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Résumé

L’émergence des circuits complexes numériques, ou System-On-Chip (SOC), pose notamment
la problématique de la consommation énergétique. Parmi les blocs fonctionnels significatifs a ce titre,
apparaissent les mémoires et en particulier les mémoires statiques (SRAM). La maitrise de la
consommation énergétique d’une mémoire SRAM inclue la capacité a rendre la mémoire fonctionnelle
sous trés faible tension d’alimentation, avec un objectif agressif de 300 mV (inférieur a la tension de
seuil des transistors standard CMOS).

Dans ce contexte, les travaux de thése ont concerné la proposition d’un point mémoire SRAM
suffisamment performant sous trés faible tension d’alimentation et pour les nceuds technologiques
avancés (CMOS bulk 28nm et FDSOI 28nm). Une analyse comparative des architectures proposées
dans 1’état de I’art a permis d’élaborer deux points mémoire a 10 transistors avec de trés faibles
impacts de courant de fuite. Outre une segmentation des ports de lecture, les propositions reposent sur
I’utilisation de périphéries adaptées synchrones avec notamment une solution nouvelle de réplication,
un amplificateur de lecture de données en mode tension et 1’utilisation d’une polarisation dynamique
arriére du caisson SOI (Body Bias).

Des validations expérimentales s’appuient sur des circuits en technologies avancées. Enfin, une
mémoire compléte de 32kb (1024x32) a été soumise a fabrication en technologie 28nm FDSOI. Ce
circuit embarque une solution de test (BIST) capable de fonctionner sous une tension d’alimentation
de 300mV.

Apres une introduction générale, le 2éme chapitre du manuscrit décrit 1’état de 1’art. Le chapitre 3
présente les nouveaux points mémoire. Le 4éme chapitre décrit I’amplificateur de lecture avec la
solution de réplication. Le chapitre 5 présente I’architecture d’une mémoire ultra basse tension ainsi
que le circuit de test embarque.

Les travaux ont donné lieu au dép6t de 4 propositions de brevet, deux conférences internationales, un

article de journal international est accepté et un autre vient d’étre soumis.
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Abstract

Emergence of large Systems-On-Chip introduces the challenge of power management. Of the
various embedded blocks, static random access memories (SRAM) constitute the angrier contributors
to power consumption. Scaling down the power supply is one way to act positively on power
consumption. One aggressive target is to enable the operation of SRAMs at Ultra-Low-Voltage, i.e. as
low as 300 mV (lower than the threshold voltage of standard CMOS transistors).

The present work concerned the proposal of SRAM bitcells able to operate at ULV and for advanced
technology nodes (either CMOS bulk 28 nm or FDSOI 28 nm). The benchmarking of published
architectures as state-of-the-art has led to propose two flavors of 10-transitor bitcells, solving the
limitations due to leakage current and parasitic power consumption. Segmented read-ports have been
used along with the required synchronous peripheral circuitry including original replica assistance, a
dedicated unbalanced sense amplifier for ULV operation and dynamic forward back-biasing of SOI
boxes.

Experimental test chips are provided in previously mentioned technologies. A complete memory cut
of 32 kbits (1024x32) has been designed with an embedded BIST block, able to operate at ULV.

After a general introduction, the manuscript proposes the state-of-the-art in chapter two. The new 10T
bitcells are presented in chapter 3. The sense amplifier along with the replica assistance is the core of
chapter 4. The memory cut in FDSOI 28 nm is detailed in chapter 5.

Results of the PhD have been disseminated with 4 patent proposals, 2 papers in international
conferences, a first paper accepted in an international journal and a second but only submitted paper in

an international journal.
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Résumé etendu (francais)

Cette partie propose un résumé étendu du contenu du manuscrit.

This section offers an extended summary of the manuscrit content in french.

La miniaturisation et I’intégration sont les clés de la révolution électronique. Depuis 1960, date
de la premiére apparition du transistor MOSFET en circuit intégré concue par D.Khang et M.Atalla,
[1]. La microélectronique est tres largement dominée depuis des années par la technologie des circuits
intégrés numériques CMQOS, a base de transistors MOSFET silicium. Cette technologie suit la fameuse
loi de Moore (1965) [2]. Cette loi prévoit que le nombre de transistors dans un circuit intégrés double
tous les deux ans et que la fréquence de fonctionnement du microprocesseur double tous les 18 mois.
Apres pres d’un demi siecle cette loi reste toujours valide et les performances des circuits intégrés ne
cessent de s’améliorer. Malheureusement, a chaque passage d’un nceud technologique a ’autre, la
tension de seuil et la longueur de grille diminuent ce qui a pour effet ’augmentation de 1’énergie
statique di aux courants de fuite. En paralléle, I’évolution des systémes électronique portable a été trés
rapide. Ces systémes deviennent de plus en plus essential pour la vie quotidienne de 1’étre humain.
Ces systemes varient entre les téléphones portables qui contiennent beaucoup de gadgets, les systemes
biomédicaux (pacemaker, prothese auditive ... etc) et les réseaux de capteurs sans fils. Ces systemes
exigent que le temps mis entre deux chargements de leur batterie soit trés large. Cette situation fait
naitre beaucoup de défis a relever. Ces défis adressent principalement la surface, I’énergie consommée
et les performances. La capacité de la batterie s’est largement améliorée durant ces derniéres années.
Malheureusement, cette amélioration reste insuffisante et ne satisfait pas les besoins des applications
basse consommation en terme de budget d’énergie. Les systeémes basés sur la récupération d’énergie
ont plus de contraintes en terme d’énergie consommé puisque la quantité d’énergie récupérer de
I’environnement est limité et incertaine. 1l faut donc congevoir des circuits a trés basse consommation.
Les systemes sur puces (SoC) contiennent des fonctions de plus en plus complexe, ce qui augmente le
besoin en terme de budget d’énergie de la batterie. En particulier les mémoires statiques a acces
aléatoire (SRAM) sont indispensables dans les SoCs et occupent une grande partie en terme de la
surface et de I’énergie totale consommé. La conception d’une mémoire SRAM a trés basse
consommation devient aujourd’hui vitale, ceci demande beaucoup de défis a relever, d’efforts et de

travaux de recherche dans les années a venir.
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Les mémoires SRAM font partie des circuits mixtes. Une mémoire contient des cellules SRAM, des
amplificateurs de lecture/écritures, des circuits d’assistance en écriture et en lecture et des générateurs
d’horloges. Plusieurs topologies de mémoire SRAM existent, 1’architecture d’'une SRAM peut se
diviser en quatre bloques : la matrice, le décodeur de lignes et de colonnes, le bloque de contréle et le
circuit de réplica & les entrées/sorties (Figure 1-1).
La réduction de 1’échelle en technologie CMOS s’approche a ces fronticres et il est attendu qu’elle
atteint ces limites pour le nceud technologique 22nm selon I’'ITRS [3]. Les principaux challenges et
limitations qui empéchent la continuité de 1’utilisation de cette technologie en future sont les limitation
physique due a 1’augmentation de 1’effet tunnel et les courants de fuites ce qui impactent les
performances et la fonctionnalité, les limitations technologique due aux techniques de lithographie
utilisées qui sont incapable de fournir la résolution souhaités pour la fabrication des composants
CMOS en technologies avancées et aussi le challenge économique qui présente un grand obstacle
puisque le cout de production, la fabrication et le test des circuits intégrés rendent I’investissement
dans une nouvelle technologie inabordable [4]. La diminution de 1’épaisseur de grille Tox s’est arrété
du a la limitation atomique, de la méme maniére la réduction de la tension de seuil s’est arrété a cause
de ’augmentation des courants de fuite [5] (I gax~exp(—Vry X q/nKT)), L’énergie statique limite la
réduction de la tension de seuil a une valeur égale a 200mV [6], la réduction de la tension
d’alimentation s’est arrété aussi puisque on peut plus réduire la tension de seuil (pénalité en terme de
I’énergie statique consommeé) : tous cela rend la diminution de la consommation et ’augmentation de
la fréquence de fonctionnement trop faible (Le rapport « Vpp/Vin » définie la vitesse d’une porte
logique). La Figure 1-4 présente la tendance de la puissance dynamique et statique en fonction de la
longueur de canal pour une jonction a une température égale a 25°C dans un transistor standard [5].
Une extrapolation empirique indique que la puissance statique consommeé devient égale a la puissance
dynamique pour la technologie CMOS 20nm. La consommation statique devient problématique dans
les nceuds technologiques avancés. Les courants de fuite présentent une contrainte majeure pour les
applications basse consommation. Plusieurs nouvelles techniques de conception de circuit basse
consommation ont été proposés durant ces derniéres années afin de limiter I’impact de la
consommation statique. Des nouvelles solutions technologiques sont attendus afin de rendre la
fonctionnalité a trés basse tension d’alimentation faisable. Des recherches doivent étre mené afin de
trouver des composants avec les meilleures performances possibles toute en gardant 1’aspect basse
consommation [7]. Dans ce contexte, les technologies FDSOI et FINFET apparaissent comme deux
alternatives pour dépasser les limitations de la technologie CMOS standard (Figure 1-5). Aujourd’hui,
se sont ces deux technologies qui sont capable d’aller en dessous de la technologie 28nm a 1’échelle
industrielle. Les bénéfices de la technologie FDSOI par rapport a la technologie CMOS sont illustrés
10
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dans [8], [9], [10]. La technologie Planar Fully-Depleted SOI (FDSOI) présente des performances
meilleures avec un rapport de 30% par rapport a la technologie CMOS standard pour le nceud 28nm
[11]. De méme, le FINFET a été recemment promu pour avoir du gain en co(t et en compatibilité avec
la technologie CMOS. La technologie FINFET est la premiére technologie qui a été commercialisé
pour le nceud 22nm, qui a ouvert une nouvelle époque, celle des circuits intégrées 3D pour les
applications basse consommation. Cette technologie a ouvert un nouveau chemin qui assure la
continuité de la loi de Moore au-dela du nceud 20nm puisqu’elle présente des performances meilleures
pour une consommation donnée par rapport a la technologie CMOS. Dans [12] ils prévoient que les
nceuds technologiques 16nm/14nm en FINFET vont offrir entre 40-50% de plus en terme de
performance et au alentour de 50% de réduction en terme de consommation comparé a la technologie
CMOS 28nm. Une comparaison entre les deux technologies FDSOI et FINFET est illustrée dans [13].
Dans ce contexte la technologie 28nm FDSOI a été utilisé dans le travail présenté dans ce manuscrit.
Dans le but de réduire I'impacte des courants de fuite dans les nceuds technologiques avancés,
plusieurs techniques ont été développées. Les recherches sarticulent autour de deux axes: la
modulation de la tension de seuil dans le transistor et la gestion de la consommation dans les circuits
intégrés. Deux principales méthodes peuvent étre utilisées pour moduler la tension de seuil d’un
transistor en technologie CMOS. La premiére consiste a I’ajustement de Vi a travers la modulation de
I’épaisseur de la grille ou le dopage du canal [14]. Dans ce contexte plusieurs compagnies de semi-
conducteur utilisent trois types de transistors (Low-VT, Regular-Vt and High-V7) dans leur plateforme
technologique. Ces transistors sont caractérisés par leur tension de seuil : dans les circuit numérique
les transistors de type LVT son utilisés puisque ils permettent d’avoir des fréquences é€levées,
cependant les transistors de type RVT et HVT sont utilisés dans le but de réduire les courants de fuite
et pour minimiser la consommation statique. En résumé, il faut utilisé les transistor de type LVT pour
avoir des gains en performance et les transistor de type HVT pour couper le chemin face aux courants
de fuite [15] [16]. La deuxiéme méthode pour la modulation de Vi consiste a I’utilisation de la
technique de «back biasing» [17]. Figure 1-6 présente les techniques de réduction de la
consommation statique. L’empilement de transistors en série permet de réduire le courant de fuite avec
un facteur entre 2-10x. L’ajustement de la tension de seuil Vi, en utilisant la technique de « back
biasing » permet une réduction entre 2-1000x et finalement, 1’utilisation des transistors en mode
« SLEEP » permet d’avoir une réduction entre 5-10x.
La consommation dynamique reste la principale source de perte d’énergie. La réduction de la tension
d’alimentation est la meilleure méthode qui permet de réduire la consommation énergétique.
La reduction de la tension d’alimentation provoque la diminution quadratique de 1’énergie dynamique
et la diminution linéaire de I’énergie statique.

