable Logic and passed back to the
host system via PCI Express. As full 1080p60 video stream only take up around
4Gbps, an additional data generator and a checker are implemented and connected
to channel 1 of the PCI Express DMA showcasing the maximum PCI Express x4
GEN2 bandwidth achieved by the hardware.

B.2.1 Key Features and Benefits

— Optimized for quickly prototyping embedded applications using Zyng-7000
SoCs

— Hardware, design tools, IP, and pre-verified reference designs

— Demonstrates a embedded design, targeting video pipeline

— Advanced memory interface with 1GB DDR3 Component Memory and 1GB
DDR3 SODIM Memory

— Enabling serial connectivity with PCle Gen2x4, SFP+ and SMA Pairs, USB
OTG, UART, IIC

— Supports embedded processing with Dual ARM Cortex-A9 core processors

— Develop networking applications with 10/100/1000 Mbps Ethernet (RG-
MII)

— Implement Video display applications with HDMI out

— Expand I/O with the FPGA Mezzanine Card (FMC) interface

B.3 ZYNQ-7000 SOC ZC702 Evaluation Kit

Product Description

The Zyng-7000 SoC ZC702 Evaluation Kit (see FIGURE B.3) includes all the
basic components of hardware, design tools, IP, and pre-verified reference designs
including a targeted design, enabling a complete embedded processing platform.
The included pre-verified reference designs and industry-standard FPGA Mezza-
nine Connectors (FMC) allow scaling and customization with daughter cards.
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Fi1GURE B.2 — ZC706 Evaluation Board

B.3.1 Key Features and Benefits

— Optimized for quickly prototyping embedded applications using Zyng-7000
SoCs

— Hardware, design tools, IP, and pre-verified reference designs

— Demonstrates a embedded design, targeting video pipeline

— Advanced memory interface with 1GB DDR3 Component Memory

— Enabling serial connectivity with USB OTG, UART, 11C, CAN Bus

— Supports embedded processing with Dual ARM Cortex-A9 core processors

— Develop networking applications with 10/100/1000 Mbps Ethernet (GMII,
RGMII and SGMII)

— Implement Video display applications with HDMI out

— Expand 1/O with the FPGA Mezzanine Card (FMC) interface
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Ficurke B.3 — ZC702 Evaluation Board
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Résumé : Aujourd'hui, les appareils sans fil disposent
généralement de plusieurs technologies d'accés radio (LTE, WiFi,
WiMax, ...) pour gérer une grande variété de normes ou de
technologies. Ces appareils doivent étre suffisamment intelligents
et autonomes pour atteindre un niveau de performance donné ou
sélectionne automatiquement la meilleure technologie sans fil
disponible en fonction de la disponibilité des normes. Du point de
vue matériel, les périphériques System on Chip (SoC) integrent
des processeurs et des structures logiques FPGA sur la méme
puce avec une interconnexion rapide. Cela permet de concevoir
des systémes logiciels / matériels et de mettre en ceuvre de
nouvelles techniques et méthodologies qui améliorent
considérablement les performances des systéemes de
communication. Dans ces dispositifs, la reconfiguration partielle
dynamique (DPR) constitue une technique bien connue pour
reconfigurer seulement une zone spécifique dans le FPGA tandis
que d'autres parties continuent a fonctionner indépendamment.
Pour évaluer quand il est avantageux d'effectuer un DPR, des
techniques adaptatives ont été proposées.

lls consistent a reconfigurer automatiquement des parties du
systeme en fonction de parametres spécifigues. Dans cette
thése, un systéeme de communication sans fil intelligent visant a
implémenter un émetteur OFDM adaptatif et a effectuer un
transfert vertical dans des réseaux hétérogénes est présenté.
Une couche physique unifiée pour les réseaux WiFi-WiMax est
également proposée. Un algorithme de transfert vertical
intelligent (VHA) basé sur les réseaux neuronaux (NN) a été
proposé pour sélectionner le meilleur standard sans fil disponible
dans un réseau hétérogéne. Le systéme a été implémenté et
testé sur un ZedBoard équipé d'un Xilinx Zyng-7000-SoC. La
performance du systéme est décrite et des résultats de
simulation sont présentés afin de valider I'architecture proposée.
Des mesures de puissance en temps réel ont été appliquées
pour calculer I'énergie de surcharge pour l'opération de RP. De
plus, des démonstrations ont été effectuées pour tester et valider
le systeme mis en place.

Title: Management of Dynamic Reconfiguration in a Wireless Digital Communication Context.

Keywords: Cognitive Radio — FPGA — Machine Learning — Neural Networks — Partial Reconfiguration — SoC

Abstract: Today, wireless devices generally feature multiple
radio access technologies (LTE, WiFi, WiMax, ...) to handle a rich
variety of standards or technologies. These devices should be
intelligent and autonomous enough in order to either reach a
given level of performance or automatically select the best
available wireless standard. On the hardware side, System on
Chip (SoC) devices integrate processors and FPGA logic fabrics
on the same chip with fast inter-connection. This allows designing
Software/Hardware systems. In these devices, Dynamic Partial
Reconfiguration (DPR) constitutes a well-known technique for
reconfiguring only a specific area within the FPGA while other
parts continue to operate independently. To evaluate when it is
advantageous to perform DPR, adaptive techniques have been
proposed. They consist in reconfiguring parts of the system
automatically according to specific parameters. In this thesis, an
intelligent wireless communication system aiming at implementing
an adaptive OFDM based transmitter is presented.

An unified physical layer for WiFi-WiMax networks is also
proposed. An intelligent Vertical Handover Algorithm (VHA)
based on Neural Networks (NN) was proposed to select best
available wireless standard in heterogeneous network. The
system was implemented and tested on a ZedBoard which
features a Xilinx Zyng-7000-SoC. The performance of the
system is described and simulation results are presented in
order to validate the proposed architecture. Real time power
measurements have been applied to compute the overhead
power for the PR operation. In addition demonstrations have
been performed to test and validate the implemented system.