11
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La tension d’alimentation minimale (Vmin) d’un syetéme sur puce (SoC) est limitée par La tension
d’alimentation minimale de la mémoire SRAM pour deux raisons : En premier lieu, avec la réduction
de Vpp le délai dans la mémoire SRAM augmente d’une maniére plus significative par rapport au
délai dans la partie logique. Deuxiémement, la réduction de la tension d’alimentation provoque la
dégradation de la stabilité de la cellule SRAM ce qui aura comme résultat 1’apparition des erreurs de
fonctionnement. D’ou la nécessité de développer des mémoires SRAMs qui travaillent a trés basse
tension.
L’étude du fonctionnement des circuits digitaux en tension sous le seuil et pré de la tension de seuil a
été abordée en [18]. Récemment, plusieurs travaux sur la conception des microprocesseurs
fonctionnant en sous le seuil ont été apparu dans le but de répondre aux exigence des applications
« Internet of Things », les nceuds de capteur sans fils et les applications biomédicales. Dans [19], un
processeur fonctionnant avec une tension d’alimentation en sous le seuil a été congu en technologie
130nm. Ce processeur consomme 11nW pour une tension d’alimentation égale a 160mV et
3.5pJ/instruction pour une tension d’alimentation égale a 350mV. Egalement, un processeur FFT
fonctionnant avec une tension d’alimentation minimal égale a 180mV a été présenté dans [20].
Cependant, la mémoire SRAM présente une partie critique dans un SoC car c’est elle qui limite
I’efficacité énergétique puisque VDDwmin, sram > VDDwmin, Locic. Le travail qui a été fait dans [21]
indique que le point d’énergie optimale de la mémoire SRAM est localisé dans la plage de tension
sous le seuil. Donc, la conception d’une mémoire SRAM fonctionnant a trés basse tension
d’alimentation présente un axe de recherche promouvant pour concevoir des SoCs a trés basse
consommation. Plusieurs travaux sur la conception de mémoires SRAM a trés basse tension
d’alimentation ont été achevés durant les dernieres années. Cependant, la plupart de ces travaux de
recherche peuvent étre classés dans deux catégories : la premiere concerne les mémoires SRAMSs
fonctionnant au dessus de la tension de seuil du transistor (Vpp > V), ce qui est le cas dans [22],
[23]. Alors que La deuxiéme catégorie concerne les mémoire SRAM travaillant en dessous de la
tension sous le seuil (Vop < V1H) [24], [25].
Cependant, il n’y a pas assez de travaux qui ciblent la conception de mémoires SRAM fonctionnant a
la fois au dessus et au dessous de la tension de seuil comme c’est le cas dans [26], [27] et [28]. Afin de
mettre en place ce genre de mémoire, des nouvelles techniques au niveau de la conception de circuits
ainsi que du processus de fabrication, doivent étre explorées pour assurer un bon fonctionnement dans
cette plage de tension. Cette these s’adresse a cet axe de recherche et propose des nouvelles techniques
pour permettre le fonctionnement dans une tres large plage de tension d’alimentation (UWVR).
L’avancement de la technologie CMOS est limité par I’augementation de la variabilité locale qui
affecte directement le rendement des circuits intégrés. Cette limitation devient plus significative pour
12
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les nceuds technologiques avancés et provoque de lourdes pertes financieére pour les compagnies de
semi-conducteur. Les variations des caractéristiques éelectriques dues au désappariement entre deux
dispositifs limitent les performances des circuits. Le désappariement est I’un des phénomeénes les plus
critique dans les circuits intégrés mixtes et spécialement dans les mémoires SRAM. En 1989, Marcel
Pelgrom [30] a proposé la fameuse loi qui modélise le désappariement « mismatch » (voir équation 2-
1). La principale source de variation en technologie CMOS est la fluctuation aléatoire de dopage
(RDF) ou la variation de nombre de dopants dans la zone de déplétion (voir Figure 2-1). En général,
le nombre de dopants dans un volume donné est contr6lé par la dose moyenne, Na. Ce nombre est
variable d’un volume a I’autre d0 au processus de fabrication aléatoire. La Figure 2-2 présente une
simulation du comportement du courant drain-source pour différents rapports W/L pour les transistors
NMOS et PMOS en technologie 28nm CMOS. Les résultats confirment la dépendance du
désappariement de la taille du transistor MOS choisit, En augmentant la surface du composant on
réduit I’impact du désappariement. Ce parameétre est trés important puisque il impacte directement le
rendement et les performances des mémoires SRAM. C’est pour cette raison que les concepteurs de
mémoires SRAM doivent prendre en considération 1I’impact du désappariement afin d’avoir des
mémoires SRAM fiables. Il existe deux sources de consommation d'énergie qui composent la
puissance consommeée dans une mémoire: la puissance dynamique qui est le résultat du phénomene de
charge et de décharge des capacités durant les opérations de lecture et d’écriture, et la puissance
statique qui est due aux courants de fuite (voir Figure 2-3). Les équations de la puissance dynamique
et statique sont présentées dans (2-2) et (2-3). L’énergie par opération est une métrique qui est
largement utilisée afin d’évaluer D’efficacité énergétique dans les mémoires SRAM. L'une des
méthodes les plus utilisées pour diminuer 1’énergie consommée est la réduction de la tension
d’alimentation, cette méthode permet de réduire quadratiquement I’énergie dynamique et linéairement
I’énergie statique comme c’est indiqué dans I’équation (2-4). La réduction de la tension d’alimentation
Vpp a pour résultat 1’augmentation exponentielle du délai, ce qui provoque 1’augmentation de
I’énergie statique qui domine 1’énergie totale a trés basse tension (voir Figure 2-5 et 2-6).
La surface et la stabilité sont les deux principaux paramétres qui caractérise une cellule SRAM : la
surface occupée par une cellule SRAM représente environ 2/3 de la surface totale occupée par une
mémoire SRAM, de plus la mémoire « L1 CACHE » occupe une grande partie de la surface de la
plupart des SoCs « System on Chip ». La stabilité d’une cellule mémoire définie sa sensibilité face aux
variations due au processus de fabrication, de la tension d’alimentation et de la température (PVT).
Selon la loi de Pelgrom la stabilité et la surface sont inversement proportionnelles: on augmentant la
surface de la cellule on diminue la sensibilité face aux variations. Dans les technologies CMOS
avancées la cellule SRAM devient de plus en plus sensible aux différentes sources de bruit dd a
13
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I’augmentation de la variabilité. Le défi qu’on doit relever pour la conception de mémoire
fonctionnant a trés basse tension est I’augmentation de la fiabilité durant les opérations de lecture et
d’écriture. Dans ce contexte, plusieurs métriques ont été définies dans ’état de I’art pour caractériser
la stabilité d’une cellule SRAM. Dans ce qui suit on va illustrer les différents métriques utilisés pour la
caractérisation de la cellule SRAM 6T.
La cellule SRAM 6-Transistors est la plus utilisée aujourd’hui dans le milieu industriel. Cette cellule
est composée de deux inverseurs montés en téte-béche avec deux transistors (pass-gate) assurant la
connexion avec les deux bitlines. Les deux transistors « pass-gate » (PGO and PG1) sont controlés par
le signal « WL » (wordline) pour assurer 1’opération de lecture et d’écriture selon I’état des deux
bitlines (BLT) et (BLF) (voir Figure 2-7). Ces deux bitlines agissent comme ¢étant des nceuds
d’entrée/sortie assurant le cheminement de 1’information a partir des nceuds internes de la cellule vers
I’amplificateur de lecture durant I’opération de lecture et depuis le circuit d’écriture vers la cellule
durant 1’opération d’écriture. La marge de bruit statique (SNM) est une approche qui a été étudié dans
un premier temps sur les chaines de délais logique pour déterminer le minimum de tension (bruit)
qu’on doit appliquer a I’entrée pour provoquer le basculement du niveau logique a la sortie. Cette
approche a été adaptée par « Seevinck » pour établir la marge de bruit statique de la cellule [34] [35].
La méthode de « Seevinck » [36] est devenu alors 1’approche la plus utilisée dans le flot de
caractérisation des meémoires SRAM en industrie pour évaluer la « SNM » (Figure 2-8). Cette
méthode peut étre utilisée pour déterminer la SNM durant [’opération de lecture (SNMRgeap), de
I’écriture (WSNM) et le maintien (SNMHoLp), cette métrique correspond au coté du plus grand carré
qui peut étre insérer dans la courbe « butterfly » (voir Figure 2-9).
La « write margin » (WM) caractérise la stabilité d’une cellule SRAM durant 1’opération d’écriture.
Plusieurs approches existent pour la détermination de la marge de stabilité en écriture : par la méthode
de Seevink (voir Figure 2-12), par le balayage de la bitline (voir Figure 2-13) et par le balayage de la
wordline (voir Figure 2-14). La tension de rétention des données « DRV » dans une cellule SRAM est
la tension minimale pour maintenir les données dans les nceuds internes dans une cellule mémoire en
mode « standby » (voir Figure 2-15). La consommation statique a largement augmenté avec les
technologies CMOS avancées. Durant le mode de rétention, la consommation statique est la principale
contribuable & la consommation totale de la mémoire SRAM (Equation 2-2). Durant le mode de
rétention de données, les transistors d’accés sont ouverts, et la tension d’alimentation est ramenée
jusqu’a la tension de rétention (DRV) afin de réduire la consommation statique [37]. L’influence de la
diminution de Vpp sur les courants de fuite est illustrée dans la Figure 2-16. Cette Figure montre
qu’une réduction de Vpp avec 40% provoque une diminution d’environ 70 % en terme de
consommation statique. La diminution de Vpp durant le mode de rétention est une méthode tres
14
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bénéfique permettant réduire 1’énergie statique consommeée. Cependant, cette option peut provoquer la
destruction des données dans les nceuds internes de la cellule (hold failures). Donc, il faut faire un
compromis pour diminuer la consommation tout en gardant la fiabilité. La stabilité en lecture et en
écriture sont les principaux métriques qui définie la stabilité de la cellule SRAM. Ces deux marges

Mee o Mpp _ MDpp

Tow' P = 0 Y =1,
Afin de concevoir des cellules SRAM avec une bonne marge de stabilité en écriture, le transistor PU

dépondent de la robustesse des facteurs o, p and y: a = andy

(Figure 2-7) doit étre plus petit que le transistor PG (augmenter le facteur o), de méme le transistor PD
doit étre plus grand que le transistor PG pour garantir une marge de stabilité en lecture acceptable
(augmenter le facteur B). La relation (2-6) montre que 1’amélioration du « WM » est limitée par la
dégradation du « SNMRgeap ». Similairement, 1’amélioration de la stabilité en lecture est limitée par la
taille du transistor PD, qui définie indirectement la surface occupée par la cellule qui doit étre la plus
petite que possible vu sont impact sur la surface totale de la mémoire. L’optimisation de la cellule
SRAM doit étre faite toute en minimisant le nombre d’échec durant I’opération de lecture ou
d’écriture.

Vu la surface occupée par la cellule dans un systeme sur puce « SoC » beaucoup de compromis doit
étre tenue en compte, ceci rend la conception d’une cellule SRAM bien optimisée trés délicate. La
cellule SRAM devient plus sensible et la probabilité aux échecs « failures » augmente si le
dimensionnement de la cellule ne tient pas compte de ces compromis. Méme si la cellule est optimisée
elle peut etre affectée par d’autre sources de « failures » comme la variation du « Process-Voltage-
Temperature », le vieillissement, «the random telegraph noise » ... etc. ces perturbations impactent
directement la tension d’offset de I’amplificateur de lecture ainsi que le délai ce qui provoque des
échecs au niveau du fonctionnement la cellule mémoire. Afin de concevoir une mémoire SRAM ayant
un rendement acceptable, il faut prendre de la marge afin d’anticiper ces effets indésirables.

Comme il I'a déja été expliqué précédemment, la diminution de la tension d’alimentation est la
méthode la plus utilisée pour réduire la consommation totale dans une mémoire SRAM. La tension
d’alimentation minimale (Vmin) dans un SoC est limitée par la tension Vmin de la mémoire. Dans une
SRAM, la tension Vmin est limitée principalement par la stabilité en lecture et en écriture de la cellule,
puisque la stabilité en lecture SNM et celle en écriture WM dans une cellule 6T standard sont deux
métriques inversement proportionnel. Ceci crée une limitation en terme de Vmin. La tension minimale
pour une cellule SRAM est le maximum entre VDDwmin, snvw et VDDwmin, wm. Avec VDDwin, snv et
VDDwin, wv présentent la tension d’alimentation minimale correspondant 8 SNM 2 0 mV et WM 2 0
mV respectivement. Le fonctionnement de la cellule standard 6T a trés basse tension avec un

rendement acceptable est un défi, puisque ces deux métriques de stabilité en lecture et en écriture
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seront déegradés et ils ne peuvent pas étre optimisé en méme temps. Les recherches et les prédictions
ont montré que VDDwmn de la cellule 6T est au alentours de 600mV [38].
Durant les derniéres années, deux axes de recherches sont prédominants dans le but de concevoir des
mémoires SRAMs fonctionnants a tres basse tension d’alimentation. Le premier axe consiste a
I’utilisation de la cellule 6T avec des techniques d’assistances pour I’opération de lecture et d’écriture
permettant de fonctionner a des tensions plus basse. Cependant, ’utilisation de ces techniques aura
comme impact I’augmentation de la complexité au niveau de la périphérie et le rajout de plus de
source de consommation. Le deuxieme axe consiste a chercher d’autres architectures de cellules
SRAM qui seront capables de fonctionner en tension de sous le seuil sans avoir besoin d'étre aidées
par des circuits d’assistance.
Afin de résoudre les limitations en terme de WM et SNM a tres basse tension dd au conflit au niveau
du dimensionnement des transistors, les cellules dites favorisées en lecture ou en écriture sont apparus
dans I’état de I’art, basé sur le principe de 1’amélioration de la stabilit¢ de lecture au détriment de la
stabilité d’écriture et vice-versa, ceci par 1’ajustement de la taille des transistors (W et L) et par
I’ajustement de la tension de seuil Vin de la cellule mémoire [39]. En méme temps, afin de compenser
la dégradation de la stabilit¢ d’écriture WM ou la stabilité de lecture SNMreap des techniques
d’assistance d’écriture ou de lecture doivent é&tre utilisées. Pour concevoir des cellules SRAM
favorisées en écriture, le facteur a doit avoir la valeur la plus grande (voir la relation 2-6). Ceci en
rendant les transistors PG plus forts que possible ou en rendant les transistors PU plus faibles.
Plusieurs techniques existent pour compenser la dégradation de la stabilité en lecture. Parmi les
techniques les plus utilisées: la diminution de la tension Vss [40] (Figure 2-22) et la diminution de la
tension du signal « WL » (Figure 2-23). Similairement, pour obtenir des cellules SRAM favorisées en
lecture, on doit maximiser les facteurs et y. Ceci s’obtient en rendant les transistors PD plus forts ou
en rendant les transistors PG et PU faibles. Pour compenser la faiblesse de la stabilité d’écriture dans
ces cellules, plusieurs circuits d’assistance sont utilisés : I’application d’une tension négative au
niveau de la bitline (I’écriture d’un « 0 ») (voir Figure 2-24), I’augmentation du niveau de tension dans
le signal wordline [45] (voir Figure 2-25). La réduction de la tension d’alimentation ou I’augmentation
de Vss (Figure 2-26). Durant ces derniéres années, des nouvelles architectures de cellules SRAM ont
été proposees pour résoudre la limitation de la tension Vmin de la cellule 6T standard. Une excellente
idée est apparu consiste a séparée le chemin de lecture de celui d’écriture, ceci grace a I’utilisation
d’une porte de lecture séparée au niveau de la cellule. Basé sur le fait que la marge de bruit statique
d'une cellule 6T en mode de rétention est supérieure a celle en mode de lecture et qu'il a une limitation
en terme de SNM puisqu’elle est inversement proportionnel a la stabilité en écriture WM. Les
nouvelles architectures ayant une porte de lecture séparée ont une marge de stabilité en lecture
16
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SNMRgeap égale a celle en mode de maintien SNMuoLo de la cellule SRAM 6T standard comme
illustré dans la Figure 2-27.

La Figure 2-28 montre que la dégradation de la marge de lecture SNM dans la cellule 6T en réduisant
la tension d’alimentation ce qui rend le fonctionnement a trés basse tension susceptible aux erreurs
méme dans le cas ou des circuit d’assistance de lecture et d’écriture sont utilisées. La cellule 8T
possede une marge de stabilitt SNMgreap acceptable a trés basse tension sans avoir besoin de circuit
d’assistance de lecture ou d’écriture. Cependant une pénalité au niveau de la surface occupée par la
cellule ayant un port de lecture séparé doit étre tenu en considération. La tension d’alimentation
minimale Vmin est limitée principalement par la dégradation de WM et SNM dans la région de tension
de sous le seuil. Plusieurs nouvelles cellules SRAM sont apparues pour rendre le fonctionnement a
tres basse tension possible. Les cellules SRAM 8T dans la Figure 2-29 (a) et celle en 2-29 (b) sont
proposées comme solution pour éliminer la perturbation dans les cellules & moitié-sélectionnées durant
les opérations de lecture et d’écriture. La cellule 8T (Figure 2-29 (b)) contient deux transistors PG en
séries permettant la réduction des courants de fuite mais provoque la dégradation de la marge de
stabilité en écriture WM et du courant de lecture d0 au chemin résistive. La Figure 2-29(c) présente la
cellule SRAM 7T [47] [48] dissymétrique et ayant un port de lecture separé pour améliorer la stabilité
en lecture SNM, cependant la marge de stabilité en écriture WM est faible dans cette cellule d0 a
I’acceés d’une seul coté. La Figure 2-29(d) illustre la cellule 8T standard [49] [50] largement utilisée
pour des applications a haute fréquence et aussi pour les applications tres basse tension.
L’inconvénient de cette cellule c’est la limitation du ratio lon/lorr. La Figure 2-29(e) présente la
cellule SRAM 10T proposée dans [51], cette cellule contient deux ports de lecture séparés,
I’inconvénient de cette cellule c’est I’impact négatif des courants de fuite a trés basse tensionsur
I’opération de lecture. La Figure 2-29(f) illustre une cellule 10T dissymétrique avec 1’accés d’un seul
coté pour I’opération de lecture, cette cellule utilise aussi un nouveau port de lecture permettant la
réduction de I’impact des courants de fuite. Une cellule SRAM 8T appelée ZIGZAG est présentée dans
[52] (Figure 2-29(g)) permettant I’amélioration du courant de lecture, cette cellule souffre d’un conflit
entre le courant de fuite au niveau de la bitline et le courant de lecture. Figure 2-29(h) présente une
autre cellule 10T VGND [45]. Plusieurs nouvelles architectures de cellule SRAM sont apparues durant
ces deux dernieres décennies permettant le fonctionnement de la memoire SRAM en tension sous le
seuil. La différence entre ces différentes architectures est la stabilité en écriture et en lecture (WM et
SNM), I’immunité face aux perturbations (les cellules & moitié sélectionnées), le mode de lecture
(«signle ended » ou « différentiel ») et la surface. D’une autre coté, les deux problémes qui n’ont pas

été evoqué dans la littérature sont la consommation parasite dans les cellules a moitie sélectionnées et
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les erreurs de lecture a tres basse tension due a la faiblesse du facteur lon/lorr, ces problématique vont

étre adressé dans le chapitre 3.

Le chapitre 2 s’est focalisé sur les avantages de la réduction de la tension d‘alimentation afin
d’atteindre le point optimum d’énergie dans la mémoire SRAM. Comme discuté précédemment, deux
axes de recherche sont prédominants dans les travaux récents. Le premier consiste a 1’utilisation de la
cellule 6T dimensionnée pour favoriser la lecture ou I’écriture avec I’utilisation des techniques
d’assistance. Alors que le deuxiéme axe consiste a utiliser d’autres architectures de cellule permettant
la fonctionnalité a trés basse tension sans besoin d’utiliser des circuits d’assistance. C’est dans cette
direction que ce travail de thése s’est focalisé. Des nouvelles architectures de cellules sont recemment
proposées comme étant des solutions pour la limitation de la cellule 6T en terme de Vwmin.
Malheureusement, ces nouvelles architectures sont limitées par : la faiblesse de leur rapport lon/lorr a
tres basse tension, I’échec de 1’opération de lecture en tension sous le seuil et la faiblesse de leur
immunité face aux perturbations.
Ce chapitre présent deux propositions de cellules (10T) fonctionnant a une tension d’alimentation
égale a 300mV, ces cellules ont été fabriquées en technologie 28nm CMOS bulk. Les résultats de
simulation sont confrontés aux résultats expérimentaux afin de valider les caractéristiques des cellules
en tension sous le seuil. Les cellules sont proposées avec ’idée de séparée 1’opération de lecture de
celle d’écriture, ceci a permis d’apporter une solution a la limitation de la cellule (6T) en terme de
stabilité de lecture et d’écriture (WM et SNM). Dans ce contexte, les cellules 8T [55], 9T [56], 10T
[45] et 11T [57] sont apparus pour assurer la fonctionnalité a tres basse tension. La cellule 8T a été
proposée dans [58], cette cellule dispose d'un SNM en mode lecture égale a celui en mode de
maintien. Une étude comparative a été proposée concernant les cellules [45], [59] et [52]
respectivement (voir la Figure 3-1) fonctionnant a la tension sous le seuil en technologie 28nm
CMOS bulk.
Dans les semi-conducteurs, la mobilité et la concentration de porteurs de charge sont dépendantes de
la température. La Figure 3-2 illustre I’histogramme du courant de lecture, IcecL, de la cellule SRAM
10T [45] pour différente valeur de température (-40°, 27° et 125°), obtenu par simulation Monte Carlo
a tres basse tension Vpp=300mV (Figure 3 (& gauche)) et a tension nominal Vpp=1V (Figure 3 (a
droite)) respectivement. Le pic de la distribution dans la Figure 3-2 (a droite) présente la valeur de
courant, IceLL, la plus probable. La valeur de courant de lecture est plus petite a haute température a
tension nominale. Ce phénomene est di a la dégradation de la mobilité avec 1’augmentation de la
température. Cette tendance est inversée dans la plage de tension sous le seuil (voir la Figure 3 (a
gauche)). La génération thermique de paires électron-trou contrebalance la dégradation de la mobilité
18
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a trés basse tension. La diffusion de la distribution est variable a trés basse tension (ULV) alors qu’elle
est constante pour Vpp=1V. La Figure 3-2 (& gauche) montre que le courant de lecture est tres faible a
basse température a basse tension.
Dans les applications haute frequence, un amplificateur de lecture est utilisé quand la cellule SRAM
est accédée, afin de détecter une certaine difféerence de voltage entre les deux bitlines dans le but
d’accélérer I’opération de lecture. Malheureusement, avec la réduction de la tension d’alimentation les
courants de fuite augmentent exponentiellement et provoquent la décharge des bitlines. L’opération de
lecture se passe normalement quand le rapport lon/lorr est élevé. Autrement dit, le courant de lecture
doit étre capable de décharger la bitline plus rapidement que la somme des courants de fuite qui
proviennent de la bitline vers les cellules SRAM non-sélectionnées dans une méme colonne
(ZILeak<Iread). La réduction de la tension Vpp réduit fortement la valeur moyenne du courant de lecture
(Figure 3-3) et augmente I’impacte de la variation du process, tempréature et de la tension (PVT) sur
les performances de la cellule. Les courants de fuite des cellules non-sélectionnées dans le domaine
tres basse tension représentent un obstacle important qui provogque un dysfonctionnement durant
I’opération de lecture : pour cela une solution doit étre fourni pour réduire les courants de fuite. La
dégradation du courant de lecture dans une cellule donné par rapport aux courants de fuite générés par
les cellules non-sélectionnés de la méme colonne devient critique et provoque une défaillance dans le
fonctionnement durant I’opération de lecture, en particulier a haute température et lorsque la tension
d'alimentation est inférieure a 400 mV (voir Figure 3-2).
Un autre obstacle au bon fonctionnement de la mémoire SRAM & trés basse tension est les « soft-
error ». Dans les mémoires ou les circuits séquentielle, une perturbation « soft-error » (SE) est causée
par une particule d'énergie qui entre dans la puce et génére suffisamment de charges libres pour
basculer 1'état d’une cellule [60]. La sensibilité aux SEs est directement liée & la capacité de la cellule:
plus la capacité est petite, plus la sensibilité est grande [61]. La sensibilité aux SEs augmente avec la
réduction de la tension d’alimentation [62]. Les SES sont plus critiques en tension sous le seuil par
rapport a la tension nominal. La technique la plus utilisée pour éviter les perturbations ddes aux SEs
est d'entrelacer les bits (Bit-interleaving) comme indiqué sur la figure 4.3 (c), de telle sorte que les bits
logiquement adjacents ne sont pas physiquement adjacentes. Comme déja indiqué, la technique
d'entrelacement de bits peut résoudre plusieurs SEs a trés basse tension [45]. La Figure 3-5 décrit
I’opération de lecture et d’écriture. Quand une cellule est sélectionnée soit pour la lecture ou d'écriture,
toutes les cellules situées dans la méme ligne (connectées au signal WWL) sont a moitié-sélectionnées
et elles ont un potentiel flottant sur leurs bitlines. Ces cellules non sélectionnées souffrent de pertes
parasites durant les opérations de lecture et d'écriture, qui sont dues a un courant de décharge. Le
comportement parasite dans les cellules moitié-sélectionnées affecte directement la consommation
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d'énergie dynamique, comme c’est le cas dans la cellule standard 8T [58] et de la cellule 10T [45]. Au
cours d'une opération d'écriture, un courant parasite est injecté de Vpp a la bitline BLF comme indiqué
sur la figure 3-5 (b). Pour éviter ce phénomene, on doit sélectionner un seul mot par ligne.
Malheureusement, cette technique augmente le nombre de ligne, ce qui impacte négativement la
complexité de I'architecture de la mémoire SRAM. La mise en ceuvre d'une technique de multiplexage
est proposée ici pour permettre d’avoir plusieurs mots par ligne sans avoir des pertes de consommation
dans les cellules non sélectionnées. Une solution principale pour lutter contre le probléme du courant
parasite dans le port de lecture est d'utiliser une ligne de mot de lecture virtuelle (RWL_MUX)
accessible par le port de lecture constitué d'un simple transistor (M9, M10 a la figure 3-6 (a)) dans une
configuration multiplexé. Cette solution est censée offrir un temps de lecture minimum (port de lecture
compsé d'un seul transistor).
La figure 3-6 (a) montre le schéma de la cellule proposée 10T-MUX SRAM. Cette cellule symétrique
comprend deux inverseurs en téte-béche et deux transistors d'acces en série de chaque coté permettant
I'utilisation d'une technique d'entrelacement de bits. Ceci garantit un chemin résistif entre la bitlines et
les nceuds de données internes. Les transistors de lecture sont utilisés pour transférer les données sur
les lignes de bits de lecture (RBLT, RBLF). Figure 3-6 (b) montre le dessin de masque de la cellule
proposée concu en technologie CMOS 28nm occupant 0.8um? de surface. Les transistors dans le
chemin de lecture ont été dimensionnés afin d'obtenir une valeur de SNM a tres basse tension
acceptable. Afin d'obtenir un fonctionnement correct pendant lI'opération d'écriture (pour éviter les
courants parasites entre les lignes de bits et le signal RWL_MUX), la cellule 10T-MUX nécessite
I'utilisation de quatre lignes de bits. Une technique de codage figée a été introduite pour résoudre la
probleme des cellules a moitié-sélectionnée [57]. Cette technique consiste a multiplexer le signal de
RWL_MUX en fonction du nombre de mots par ligne. Cette option permet de sélectionner un seul mot
pendant l'opération de lecture et d'éliminer les pertes dynamiques parasites des lignes de bits non
sélectionnés (Figure 3-6 (c)).
Il 'y a donc une consequence évidente due a cette technique sur la complexité de la cellule et de la
périphérie. Le principe de fonctionnement de la cellule mémoire 10T-MUX est illustré dans la figure
3-7 (a). En outre, la cellule 10T-MUX présente une limitation due a l'injection de charge de la ligne de
lecture flottante. C'est donc la raison principale pour laquelle une autre solution de cellule est
considérée. Figure 3-9 montre le schéma de différentes ports de lecture dans la littérature (port de
lecture standard avec un seul transistor MOS, port de lecture ayant une masse virtuelle (VGND) et le
port de lecture a sélection croisée XY proposé. La cellule mémoire 10T-MUX dans la figure 3-6 avec
les signaux multiplexés RWL représente une solution pour éviter la consommation d'énergie due aux
phénomenes parasites. Malheureusement, cette technique est complexe, car nous ne pouvons pas
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empiler plus que deux mots par ligne et le fait que le décodage de ces signaux multiplexés va ajouter
plus de contraintes sur le décodeur des lignes ce qui rend la tache du concepteur assez difficile. Le
schéma proposé de la cellule 10T-XY SRAM est présenté dans la Figure 3-16. Cette cellule se
compose de deux inverseurs CMOS couplés en téte-béche, deux transistors d'acces en série comme
dans la cellule mémoire 10T-MUX sur la Figure 3-6 et un port de lecture en selection croisée XY
(comme dans la Figure 3-9). Les transistors de lecture sont utilisés pour transférer les données internes
vers la ligne de bit de lecture (RBLF). Comme représenté dans la Figure 14.03, I'impact du courant de
fuite dans les celulles non sélectionnées au niveau d’une colonne devient négligeable, grace a
I’application d’une tension négative a la grille du transistor M10 (Figure 3-16) dans le port de lecture
XY: ce qui a permet de resoudre les problémes de défaillance Durant I’opération de lecture. Le
principe de fonctionnement de la cellule 10T-XY est rapporté dans la figure 3-7 (b) avec les
histogrammes des signaux de commande. Le tableau 3.2 présente le réglage des signaux de commande
pour chaque mode de fonctionnement dans la cellule 10T-XY. Les deux cellules SRAM 10T
proposées sont comparées a ceux de [45], [59] et [52] (Figure 3-1 respectivement (a), (b) et (c)). La
cellule mémoire 10T-XY est la meilleure en terme d'énergie consommer puisque cette cellule permet
d'éviter les pertes d'énergie dynamiques, réduit le temps de lecture et en méme temps la consommation
durant 1’opération de lecture. La cellule 10T-XY est a ce jour la meilleure candidate en termes de
courant de fuite par rapport aux autres cellules (72% de moins par rapport a la 10T VGND). Les
cellules proposées ont été congues et caractérisees sur une large plage de tension. Les mesures sont
comparées aux résultats de simulation. La Figure 3-18 montre les courbes papillons expérimentaux
pour la cellule 10T-XY pour divers tension d'alimentation a 25 °C. La Figure 19.3 présente les
mesures de SNM en fonction de la tension d'alimentation pour différentes températures. Les cellules
proposées ont plus de 50 mV de SNM a 25 °C pour une tension d’alimentation égale a 300mV, ce qui
garantit une marge acceptable pour la lisibilité. Le fonctionnement des circuits en sous le seuil devient
de plus en plus attractif grace a la consommation ultra-faible a tres basse tension. Malheureusement, la
réduction de la tension d'alimentation s’accompagne d'une importante limitation dans le temps d'acces
en lecture qui empéche le fonctionnement a haute fréquence et limite le champ d'applications
possibles.
Le temps d'acces dans le domaine de 1’ultra-basse tension est principalement dicté par le courant de
lecture de la cellule SRAM et la capacité effective de la bitline. Ce chapitre présente deux
contributions permettant un fonctionnement a trés basse tension des cellules SRAM proposées au
chapitre 3. Un amplificateur de lecture optimisé (SA) est d'abord détaillé. Un circuit de répliqua est
ensuite introduit pour prendre soin des impacts de la variabilité et pour fournir des informations
synchronisé dédié pour I'opération du SA. Les travaux sur les mémoires SRAM dans 1’état de I’art ont
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montré que la tension optimale qui permet d’avoir une énergie minimale est de 1’ordre de 300mV pour
les technologies Sub-90nm [15]. Dans le domaine de fonctionnement ultra-basse tension, la fréquence
de fonctionnement est trés faible, puisque Le temps d'acces en lecture est affecté négativement par une
dégradation du courant de lecture de la cellule mémoire et puisque la variabilité augmente dans cette
plage de tension. La technique la plus utilisée pour assurer 1’opération de lecture est la technique
« full-swing » [17]. Malheureusement, cette technique est un processus lent (grand retard). Il y a donc
un intérét pour optimiser les amplificateurs de lecture (SA) a la fois pour les cellules « single-ended »
et différentielles dans la plage de tension sous le seuil. La littérature reporte que la tension de
fonctionnement minimale des amplificateurs de lecture et au alentour de 500 mV a cause de
I’augmentation du « mismatch » a trés basse tension [54]. Dans ce chapitre, les avantages de la
technologie FDSOI par rapport a la technologie CMOS bulk est détaillé en premier. La motivation et
les principales limites de la détection des données en ULV sont ensuite présentées. Un amplificateur
de lecture optimisé est illustré permettant d'améliorer le temps de lecture de la cellule proposé 10T-
XY. Un nouveau circuit de répliqua avec une tolérance aux variations « PVT » est présenté et enfin
une technique d’adaptation permettant d'optimiser I'opération de détection dans un SA est proposée.
La technologie CMOS bulk est confrontée a de nombreux défis pour répondre aux exigences du nceud
technologique 28nm. Deux principales limites sont la variabilité et I'électrostatique [72]. La
technologie « Ultra-Thin Body and BOX, Fully Depleted SOI » (UTBB FDSOI) est apparu comme
une alternative pour les futurs circuits intégrés avec moins de variabilité que dans le cas du CMOS
bulk [72]. La polarisation arriére « back-biasing » consiste a appliquer une tension juste sous la BOX
des transistors cibles [70]. Il en résulte la modification de la commande électrostatique des transistors
et le décalage de leur tension de seuil. Ceci permet d'avoir plus de courant (rendement élevé), en
contre partie le courant de fuite augmente (plus de consommation statique) comme le montre la figure
3.4 (c). Dans le cas de L'application du « Forward Body Bias» (FBB), la tension de seuil Vth diminue
ce qui résulte a I'augmentation du courant (amélioration de la fréquence de fonctionnement), mais avec
l'augmentation du courant de fuite (plus de puissance statique). Dans le cas de 1’application du
« Reverse Body Bias » (RBB), la tension de seuil Vth augmente ce qui provoque la dégradation du
courant (dégradation de la fréquence), mais s’accompagne de la diminution du courant de fuite
(réduction de la consommation statique).
La figure 4-5 présente les solutions qui permettent d'adapter le comportement des transistors en
fonction des spécifications: les transistors LVT améliorent la fréquence de fonctionnement et les
transistors HVT améliorent le rendement énergétique. Le fonctionnement de la mémoire SRAM dans
le domaine de 1’ultra-basse tension est trés attractif pour réduire la consommation. Malheureusement,
la plupart des applications n’ont pas besoin seulement de l'efficacité énergétiqgue mais aussi d’une
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plage acceptable de frequence. Cependant, la fréquence de fonctionnement est limitée par des valeurs
excessives de temps de lecture (comparée au temps d'écriture, Figure 4-8). La figure 4-9(a) représente
un cycle de lecture d'une mémoire SRAM classique. Dans un premier temps, la capacité de la bitline
est pré-chargée a travers un transistor PMOS. Ensuite, en fonction des données stockées, soit la ligne
de la bitline de lecture est déchargée, soit elle reste chargée pendant l'opération de lecture. Enfin,
I'amplificateur de lecture est activé et en fonction de la valeur dans les deux bitline de lecture, la
donnée de sortie prend la valeur "0" ou "1". La figure 4-9 (b) illustre le temps de réduction cible dans
les élements de decharge et de détection. Nous ciblons d’optimiser deux composantes de temps: le
temps de décharge et le temps de détection. Le délai de décharge acceptable de ligne de bit afin de
garantir une opération de lecture réussie est difficile a prévoir. La Figure 4-10 présente les circuits de
détection de 1’opération de lecture pour les petits et les grands signaux [74]. Cependant, la dégradation
du courant de lecture et I'augmentation de la variabilité provoquent la dimunition du temps de lecture
ce qui limite la fréquence de fonctionnement possible dans la plage de tension sous le seuil.
C’est pour cette raison que l'utilisation de la technique de détection «full swing » en ULV n’est pas
aussi avantagieuse. Donc, l'utilisation d'un amplificateur de lecture est primordiale. L’équation 4.1
évalue le temps de décharge pour une tension différentielle, AVgL, qui occupe une grande partie du
temps de lecture (Figure 4-9). Le tableau 4-1 présente I'évolution du temps de décharge des bitlines
pour atteindre une différence de voltage AVeL, pour des tensions d’alimentation égalent a 300mV et
1V. Les résultats sont obtenus par simulation du chemin critique (une matrice de 128 cellules x 64
cellules différentielle 10T-XY, comme illustré a la Figure 4-11). Le tableau 4.2 illustre les valeurs de
temps de lecture avec en utilisant un amplificateur et en utilisant la technique full-swing ». Si on
résume, dans la plage de tension sous le seuil, il y a deux principales limitation pour l'opération de
lecture en utilisant la technique « full-swing »: la limitation du nombre de cellules mémoire qu’on peut
empilés dans une colonne a cause de la capacité de la bitline et la dégradation du courant de lecture,
d'ou la dégradation du temps de décharge. Ainsi, afin d'améliorer la fréquence de fonctionnement en
ULV, nous nous sommes concentrés sur la solution qui consiste a l'utilisation d’un SA dans une plage
de tension ultra-large [300mV, 1.3V].
L’amplificateur de lecture « SA » est le composant le plus critique dans la périphérie de la mémoire
SRAM. Le role d’un SA est d'amplifier la tension d'entrée différenticlle, AVeL, développé entre les
deux bitlines. La différence de voltage minimale, AVmin, est limitée par 1’offset du SA. La tension
d’offset est dii au « mismatch » dans les transistors a I'entrée du SA. Au moment du déclenchement, la
tension d'entrée différentielle AVgL doit étre supérieure a I'offset: AVeL>VorrseT. Les performances de
I’amplificateur impact directement le temps d’acceés en lecture de la mémoire et la consommation
dynamique. Plusieurs architectures d'amplificateurs ont été proposées dans I'état de I’art. Le SA a base
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de « latch » [75] [76] est le plus utilisé dans les mémoires SRAM grace a un compromis favorable en
terme de la consommation d'énergie et de la vitesse (le temps de reaction du SA). La Figure 4-13
présente deux types d'amplicateurs. Le « VLSA » [77] (figure 4-13 (& gauche)) amplifie la difference
de voltage, AVgL, développée entre les deux bitlines. Le second, ¢’est 1'amplificateur de détection de
courant (CLSA) [78] (figure 4-13 (a droite)) qui amplifie une différence de courant crée par la
différence de tension développée entre les deux bitlines. D'une part le VLSA est meilleur en terme de
temps de réaction et occupe moins de surface que le CLSA (deux transistors NMOS supplémentaires).
D'autre part la CLSA n'a pas la méme contrainte que la VLSA en termes de précision nécessaire pour
le signal SAEN afin de séparer clairement les nceud d'entrée et de sortie, les nceuds de sortie servent
comme des nceuds d'entrée par le biais des transistors d'accés PMOS dans le VLSA (MPO et MP3 dans
la figure 4-13 (gauche)) [79].

Des simulations « Monte Carlo » sont appliquées aux amplificateurs VLSA et CLSA dans le domaine
ultra-basse tension. Malheureusement, il n'y a pas de points de convergence détectés pour
I’amplificateur de type CLSA car elle a beaucoup de défaillance a cause du « mismatch » qui
provoque une large variation du courant de lecture. Cela rend I'opération du CLSA presque impossible

en ULV. C'est la raison pour laquelle on s’est intéressé a 'amplificateur de lecture en mode tension.

L'amplificateur de lecture a base de « latch » (voir la Figure 4-15 (gauche)) est largement utilisé dans
les mémoires standards car il présente une grande impédance d'entrée et il offre un gain en tension
élevé avec un circuit simple. Dans ce qui suit, seul I’amplificateur de type VLSA est considéré. La
cellule mémoire proposé 10T-XY posséde une configuration « single ended » (une seul bitline de
lecture). Par conséquent, afin d'accéder aux données internes de la cellule en mode de lecture,
I'utilisation d'un amplificateur de lecture déséquilibré est nécessaire (voir la figure 4-15 (a droite)),
comme c’est le cas pour la mémoire DRAM. Selon l'architecture de la cellule, la détection du SA peut
étre différentielle comme c’est le cas pour la cellule 6T ou asymétrique similaire au cas de la cellule
8T standard (un seul port de lecture est utilisé). Afin de valider la faisabilité de la détection du SA en
tension sous le seuil, Deux configurations d’amplificateur de lecture (différentiel et désequilibrée
VSA) ont été congus pour les cellules ULV asymétriques et différentielles. La tension différentielle de
la bitline minimale est limitée par 1’offset du SA. La technique la plus utilisée pour réduire I’offset est
assurée par I’augmentation des tailles des transistors critiques. D'abord, un amplificateur différentiel
VLSA (la figure 4-15 (a gauche)) est congu. Les signaux des nceuds internes sont présentés dans la
figure 4-16 pour Vpp égale a 280 mV et 1V respectivement. Le « Forward Body-Biasing » est évalué a
0V, 280 mV et 1V respectivement. Comme le montre la figure 4-16(a) le temps de réaction du VLSA
pour une tension d'alimentation de 280 mV est largement réduite (environ 80%) grace au FBB.
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Cependant, le FBB n’a pas d’impact sur le rendement du SA a la tension nominale comme montre sur
la Figure 4-16 (a droite). La Figure 4-17 confirme l'avantage de I'application d'une polarisation en
arriere pour améliorer les performances: la réduction du temps de réaction du SA de 80% a Vpp=280
mV et de 13% a Vpp=1V avec un FBB=1.2V. La probabilité de défaillance dépend beaucoup de la
variation de la tension de seuil. Avec la réduction de la tension d’alimentation, la variation du Vt (cvin)
devient la plus grande source de défaillances durant 1’opération de lecture. La tension d’offset
correspondant a la tension d'entrée différentielle minimale pour laquelle le SA réalise I'opération de
lecture avec zéro défaillance dans les pires conditions. Les Figure 4-18 (a) et (b) présentent la
probabilité de défaillance d'un amplificateur différentiel de lecture optimisé a 280 mV et 1V
respectivement. En conséquence, 1’amplificateur différentiel optimisé en technologie 28nm FDSOI a
une valeur d’offset égale a 40 mV a Vpp=280 mV et 30 mV a Vpp=1V, ceci reste inférieur a la valeur
courante de tension d’offset dans I'état-of-the-art (50mV). Un amplificateur asymétrique VLSA est
alors concu et optimisé en 28nm FDSOI pour la cellule 10T-XY « single-ended » proposeée (figure 4-
20 (b)). Cet amplificateur est plus sensible a la variabilité a cause de son architecture déséquilibrée.
Ceci explique l'augmentation de la tension d’offset comparée a I’amplificateur différentiel (comme le
montre la Figure 4-19). La tension d’offset du SA asymétrique est égale a 100 mV a Vpp=280 mV et
60 mV a Vpp =1V. Afin de valider la fonctionnalité et pour estimer la consommation d'énergie des
deux VSA (différentiel et déséquilibrée), des simulations Monte Carlo sont effectuées pour évaluer le
chemin critique (avec divers scénarios de nombre de cellules empilés par colonne: 32, 64, 128, 512,
1024) avec la cellule 10T-XY «single ended » (figure 4-20 (b)) et la cellule 10T-XY différentielle
(vpoir la figure 4-20 (a)).
Le tableau 4.3 présente I'évaluation de I'énergie pour les deux amplificateurs de lecture optimisés
durant I'opération de lecture. Selon le tableau 4.3(a) I’application du FBB avec une valeur égale a 1V
aura pour résultat I'augmentation de la consommation totale d'énergie par 36,15% par rapport au cas
ou la valeur du FBB est égale & 0V pour I’amplificateur différentiel VLSA et par 9,7% pour le « single
ended ». Par conséquence, 1’application du FBB permet d'améliorer le temps de reaction du SA (acces
temps en lecture) mais en contre partie elle résulte a l'augmentation de la consommation d'énergie
statique. Il y a donc un compromis entre la consommation d'énergie et la fréquence de fonctionnement
qui doit étre pris en compte.
L'équation (4-1) indique que la capacité de la bitline et le courant de lecture sont les deux principaux
parameétres qui influent sur le temps de décharge de la bitline afin de développer une tension d'entrée
differentielle, AVeL, supérieure a la tension d'offset du SA. La capacitance de la bitline augmente avec
l'augmentation du nombre de cellules empilées par colonne et le courant de lecture dépend du
dimensionnement de la cellule. La figure 4-21 (a droite) présente la fonction de la densité de
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probabilité (PDF) de la durée de lecture pour divers nombre de cellules 10T-XY empilés par colonne
(32, 64, 128 et 256). Cette figure illustre I'augmentation de la variabilité et I'étalement du temps de
lecture avec l'augmentation de la capacité de la bitline. Ceci s’explique pour deux raisons: La faiblesse
du rapport lon/lorr et le I’augmentation du temps de lecture dans le domaine ultra-basse tension (voir
tableau 4.2), ce qui conduit au choix de la limitation de nombre de cellule empilées par colonne a 64
dans I’architecture de la mémoire congu, qui sera présenté dans le chapitre 5. Comme déja mentionné
au début de ce chapitre, le «back-biasing » peut étre utilisés dynamiquement pour augmenter ou
diminuer la tension de seuil. Une évaluation de I'impact de I'application de la polarisation arriere sur
les performances de la cellule est présentée. L’application du FBB au niveau de la cellule diminue la
tension de seuil mais augmente largement le courant de lecture ce qui se traduit par la diminution du
temps de lecture. Comme le montre la Figure 4-22, I’application d’une valeur FBB = 1V permet de
réduire le temps de lecture de 85% par rapport au cas ou la valeur du FBB est égale a OV.
Malheureusement, le « FBB » provoque l'augmentation du courant de fuite total de la cellule SRAM.
La figure 4-23 montre que I'application d'un FBB = 1.2V provoque I'augmentation du courant de fuite
total de la cellule 10T-XY de 80% pour Vpp = 300 mV et de 56% pour Vpp = 1V par rapport au cas
ou le FBB=1V. La méthode traditionnelle pour limiter 1’énergie consommée due a I'utilisation du FBB
est de I’utiliser d’une facon dynamique. Par exemple le FBB sera appliqué uniquement pendant
I'opération de lecture. Deuxiémement, il est possible de diviser la mémoire en deux, quatre ou
plusieurs blocs de matrice de cellules ou le FBB sera appliqué seulement dans le bloc sélectionné.
Malheureusement, ces techniques sont limitées car 1’énergie consommée reste significatif [81].
Une solution alternative doit étre explorée. La Figure 4-24 (b) présente la technique proposée
permettant la modulation de la tension de seuil dynamique par colonne, elle consiste a appliquer une
polarisation FBB sur le NWELL, seulement pour les cellules dans la colonne sélectionnée. Cette
technique permet de réduire considérablement 1’énergie consommeée par rapport a la technique de
I’application du FBB dynamique par bloc (voir la figure 4-24 (a)). La technique proposée s‘applique
sur le caisson NWELL dans les colonnes sélectionnées; cependant, comme indiqué sur la figure 4-
24(c): pour chaque cellule, il existe deux caissons NWELL. Ainsi, les deux colonnes qui sont
adjacentes a la colonne sélectionnée seront a moitié-sélectionnées (un caisson NWELL non polarisé et
l'autre polarisé a FBB). Une analyse de la marge au bruit statique d’une cellule moitié-sélectionnée
(SNMHuowp) a été effectuée. Cette étude confirme qu'il n'y a pas d'impact négatif dans le maintien de
données dans les cellules a moitié-sélectionnées. D'autre part, il est essentiel de vérifier le
comportement de la stabilité en lecture de la cellule SRAM face 1’application du FBB. La Figure 4-25
présente 1’évaluation du SNM pour la cellule 10T-XY pour différentes valeurs de FBB et de tensions
d'alimentation. La figure montre que 1’application de valeur excessive de FBB peut provoquer une
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dégradation de la marge de bruit statique surtout a ultra-basse tension ce qui va genérer des
défaillances de lecture. La cellule mémoire 10T-XY souffre de defaillance lorsque le FBB>1V pour
Vpp=350mV. Ce qui nous oblige a limiter la valeur de FBB a 1 V. La réduction de la tension
d'alimentation a pour résultat 1’augmentation de la variation de la tension de seuil. Ceci impacte
directement les performances de la mémoire SRAM. Un amplificateur de lecture et une répliqua sont
considérés comme une meilleure solution pour minimiser les impacts des variations PVT sur les
performances. Dans la section précédente, un amplificateur déséquilibré de lecture est congu ayant un
Vmin=280mV permettant d'améliorer le temps de lecture de la cellule asymétrique 10T-XY proposee.
Cette section aborde le circuit de répliqua, essentiel pour émuler le chemin critique de 1’opération de
lecture. Le temps d’accés de la mémoire SRAM est le principal limitant de la fréquence de
fonctionnement dans un SoC. Le temps d'acces de la mémoire dépend du courant de lecture de la
cellule la plus faible et de la bitline ayant la capacité la plus grande. Afin d'améliorer les performances
des SoCs, il est nécessaire d’avoir un temps d'acces rapide pour la SRAM [82]. Le temps de décharge
de la capacité de la bitline par la cellule sélectionnée au cours de I'opération de lecture est une partie
dominante dans le temps d'acces (Figure 4-9). Un amplificateur de lecture est utilisé afin de réduire le
délai d0 a la décharge de la bitline en amplifiant une petite différence de voltage développée entre les
deux bitlines. Une décharge partielle de la bitline réduit le temps d'accés et la consommation
dynamique. Un signal SAEN est nécessaire pour contréler le moment de l'activation du SA. Comme
représenté sur la figure 4-26, si le signal SAEN se déclenche avant que la tension différentielle
d'entrée ne dépasse la tension d'offset du SA, AVeL<Vortset, le SA amplifie aléatoirement AVeL et peut
donc causeé des défaillances.
Dans le cas ou, le signal SAEN se déeclenche trop tard (AVeL>Voffst), le temps d’accés et la
consommation dynamique augmentent. Il existe donc un moment optimal pour activer I'amplificateur
de lecture. Ce moment optimal dépend des variations globale et locale [83]. Le circuit du répliqua est
censé générer le signal SAEN dans le moment optimale a chaque condition PVT. Les circuits replica
ont été fréquemment utilisé dans la mémoire SRAM pour le contrdle du SA. Ceci afin d’optimiser le
temps de lecture en s’adaptant aux variations PVT. Dans cette section, nous allons analyser les
différents problémes liés aux circuits de répliqua et un nouveau circuit de répliqua sera proposé. Le
circuit de répliqua a éeté introduit dans [84]. Plusieurs architectures de répliqua sont apparus dans I'état
de l'art [83], [85], [86] pour émuler le chemin critique pour I’opération de lecture et d’écriture. La
Figure 4-27 présente un circuit de répliqua classique dans une mémoire SRAM [87]. Les signaux sont
comme suit (voir la Figure 4-26): I'adresse d'entrée est décodée et elle provoque 1’activation de la ligne
de mot correspondant a la cellule sélectionnée, ainsi que 1’activation de la ligne réplica « replica
WL ». La cellule SRAM sélectionnée commence a décharger la bitline de lecture. Dans le méme
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temps, un nombre fixe de cellules commencent a décharger la répliqua bitline: le signal de décharge
génerer par la bitline de répliqua est inversé et tamponneé pour générer le signal SAEN qui déclenchera
I'amplificateur de lecture. Enfin, le SA amplifie la différence de tension AV, qui doit étre supérieure
a la tension d’offset. Le signal de répliqua de la bitline est également utilisé pour faire la remise a zéro
du signal WL pour arréter la décharge de la bitline et économiser I'énergie [83].
Le délai de I'opération de lecture est constitué d'une part du délai des portes logique dans le decodeur,
le délai RC de la ligne de mots et finalement le délai de décharge de la bitline entrainés par la cellule
SRAM sélectionnée. Le délai causé par les variations PVT dans les portes logique est différent de
celui dans la bitline. En raison de la différence au niveau des Vi des transistors dans les portes logique
et les cellules SRAM, le taux de variation du délai est différent en réduisant la tension d’alimentation.
Il 'y a trois sources de délai dans l'opération de lecture: le délai RC dans la répliqua WL, le délai
correspondant au décharge de la bitline et le délai pour générer le signal SAEN dans la partie control.
La différence entre la variation du délai dans le réplica de celui dans la mémoire SRAM peut causer
des défaillances ou une dégradation des performances (un moment de déclenchement de SAEN non
optimum). Le délai de décharge de la bitline dans la répliqua causer par le « mismatch » peut étre
réduite en augmentant le nombre de cellules « conducteurs » dans la colonne de la répliqua [83]. La
Figure 4-29 illustre la distribution de probabilité de délai de la bitline et du signal SAEN: un
compromis entre la variation temporelle du signal SAEN due au « mismatch » et le délai de la bitline
doit étre fait pour éviter les échecs de l'opération de lecture et la dégradation des performances. Le
circuit réplica conventionnel utilise un seul chemin pour acheminer le signal de déclenchement de
réplica pour les opérations de lecture et d'écriture. Cependant, dans les cellules & double port et les
cellules avec un port de lecture séparé, le chemin de lecture et d’écriture sont séparés. On se basant sur
cette séparation, une nouvelle répliqua est proposeée permettant d’éliminer la ligne réplica et les
cellules « dummy » dans le décodeur, tout en assurant les mémes fonctionnalitées que la répliqua
standard avec des performances similaire. La figure 4-32 présente le principe de fonctionnement du
circuit répliqua proposé. La Figure 4-33 montre les formes des signaux d'horloges de lecture et
d'écriture générés par la répliqua proposée et la répliqua standard. La forme des deux signaux
d’horloge montre qu’il y a un peu de délai du a ’effet capacitif. La Figure 4-34 illustre le schéma de la
cellule standard 8T et la cellule double port 8T. La valeur de la capacité de la ligne de mot dans le
chemin de lecture est différente de la valeur de la capacité dans la ligne de mots dans le chemin
d'écriture. Cela se traduira par un délai de propagation différent entre les deux voies. Par conséquent,
pour tenir compte de ce délai, un délai (1,25ns @VDD=500mV) a eété arbitrairement ajouté.
L'utilisation du circuit de répliqua proposé permet de réduire la surface de silicium de 10 a 20% par
rapport au réplique standard, tout en assurant les mémes fonctionnalitées et performances. Le temps de
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réaction de I'amplificateur varie en fonction de la tension d'alimentation. Une largeur d'impulsion
optimisée correspond au cas le plus défavorable (worst case) de la durée de réaction SA a 3c. Dans les
mémoires SRAM standard, le bloc de contrdle contient une seule chaine de délai qui définit la largeur
d'impulsion SAEN dans la plage de tension d'alimentation nominale. Toutefois, la variation du temps
de réaction du SA et du délai dans la chaine d'inverseurs ne sont pas identiques a ultra large gamme de
tension (sub-Vt & above-V1) due aux variations PVT. Par conséquent, nous devons optimiser une
chaine de délai spécifique pour chaque gamme de tension correspondant au temps de reaction du SA
dans cette plage. La cellule « canari » est le circuit qui permet de générer le signal SAEN. La Figure 4-
35 présente la technique proposée pour optimiser la largeur de I’impulsion SAEN pour une plage de
tension ultra-large. La figure 4-36 illustre le circuit proposé, qui permet la sélection d’une chaine de
délai spécifique selon la tension d’alimentation en utilisant un détecteur de tension et un décodeur.
Cette technique est basée sur l'introduction de diverses chaines de délai dans les cellules canari
optimisées pour chaque plage de tension. Chaque retard est caractérisé pour fournir une largeur
d'impulsion optimisée pour la tension d'alimentation sélectionnée. Dans notre mémoire (chapitre 5), la
sélection de la chaine de délai est effectuée manuellement par le codage des bits dédiés en mode test.
Les circuits fonctionnant dans le domaine de 1’ultra-basse tension introduit de nouveaux défis vis-a-vis
des circuits de test. Pousser par I’avancement de la technologie et I’augmentation des besoins pour
répondre aux applications haute fréquence et basse consommation introduisent de nouveaux défis en
matiére de test, les concepteurs de circuit intégrés et des cartes de test ont migrés ensemble vers le
fonctionnement dans le domaine de 1’ultra-basse tension [88]. La réduction de la tension
d’alimentation a affaiblie I’'immunité face au bruit : cela se traduit par I’augmentation de nombre de
contraintes dans les testeurs pour les composants travaillant a trés basse tension. Le testeur doit étre
capable de driver et de recevoir des signaux avec des marges plus petites que le testeur standard [88].
Malgreé les techniques utilisées pour améliorer les testeurs pour satisfaire aux besoins des marges dans
la plage de tension trés basse, jusqu’aujourd’hui, il n’a y pas de testeur industriel capable de tester des
circuits fonctionnant en tension de sous le seuil. Ce chapitre décrit un prototype de mémoire SRAM
avec un BIST. Le prototype a été concu avec succes et en cours de fabrication dans la technologie
28nm FDSOI. Un apercu de la mémoire SRAM SYPHAX est fourni. Une évaluation de 1’énergie
consommeée, de la fonctionnalité et des performances est présentée. Finalement, la méthodologie de
test et le démonstrateur sont illustrés. La prétendue SYPHAX vise une mémoire SRAM pour des
systemes fonctionnant dans une plage tres large de tension (UWVR), avec deux modes: le premier
correspond au fonctionnement a haute performance (la tension d'alimentation est réglée a la valeur
élevée) et le second mode correspond au fonctionnement a basse consommation (la tension
d'alimentation est réglé sur une valeur de tension ultra-basse). Les applications cibles peuvent étre les
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systémes de nceuds de capteurs sans fils, les implants biomeédicaux et les objets connectés « internet of
things ». Le tableau 5.1 présente les caractéristiques de la mémoire et le tableau 5.2 présente les
conditions de fonctionnement de SYPHAX. Figure 5-1 montre le dessin de masque de la cellule
proposée 10T-XY congu en respectant les régles de dessin logique (DRC) en technologie 28nm
FDSOI, dans la configuration « flip well » (chapitre 4) avec une taille égale a 0,62 um?: il y a une
possibilité de gagner entre 30 a 40% en terme de surface de la cellule si nous appliquons I'optimisation
avec les régle de dessin spécifique aux mémoires SRAM (partage de contacts ...) cela n'a pas été fait
pour des contraintes de temps. Le tableau 5.3 présente les caractéristiques de la cellule 10T-XY en
termes de marge de stabilité en lecture et en écriture et en termes de la tension d'alimentation minimale
Vmin. La faiblesse de la marge de stabilité en écriture a basse température limite la tension
d'alimentation minimale a -40 ° C. C’est pourquoi nous avons une meilleure Vmin dans la plage de
température [0°C, 125°C]. Une mémoire SRAM fonctionnant dans une plage de tension ultra-large a
été concu contenant: la cellule 10T-XY asymétrique (chapitre 3), une technique de back-biasing »
permettant la réduction de temps de lecture, Un amplificateur de lecture asymétrique optimisé avec un
circuit de répliqua fonctionnant jusqu'a 300mV (chapitre 4), deux circuits de répliqua ont été
implanté: une standard et la répliqua propose présenté dans le chapitre 4 seront testés et les résultats de

silicium seront confrontés aux résultats CAD.

La mémoire SYPHAX est composée de quatre blocs matrice comme le montre la Figure 5-2. Chaque
bloc est composé de 64 cellules par ligne et de 128 cellules par colonne. La Figure 5-3 présente
I'organisation du bloc matrice. Le bloc de la matrice est divisée en 16 sous-blocs (présentant 16 bits
d'entrées / sorties). Huit colonnes composent chaque sous-bloc (MUX 8). Pendant le fonctionnement,
I'un des deux blocs matrice est sélectionné (blocs dans le haut ou dans le bas comme le montre la
Figure 5-2). Le circuit de répliqua standard est implémenté dans le bloc de matrice situé en bas a
droite tandis que la répliqua proposé est implémenté dans le bloc de matrice situé en haut a droite. Un
bit programmable est utilisé pour faire le choix entre les deux circuits répliqua. Le fonctionnement de
la mémoire SRAM en tension sous le seuil est beaucoup plus sensible au « soft error ». Cela est dii a la
tension d'alimentation inférieure dans les nceuds internes de la cellule en ULV [95]. La cellule 10T-
XY utilise la technique d'entrelacement de bits « bit-interleaving » dans la structure de la colonne, cela
permet le rejet de multiples « soft error » [96]. L’amplificateur de lecture asymétrique congu pour la
cellule 10T-XY est implémenté dans la mémoire SYPHAX comme le montre la figure 5-6. Le SA
possede deux entrées: la premiere correspond a la tension de référence (dans notre cas, Vpp) qui est
fourni par le RBL sélectionné (pré-chargée a VDD) des blocs non sélectionnés (TOP ou BOT). La
seconde entrée correspond a la RBL de la colonne sélectionnée en lecture des blocs sélectionnés. Cette
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méthode consiste a partager le SA déséquilibré entre les colonnes sélectionnées dans le bloc du haut et
celui du bas. Cela réduit le nombre d’amplificateurs nécessaires ce qui permet de la réduction de la
surface et la consommation d'énergie de la mémoire.
La Figure 5-8 présente les schématiques des « level shifters » (LS) implémentés dans la CUT
SYPHAX a I'entrée et a la sortie afin de fournir une plage de tension ultra-basse. L’ajout des LS est
indispensable car les testeurs ne fournissent pas de signaux de tension ultra-basse. Pour assurer une
fonctionnalité efficace dans la plage de tension sous le seuil, des bits programmables ont été ajoutés.
Le tableau 5.5 présente ces pins: le bit DC <0> est utilisé pour sélectionner I'opération avec ou sans
« self-timing », le bit DC<1> sélectionne l'un des deux délais optimisés qui définissent la largeur
d'impulsion SAEN pour la gamme de tension d'alimentation nominale et ULV. Les bits DC<2:3>
sélectionne le nombre de cellules conducteur dans le circuit répliqua (possibilité de choisir entre 1 a 5
cellules conducteurs). Enfin DC<4> active le « level shifter » qui fournit des valeurs négatives pour
les signaux XRWL dans les lignes non sélectionnées. Tous les résultats de simulation dans ce chapitre
sont bases sur des simulations « full cut » avec un simulateur rapide.
La Figure 5-10 présente des signaux simulés durant 1’opération de lecture/écriture a différentes lignes
d'adresse dans la mémoire, en utilisant le net-liste complete de la mémoire extraite a partir du dessin
de masque. La Figure 5-11 présente I'énergie totale par cycle et la fréquence de fonctionnement
maximale de la mémoire SYPHAX pour différentes valeurs de tension d'alimentation. Ces résultats
sont prisen TT et 25 ° C conditions. Le point d'énergie minimale de mémoire SYPHAX est égal a 2pJ
a Vpp=400 mV avec une fréquence de fonctionnement de 25 MHz. Alors que pour Vpp=1.3V,
I'énergie par cycle est égal a 15pJ et la fréquence de fonctionnement est égale a 1.5GHz. Il en résulte
une réduction de 1'énergie totale par cycle d’un facteur x8, entre les domaines a faible tension et de la
tension nominale. Il est a noter que le temps de propagation et de la consommation d'énergie des
« level shifters » sont prises en compte dans cette caractérisation. De l'autre c6té, la consommation
d'énergie du circuit générateur de « biasing » n'est pas prise en compte.
Le Tableau 5.7 compare les performances de la proposition mémoire SYPHAX n avec d'autres macros
SRAM dans l'état de I'art ciblant les applications ULV dans les technologies CMOS avancées. La
figure 5-12(a) représente la tension d'alimentation minimale .vs la technologie utilisée. Le Vmin de la
mémoire SYPHAX est égale a 300 mV, qui présente une valeur acceptable par rapport a d’autres
designs ULV dans le-state-of-the-art. Le travail dans [27] est un peu meilleur en terme de fréquence de
fonctionnement et au niveau de 1’énergie consommé a 350 mV. Comme indiqué précédemment la
faiblesse de la fréquence de fonctionnement en ULV est due a l'opération d'écriture: une correction
doit étre faite au futur afin d'améliorer ce point. Le travail dans [27] utilise une technique d’assistance
en lecture originale. Cependant cette technique ne permet pas de résoudre les défaillances en dessus
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de Vpp=400mV. SYPHAX est meilleur en termes d’économie d'énergie et de la fréquence de
fonctionnement a la tension nominale grace a l'utilisation de SA déséquilibre et l'utilisation la cellule
10T-XY atres faible courant de fuite (comme le montre la figure 5-12(e)).

Le test des memoires SRAM dans le domaine de I'ultra-basse tension est I'un des plus importants défis
dans la prochaine génération de mémoire faible consommation, ceci est en raison de la faiblesse des
testeurs industriels [88] : qui sont incapable de tester des IPs dans le domaine de tension sous le seuil
[88]. La méthode de test « DMT » est la technique qui utilise un appareil d'essai externe permettant
l'acceés aux nceuds internes de la mémoire. Le test est effectué sur les pins d'E/S. Le testeur est
responsable de la génération de pattern de test dans la mémoire, et de décoder les signaux de sortie. Le
testeur va alors faire la comparaison des données. L'avantage de cette méthode est que l'utilisateur peut
facilement changer les paternes de test de I’extérieur. Le test « DMT » est la méthode la plus utilisee
pour le test de dispositifs ULV. Cependant, cette méthode est limitée en termes de couverture de
défauts. Le built-in self-test (BIST) est le mécanisme de test de mémoire permettant d’avoir diagnostic
efficace. Un BIST spécifique a été utilisé pour tester la mémoire SYPHAX en tension sous le seuil et
dans la plage de tension nominale. La cellule 10T-XY propose et les techniques proposées (le chapitre
4) sont implémentées dans le CUT SYPHAX. Cette mémoire est intégrée dans un démonstrateur
concgu en technologie 28nm FDSOI. L'objectif de ce démonstrateur est de valider la fonctionnalité de
notre mémoire dans une large plage de tension (300mV<Vpp<1.3V) et de comparer les résultats en
termes de consommation, de la fréquence de fonctionnement et du rendement par rapport aux produits
SRAM industriels en technologie 28nm FDSOI. Ce travail cible la conception de mémoire SRAM
dans une large plage de tension avec trois objectifs: d'abord éviter les limitations concernant les
cellules fonctionnant en ultra-basse tension dans I'état de I'art en termes de consommation statique et
fonctionnalité. 2°™™ trouver des nouvelles architectures de cellule qui peuvent étre utilisées pour
concevoir une mémoire SRAM avec une large plage de tension de fonctionnement. Quelles techniques
peuvent étre utilisées pour assurer la fonctionnalité en tension sous le seuil? Et enfin, comment la

mémoire SRAM UWVR congu peut étre testée?

32

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

Contents

e ] O 1Y TR 3
AUTHOR’S PUBLICATIONS AND PATENTS ...ttt ettt sttt sttt s s s s sabas s s s ebban s s snban s s sennene s 8
RESUME ETENDU (FRANGAIS) ...ttt sttt sttt sbe et et e etesteaneenreanes 9
ABBREV AT IONS ..ottt ettt e ettt e e ettt eeesesa e e aeeetesssesa s eaeeeeeeesesa s e seeeteeeseass s baeetetesssessnrareeeeees 36
[ ST IO i ot K0 1 i 37
[ ST IO i I X = T 41
INTRODUGCTION L.ttt et ettt e e et e ta et eteeesssae e aeeetesssesa st aseeeteessasa s taseteeessnesassbaeeteeesesannsnreees 42
1. TECHNOLOGY LIMITATION AND ALTERNATIVE TECHNOLOGIES.........ccoovcieeieveiiieenen, 43
2. DYNAMIC VOLTAGE SCALING ..ottt ettt e ettt s e s st it e s e s s bb e s e s sbae s e s sbaeesssabbaaeeans 49
2.1  STATIC ENERGY REDUCTION ...iicuveiieiitteitesisseesesissessssssssssssasssssssssssssssasssssssssssesesssssesssssssssssssssssssssssssssssns 49
2.2 DYNAMIC ENERGY REDUGCTION 1.uttitetiiiiettretttetesssasissesstesesssasesssesssesssssmmsssssssessssinmsssesssessssimmrssseeeeeessnn 50

3. PREVIOUS ULV DESIGN WORKS ... ..ttt sttt sttt e ettt a e sttt s e s st ae s e s sba e s e s sbae s s s sbbeesssbbeaesans 50
4, THESIS CONTRIBUTION. ....cctttiiiii ittt et e st e sttt ee e s se sttt esesssasib e baeeteeesssastabeetteeessssssrbrreeteeessrnies 51
STATE OF THE ART OF ULV SRAIM ..ottt ettt ettt ettt ettt e e sttt s s st ae s e s s ba e s e s sbae s s s sbaeeessnbbaneeans 52
O 1V I SO 516 L I 1 ]\ TR 52
2 Y/ 1 D11V, 7 1 = PO 53
3. POWER CONSUMPTION IN SRAM BITCELL ..ooooii ittt ettt et n e rraa e 54
4, ENERGY PER OPERATION. ...ttt ittt ettt ettt et e et te s ettt eaesssasesabaeeteeesssasebabeteteessssassrrrseeteeessssnes 55
B SRAM METRICS ...ttt et e e st bt e e s st et e e s sb et e e s sbaeeessbaeeessbaeaessbeseessbeaaesins 57
LI I 3 IS AN, = ] = T IR 57
5.2, STATIC NOISE MARGIN (SNIM) L.uiiiiiiiiiiie sttt sttt st sr e be e sbeebe e besreenenre e 58
5.3, READ MARGIN (RIM) ...ttt bbbttt bbbttt bbb e 59
5.4, WRITE MARGIN (WIM) ...oiiiiitiiice ettt sttt sttt st et et s beeae e be e ae et e s be e st e sbeeteenbesreennente e 60
5.5, DATA RETENTION VOLTAGE ...utttitttetitiiettetetetesssasiisresetesessiasesssesesessssiassssseeetesssssnmesreeeteesssimmarreeseesssnnn 62

6. SRAM BITCELL OPTIMIZATION ...ttt ettt sttt ettt ettt e e sttt s e s s bt e e e s sban s s s sbaeeessbbaeeeans 63
7. FAILURES IN SRAM BITCELL OPERATION ...ooiiiiiiiecitete ettt siae et et e s s s e sesabaeereeessnnnnnraees 63
7.1, READABILITY FAILURE ...coiiitteett ettt et et e e ettt e e e e e e e ettt e eeeetae et eteeesssestaaeeeeeeessnaeesnreeeeeesenans 64
T.2.  READ ABILITY FAILURE......cccttttttttettieietetttetesstesessesttesesssasesssetesesesssaassreeeteeesssassabeeeteessssasrrrreeseessssaes 64
7.3, WRITE ABILITY FAILURE ... tttttittte et te sttt et e e et esee e et e eesssassaseeeteeesssas s aseeeteeesssaasareeeteeesssaaesrrrereeeesssanns 64

B T [0 ol =N L= T 64
7.5. PVT IMPACT ON THE SRAM BITCELL OPERATION ..vvttttteetieeetteetteeesssesesssseesesssssasessssesseessssnsssssesseessssnnns 64

8. LIMITATION IN THE 6T SRAM BITCELL IN TERM OF VDDMIN.....ccoccoiiiiieiieeie e 66
9. STATE-OF-THE-ART IN ULTRA-LOW VOLTAGE SRAM ...ttt e s nitiee e 67
9.1. WRITE-PREFERRED BITCELL AND READ-=ASSIST CIRCUIT 1.uuvttiiiieeeeeiieeieeeteeessissesrsessesssssneessseesesssssnnns 68
9.2. READ-PREFERRED BITCELL AND READ=ASSIST CIRCUITS ..uutuuutttereressustsssssssssresssssssessssssssssssssrssssssssssnne 69
9.3. PREVIOUS ULTRA-LOW VOLTAGE BITCELL ARCHITECTURES ....ettttettiieetteeeteeesssesesseesseessssssesssessessssnnnns 71
33

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

10. LIMITATIONS IN ULTRA-LOW VOLTAGE SENSE ........oc oottt 74
R O @ ] N[O 1 6 157 [0 ]\ R TTRT 75
ULTRA-LOW VOLTAGE BITCELLS ..ottt ettt ettt e s e s e sttt et e s s s e saabaseneaesssessabreaeeeeees 77
R | O] 5 10O [ [\ F TR 77
2. CONSTRAINTS AND LIMITATIONS OF AVAILABLE BITCELLS.......oceeee e 78
2.1. EFFECTS OF TEMPERATURE AND DOPING ON IMOBILITY .oiiiectuteiiieeeesiisitsrieeseeessissssseessessssssssssssessessssnnnns 78
2.2, LON"TOORE RATIO ¢ ittt et e e ettt e e e e e e e e e e e e e e e e e e e e e e e e eeeeeen e e e eeeeeeennnnans 79
2.3, SOFT ERROR DISTURBANCE ... .tttttitettiiiettttttetessiasisteettesessiasissrestsesesssaasssbesttesessiassareestesssssinsrresseessssnnns 80
2.4, DYNAMIC LOSSES ..uttvviiiteeiiisisstettteeesssessssesesesesssasissesssessssssmisssesssessssismssssssssssssinmrssesssessssmmmrressesessin 81

3. PROPOSED “10T-MUX? BITCELL.........ouuuuiuuututuuuuuuuusussuessueresssesesesesesesssssssssssesessssmerem.............. 82
4, PROPOSED XY READ/WRITE BITCELL ....vvvviiieiiii ettt ettt ettt sst e e nsiaaea e nnsnaesesnsnaesennsnneees 84
A1, STANDARD READ-PORT ..oottetttiiieteettteeessssaeteseesteestssas esetetesstasas e aetetesstssss i aretetesssasasessteresssasasrsreeereses 84
N eI N S Y 1 =7 Y 5 =] = 86
4.3, PROPOSED XY READ PORT ..coitiitttttttteestsieestsseettessssiissssesssessssimssesesstessssimisssetssessinmmstsssteteesnmmeeeen 87
A, PROPOSED XY BITCELL ..ettteetteietteetetseessaseeseseessesssssaesesesssesssasasssesstesessssssssssetesesssssassssreesesssasasreseeereses 88

5. COMPARISON WITH STATE-OF-THE-ART BITCELLS ..ottt 89
6. SILICON VS SIMULATION EVALUATION IN 28NM LP BULK ...oovteiiieieeeee et 92
A L0 1\ \[ O I ] 1 N T 94
SOLUTIONS ENABLING UWNWR ..ottt ettt ettt ettt et e e et e sea e et e teeenessaabaeteetesssessssbaeeteeesssaaarrraees 95
L. INTRODUCTION . ..ottt ettt et e et ettt teeetese e eteteeesasas e aeeteeesssaseaereeteeesssasesssreeeesesesasnrreeeeeees 95
2. FDSOI TECHNOLOGY BENEFIT ... iitiiiiiiiii ittt e e et s sia et e tesssessasbasetstessssssssbaseresessnansssreees 46
3. READ VS. WRITE OPERATION ...ttt ettt et e ettt e e e e e e et et e e e e e s et teeeeenaaanenees 96
4, LIMITATION IN READ OPERATION TIMING IN UWNWVR ..ot 98
5. UWVR SMALL-SIGNAL SENSING SCHEME .......coot oottt ettt e nesiaaen s e e e s nsnaraees 101
B.1  SENSE AMPLIFIER ...vtteett et e e s teeeeeeee e e e e se ettt eeesasas e eeeeeeeesesaaseaetetesssesassseeeeeeesesasssnseeeeeessssanesnneeeeeessenans 101
5.2 OPTIMIZED UWVR VOLTAGE SENSE AMPLIFIER ...tuvitttetiieieteritetesssesisseeetesesssasssssssesesssssmmsssseessesssnne 103

6. DISCHARGE TIME OF THE BITLINE ....cooi ottt e ettt e e e n e st e e e e e e e aeanaees 107
6.1 IMPACT OF THE CAPACITANCE ON THE DISCHARGE TIME: ..uuutveiteteeeieeieieeeeeeessseseieeeeessssssseineeesesssennins 108
6.2 DYNAMIC MODULATION OF V1H IN 28NM FDSOI TECHNOLOGY ....ooovcvvreiiteeeeeieseiieeereeesssssernneeesessssnnns 108

T REPLICA CIR CUIT oottt ettt et e e et e ettt e e e e et e ettt teeeeese et eteteeeneas s aeeeeeeesananreees 111
A s 7 1 =T 1Y = SRR 112
A = {={ =T (07N od | =i U] I TSR 115
7.3  CONFIGURABLE SA PULSE WIDTH..cettteetttettteeeseteeeeeetteessssaesaeetesesssassssssetesesssasssseeetesssssasenseesessssnnnns 118

T OO 1 \\[ @1 I 6] 10N F TR 119
TEST-CHIP AND SIMULATION RESULTS ...ttt et e ettt e e e e e ettt e e e e e eeeeeeeeeeneaans 120
1. ULV 32KB “SYPHAX” SRAM MEMORY ..ottt et ettt e e e e e nasenaeet e e e s e nanenareees 120
1.1  CONTRIBUTION TO DESIGN INNOWVATION ...vttititeeetsieetsreeeteessssaeessseeeseesssssesssssessessssssssssetesesssssmssseresesns 122
| 10 1= [ ] N TR 122
1.2.1 MemOKY FIOOIPIAN. ..o ettt ettt sttt seesteeneeseeeneeeenneas 122
1.2.2  DECOURE SITUCKUIE .. ettt e et e e e e et ettt e e e e e e ettt eeeeeeae e et eeeeesaaeenteeeeeeesesanernrreeeeeeseanins 124

34

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

1.3 SHARING UNBALANCED VSA ...ttt st 125
T4 LEVEL SHIFTERS. ... tttteteteteteteteeesesesesesesesesesessesssssssssssssasasesesasesasesesesesesesesesesesssessssssssnsassssasasesasesasasans 126
1.5 PROGRAMMABLE PINS ...ouiiiiitiitie ittt sttt sr s sre bbb sr bbbt b e a b sr bbb n e 127
1.6 LOGIC BEHAVIOR......ueueiettetetetetesesesesesesesesesesssssssssssssesasesesesesasesesesesesasesesesesesessssssssssssassssnsnsasasesasasans 127

2. SIMULATIONS RESULTS ...ttt ettt sttt b et b e bbb e e nbe e sbeesheesaneenbeenrs 128
3. BENCHMARK ...ttt bbbt bbbt h e e bt bt et s bt b e e bt bt et e bt s bbb e b e 131
4. PROBLEMS AND CHALLENGES THAT HAVE BEEN OVERCOME .........cocoiiiiiiiiie 133
5. PROTOTYPE OF UWVR TEST METHODOLOGY APPLIED TO THE SYPHAX MEMORY ..133
6. CONGCLUSION. ... .ottt bttt b e bbbt h e s bt ekt e s bt s bt e be e bt e bt et e ebe e st e sbe st e e benbe s 139
CONGCLUSION L.ttt bttt e be e sh e e she e she e o H b e oAbt e a ke e ke e eb e e eb e e eb b e e s beebe e sbeesaeesnneenbeenrs 140
PERSPECTIVES ...ttt bttt bbbt s bbbt e bt s bt e st e eb e e R e nb e ekt enbesbeebeebesbeenbenbe e 142
REFERENCE ...ttt b e bbb s b b e R bt e bt e e bt e e bt e e b bt e s be e be e sbeesbeenbbesabeabeenbeenbeesbneas 144
35

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



SRAM
CMOS
ULV
UWVR

PU
PD
PG
BLT
BLF
RBL
RDF
SA
DRT
VMIN
SNM
WM
WT
RT
Iread

| Leak
PVT

MC
Vin
DRV
RBB
FBB
VLSA
CLSA
AVpL
MC

RYL
MSB
LSB
DRC
LVS
BIST

Reference

Abbreviations

Static Random Access Memory
Complementary metal oxide semi-conductor
Ultra-low voltage

Ultra-wide voltage range
integrated circuit

Pull Up

Pull Down

Pass Gate

Bit-Line True

Bit-Line False

Read Bit-Line

Random dopant fluctuation
Sense Amplifier

Data retention voltage
minimum supply voltage

Static Noise Margin

Write Margin

Write time

Read time

Bit-Cell read Current

Bit-Cell leakage current
Process Voltage Temperature
Monte Carlo

Threshold Voltage

Data Retention Voltage
Reverse Body Bias

Forward Body Bias

Voltage latch-type sense amplifier
Current latch-type sense amplifier
Bit-Line Voltage difference
Monte Carlo

Standard deviation

Average Value

Read Operation Yield

Most Significant Bit

Least Significant Bit

Design Rule Check

Layout Versus Schematic
Built-in self-test

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés

36



Reference

List of figures

Figure 1-1: SRAM MEMOIY AIrCNITECTUIE .......cuviiiiiitiieet ettt r e 43
Figure 1-3: Trends in gate oxide thickness, threshold voltage and power supply voltage VDD, versus channel
[=TaTo 10 g WO4\Y/ (@1 [oTo 1ol 1ol g g o] [T [T=T 3 1] OSSP 44
Figure 1-4: Active power density and subthreshold leakage power density versus channel length [5] ............... 45
Figure 1-5: Transistor architectures: (a) bulk silicon, (b) FDSOl and (€) FINFET........ccccovviiiiieiiieveie e 45
Figure 1-6: Static energy reduction techniques (a) Stack effect, (b) sleep transistors and (c) body bias effect ...50
Figure 2-1: Schematic representation of random dopant fluctuation in a NMOSFET ..........ccccccviiiiniiiinenenienns 53
Figure 2-2: Simulation of drain current, ID vs. VGS for various W/L values in 28 CMOS LP............c.ccccveuenee. 54
(1024 Monte-Carlo runs, 25°C, [WGS| = 1V) .ottt 54
Figure 2-3: Schematic of charge and discharge operations in a standard CMOS inverter ........c.c.ccoccevevvevievnenne. 54
Figure 2-4: Summary of leakage current mechanisms in deep submicrometer transistors........c.ccocoevevevviivernenne 55
Figure 2-5: Energy profiles of the 90nm carry-ahead adder with respect t0 VDD [32] ........cccooviniiiiiineneniens 56
Figure. 2-6. Measured energy characteristics across wide voltage range 1A-32 .........cccccceveiveieie v 56
PIOCESSOE [B3] ...ttt b bt s bbbt bbb e s h R R R R Rt R e Rt b et 56
Figure 2-7: The 6T SRAM DITCEIL........ovii s 57
Figure 2-8: Seevinck’s SChematic SEtUP [34] ...viviiiiiiriirieieieisise sttt sttt 58
Figure 2-9: Typical voltage transfer curve for read, write and retention MOde ...........ccceveveieieiinieninenesenee 59
Figure 2-10: Read operation: read 1 (left) and read O (Fight ).....cooviieiiiieic e 59
Figure 2-11: Butterfly curves during read operation a standard 6T SRAM bitcell in 28 CMOS LP ................... 60
Figure 2-12: Circuit for WSNM when writing ‘1°. (left), WSNM when writing ‘1’: width of the smallest
embedded square at the lower-right Side (Fght). ... 61
Figure 2-13: Voltage Transfer Characteristic (VTC) of SRAM cell to evaluate write margin .............ccocoeeveeneee 61
by the BL SWEEPING MELNOM ........ooiiiiiiice e sttt et e e e s beebe e besbe et e stesreesreares 61
Figure 2-14: Circuit for write margin from WL sweeping (left), Write margin (VWL ) is defined as the
difference between VDD and the WL voltage when nodes Q and QB flip (right). ........cccoovviviiiiiiiiennenn 61
Figure 2-15: Butterfly curves during hold mode for a 6T SRAM bitcell in 28 CMOS LP .......c.ccceevevevviiecnenne. 62
Figure 2-16: Simulated static power vs. supply voltage for a 6T bitcell (0.12 pm, 28 CMOS bulk)................... 62
Figure 2-17: Read margin curves of the 6T SRAM cell under PVT variations in 28nm FDSOI technology ......65
Figure 2-18: Butterfly curves of two different 6T bitcells with an area : (a) 0.197umz2, (b) 0.120um2 .............. 65
(1024 IMIC TUNIS) .tttk etk bbbt b4 b e e s st st b bbbt b e et e st e bt bt bt ekttt n s 65
Figure 2-19: WM histograms for two different 6T bitcells, () 0.12um (b) 0.197um (1024 MC runs)............... 66
Figure 2-20: SNM (Average -4 ¢) versus supply voltage (FS, 125 °C)(VDDMIN, SNM =613 mV) ................ 66
Figure 2-21: WM (Average -4 c) versus supply voltage (SF, -40 °C) (VDDMIN, WM=566 mV)........c.cccue.... 67
Figure 2-22: TUNING VDD 08 VSS [A0] ....eiitiiieie ettt sttt sttt sttt s be et et s be et s te e e sreees 68
FIQUIe 2-23: WL VOITAGE GIOP ...veieiiieieieei sttt bbbt bbbttt sttt nb et 69
Figure 2-24: Negative bitline voltage (WIte 0) ......ooio i e eees 70
Figure 2-25: Word line voltage DOOSE [45] ......ooviiiiiiieieeee ettt 70
Figure 2-26: RiSING Vss OF IOWETING VDD .vvviiiiiiiiitiiiesieiees sttt bbbttt 71
Figure 2-27: Butterfly curves of (a) 6T bitcell in read mode (b) 6T bitcell in hold mode and (c) standard 8T
bitcell in read mode (TT, 1V, 25°C: PVT conditions &1024 MC FUNS)........ceoerviiiereseeniesieeieseseesaesenans 71
Figure 2-28: Butterfly curves of 6T bitcell (left) and 8T bitcell (right) in read mode with...........c.cccceeevevnenen 72
Voo =1V and 350 MV (TT, 25°C, 1024 MC FUNS) ..cueerieieieaiesieseesiesteeiesteesaestesseessestessaessessaassessesseessesssessessenns 72
37

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

Figure 2-29: SRAM bitcell architectures : (a) 8T bitcell, (b) CR8T [49], (c) 7T [47], (d) 8T [50], (e) differential

10T [51], (f) 9T[51], (i) ZIGZAGST [52] and (K) VGNDLOT [45]..ccccveivireerererierierierieesesiesesieseeseeseenens 73
Figure 3-1: (a) The 10T IK JOON bitcell [45], (b) 10TVGND [59] and (c) the zig-zag Z8T [52].........ccvveurnne. 78
Figure 3-2: Monte-Carlo simulation of Iread (1024 runs), (TT Corner Process) (left) at VDD=300 mV and

(MIGNE) BEVDDZLV ..ottt h bbb et b bt bbbt e e h bbb nn e n e 79
Figure 3-3: Read current degradation in presence of variation with respect to VDD scaling ..........c.ccccoevevevnnee. 80
(Monte-Carlo 1024 runS, TT @0 25°C) ..ottt ab e eb e nnennen s 80
Figure 3-4: Three different scenarios of SOft €rrors [63] ......cccvevveiiiiieiiiieie e 80
Figure 3-5: Behavior of the 10T bitcell [45]: (a) Read and (b) Write Operations............cccccovvveiveveieeveseesie s 81
Figure 3-6: Proposed 10T-MUX ULV bitcell: (a) schematic, (b) Layout and (c) hard coding technique ........... 82
Figure 3-7: Simulated waveforms of main control signals in operation of the 10T-MUX ULV bitcell (a) and the

OIS O L IV o1 (=] I (o) RSSO 83
Figure 3-8: Schematic for the charge/discharge issue in the proposed 10T-MUX bitcell in matrix configuration

...................................................................................................................................................................... 84
Figure 3-9: Read port CONTIGUIALIONS...........cviiiiiiite ittt bbbttt b b b 84
Figure 3-10: Bitlines behavior in 10T-VGND bitcell in [45] (Figure 3-1(D)) ..ccccoovvveieiiiieieceese e 85
Figure 3-11: Bitlines behavior in proposed 10T-XY bitcell at VDD = 380 MV ......ccccviiiiiieiiinenise e 85
Figure 3-12: comparaison of the read bitlines’ behavior in the 10T-VGND bitcell and the differential 10T-XY

bitcell respectively (100 MC runs, corner FF, 125°C, 64 cells per column) .........ccccceveieeieieciiene e, 86
Figure 3-13: Leakage and read current behaviour with the VGND read port ..........ccccoveieiiieiniinisesc e 86
Figure 3-14. Behaviour of currents in the XY read port without underdrive (a) .........cccooveveviviienieii e 88
and using under-drive tEChNIGUE (D) ...o.vouieiiiee s 88
Figure 3-15. Ips versus Ves at two different drain voltages for 250 x 40 nm n-channel transistor in a 28nm

1031V (@ 3 o 0oL OSSPSR 88
Figure 3-16: Proposed 10T bitcell With XY read POIt........cccveieiiiiiiiieieieeeses e 89
Figure 3-17: (a) SNM (Average — 3 6), (b) WM (Average — 3 6), (c) Write time (Average + 3 ) and (d)

Leakage current (Average + 3 o) for state-of-the-art ULV bitcells and proposed 10T bitcells ................... 90
Figure 3-18: Experimental Butterfly curve for the 10-XY bitcell for various supply voltages...........c.cccceverienne 92
Figure 3-19: SNM measurement versus supply voltage and temperature variation for the 10T-MUX bitcell (2)

and the L0T-XY DItCEII (D)....eveieieiciee ettt sttt ens 92
Figure 3-20: Silicon vs simulation standby current for various supply voltages for the 10T-MUX bitcell (a) and

LTI O I A o | (o1 I o) SRS 93
Figure 3-21: Read current measurement for various supply voltage and temperature for the 10T-MUX bitcell (a)

and the 20T-XY DILCEII (D) ..ecueeieie e et st st sb e be e sresreenbesae s 93
Figure 4-1: Circuit schematic of conventional domino single-ended sensing (full swing) [71].........cccccoceienienne 96
Figure 4-2: TEM cross section of the hybrid FDSOI/bulk cointegration in a SRAM cut periphery. The BOX

thICKNESS IS 25NIM [73] .ottt s be s e e be s te e st e s teestesbeete e besaeennesbesneenreares 46
Figure 4-3: Back DIASING CONCEPT ... .oveieiieiiiiisiese ettt nb s 47
Figure 4-4 Well layer configurations and Body bias (a) CMOS bulk, (b) Regular-Well [RVT] and (c) Flip-Well

[TVZ2 3 OO 48
Figure 4-5: Several VTH flavors available for logic device in each family (e.g. HVT, RVT, LVT).....cccoeee.. 49
Figure 4-6: Waveforms of main control signals in operation of the 6T bitcell.............cocoooiviiiiiiii 97
Figure 4-7: Write (left) and read (right) current path in the bitcell using a read port...........ccoceovvrieniincnenenieens 97
Figure 4-8: Write time WT and Read time RT @3c for 10T XY bitcell (64L, 128C) in 28FDSOI (TT Process,

25C PVT CONUITIONS) ...ttt sttt bbbttt sh bbbt ettt b e bbb b e eneas 97
Figure 4-9: Critical path in an SRAM during read operation: (a) standard timing, (b) targeted reduction timing

...................................................................................................................................................................... 98

38

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

Figure 4-10: (a) Small signal sensing scheme, (b) large signal sensing scheme with multiplexing in local bitline,
(c) large signal sensing scheme with multiplexing in global bitline. [72] ........ccccoiiiiiiiiies 99
Figure 4-11: The simulation setup of a 128-bit X 64-bit SRAM AITaY .......ccccceviiiieieiiiie e 100
Figure 4-12: Behavior of bitline voltages during read operation (as schematicaly described in Figure 4-9).....101
Figure 4-13: Latch type SA: (left) voltage sense amplifier [77] and (right) current sense amplifier [78].......... 102
Figure 4-14: Read current degradation in the 10T-XY bitcell in presence of variation with respect to VDD

scaling in 28 FDSOI (Monte-Carlo 1024run, TT and 25°C) ......ccviieiviieie e 102
Figure 4-15: Schematic of the UnbalanCed VLSA ........ooi it s 103
Figure 4-16: Waveforms of internal nodes of the 28 FDSOI differential VSA in Figure 4-12(left) @280mV

(left) @1V supply voltage (right) (corner SS, -40°C process and temperature conditions) ..........c..cc........ 103

Figure 4-17. Pulse width of differential VSA in Figure 4-14 (left) (a) @280mV and (b) @1V supply voltage 104
Figure 4-18: Probability of failure for the differential VSA versus effective AV at VDD (a) 280mV and (b) 1V

POWET SUPPIY (1024 IMIC RUNS) .. .veiiiteeiie it et ettt et et e e te e e s te st et e sta e e steasaesbestaesbesbeateenbesaeesbestaeneenreanes 105
Figure 4-19 Probability of failure for the unbalanced VSA versus AV at (a) 280mV (b) 1.2V power supply...106
(1024 IMIC RUNS) ...ttt ettt be bttt se e s e e s e e b e e b et st e e st e Re e R e e b e e Re et e se et et e st eseebeebeanenbenee s ennens 106
Figure 4-20: schematic of the differential 10T-XY bitcell (a) and the single ended 10T-XY bitcell (b)........... 106
Figure 4-21. Probability density function of the read time for various scenarios depending on the number of

cells per column (Monte-Carlo 1024 runs,VDD= 300mV, TT and 25°C) ......c.cccevveivrriieneciese e, 108
Figure 4-22. Probability density function of the read time for various voltage value of body bias.................... 109
(10T-XY bitcell, Monte-Carlo 1024 runs, VDD= 350mV, SS and -40°C, corner conditions) ...........c.cc.ceeveunen. 109

Figure 4-23: Simulation of the total leakage current in the 10T-XY bitcell at 300mV and 1V supply voltage
respectively in the case of two body bias values (0V and 1.2V) (Monte-Carlo 1024 runs, FF and 125°C

COINEY CONAITIONS) ...ttt b bbb bbbt b bbb b b e et bt b b bt bt nen e 109
Figure 4-24: (a) FBB per block, (b) Proposed dynamic threshold voltage modulation per column and (c) layout

VieW OF NWELL-PWELL INtEISECIION ....ecvviiviiiieiiiieiie sttt sttt sttt st s sne e ennenne e 110
Figure 4-25. Static noise margin fo the 10-TXY bitcell with various value of FBB in the case of .................... 111
0.35V, 0.5V and 1V supply voltage respectively(-40C_FS_MGCI1024) ........ccccuiiiiiireneieieisi e 111
Figure 4-26: Scenario of SA activation With SEAN SIgNal ..........cccooiiiiiiiii e 111
Figure 4-27: Conventional repliCa CIFCUIL..........cuoii it ot st sre et b e e e 112
Figure 4-28: Increase of the access time due to the increase in the SAEN variation ...........cccooevnincnenennn. 113
Figure 4-29 Probability distribution of BL and SAEN delay [83].......cccccviieiiiiiiiciiiise e 114
Figure 4-30: Conventional timing replica circuit and SEA timing waveform [82] ...........ccccoevivieiiiiii i, 114
Figure 4-31 (a) Conventional RBL replica with 3 fixed driver cells, (b) Conventional RBL replica with 5

potential driver cells, (¢) Probability distribution of the replica BL delay [83].......cccccoeviviiiieveiiiiccnee 115
Figure 4-32 Prop0oSed repliCa CITCUIT........cveiiiiiiiiiteiiee ettt 116
Figure 4-33 Waveforms for the read and write clocks generated by the proposed replica (top) and the standard

replica (bottom) (TT, 500mV, 25°C PVT conditions, FBB=0V) ..........cccccceeiiiiiiiiiiiie i 117
Figure 4-34. Capacitance modeling in the read and write path in the standard 8T bitcel (left) and dual port 8T

0T (ot=] | I (T 11 1) ISR 117
Figure 4-35: Proposed replica circuit with adapted delay ...........ccocoeiiiiiiiiiiii e 118
Figure 4-36. Proposed adaptive Sensing time teCANIQUE...........coiiiiiiirieeeees e 118
Figure 5-1. Schematic and layout of the proposed 10T-XY bitcell (0.62 UM?)........cccccviereririieriiieieieieiereee, 121
Figure 5-2. Architecture of 32KDit SYPHAX MEMOIY ......oiiiiiiiiiiie e 123
Figure 5-3. MatrixX bIOCK OFQaniZation ...........ccooeiiiiieeii ettt st ne e ee e nee e e 124
Figure 5-4. Address DIt OFQaniZALION ..........coooiiiiiiiiieee ettt 124
FIQUIe 5-5. X-DECOUET SIIUCTUIE ......viueeuieiieiieiist ettt sttt bbbttt bbbttt ettt e e 125
Figure 5-6. Unbalanced voltage sense amplifier SNAre ...........coviiii e 126
Figure 5-7. Simulation of the SA internal nodes in the full MEMOTY ... 126

39

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

(extracted CUT, TT, 500 MV, 25°C: PVT CONAITIONS) .....ccveiiiiiiiieieciecie ettt s 126
Figure 5-8. Schematic of the Level shifters (a) High-to-Low and (b) Low-to-High ... 127
Figure 5-9. SYPHAX CUT Layout (XY=487.912um X 113.21M) ...ccooviiiiiiiiiiiiiieiceee e 128
Figure 5-10. Simulation of the read and the write operation for the full memory cut in full swing read mode
using xa simulator (350mV, TT, 25 °C PVT CONGITIONS) .....cceiiiiiireieieiiisesese e 129

Figure 5-11. Energy per cycle and operating frequency profile of SYPHAX CUT versus supply voltage) ......130
Figure 5-12. Comparison of the SYPHAX memory with the state-of-the-art cuts in terms of VDD, MIN (a),
access energy per bit (b) and maximum operating frequency at ULV (c) and nominal supply voltage (d)132

Figure 5- 13. VIieW Of OUI EMONSIIALON .......cceiiiieieeiiite sttt et et esbeene e besreeneesee e 134
Figure 5-14. Layout Of OUr eMONSEIALON..........cuiiiiiiiireriei e 135
Figure 5-15. Finite State Machine (FSM) of the proposed BIST ... 135
Figure 5-16. Timing chronogram simulation of our demonstrator in Scan-in state (S1).........cccoovvvrinereneennen. 136
Figure 5-17. Timing chronogram simulation of our demonstrator in configuration state (S2) .......c.cccccevevvenene. 136
Figure 5-19. Timing chronogram simulation of our demonstrator in check state (S7).......cccccevveviveieiieiieeviennnn, 137
Figure 5-20. Timing chronogram simulation of our demonstrator in Scan-out state (state 8)............c.ccccevvennen. 138
FIGUIE 5-21. TESTCHIP ..ottt sttt bbbttt sttt st bt e s e b e bt et e st ettt e e 138
FIQUre 5-22. TSt EQUIPEMENT ......cuiiiiieieieiei sttt bttt b bbbttt nb b e e 139

40

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

List of tables

TABLE 2.1 SUMMARY OF DIFFERENT SRAM BITCELL TOPOLOGIES .....cvvtiitieeitreeiteeeiteeesreeeeraeestveesnsesesavessseeans 74
TABLE 3.1 SUB THRESHOLD CURRENT EVALUATION VERSUS VGS AND VDS VALUES ......coovvieiieeiitiee e 87
TABLE 3.2 CONFIGURATION OF CONTROLS SIGNALS IN THE 10T-XY BITCELL ..eccovviiitieeiieeeciieesveesstreesvee v 89
TABLE 3.3 SUMMARY OF DIFFERENT SRAM BITCELL TOPOLOGIES .....cvvtiivieeitreeeteeeereeesveseeraeestveessbesesavessnaeans 91
TABLE 4.1 EVOLUTION OF THE DISCHARGING TIME FOR DIFFERENTIAL VOLTAGE SENSE AMPLIFIER ............. 100
TABLE 4.2 EVOLUTION OF THE READ TIME FOR LARGE AND SMALL SIGNAL SENSING SCHEMES...........ccveeun... 100
TABLE 4.3 TOTAL ENERGY CONSUMPTION EVALUATION OF OPTIMIZED SAS .....cooviiictiee it ectee e eeree e 107
TABLE 5.1 SYPHAX MEMORY SPECIFICATIONS.....eeiitiieitieeiiteeeitteesteeesteeesteeesseeessseesstseesssessssesesssessnsesesssesssees 120
TABLE 5.2 OPERATING CONDITIONS .....vviiiteeiteeeiteseeteeeetteesbeeesavessstesaetesesabesessseesssesssesessresasesssseessssesesssesssens 121
TABLE 5.3 PERFORMANCES OF THE 10T-XY-BITCELL AT 4*SIGMA IN 28 FDSOI .....cocovviiiiiiiiee e, 121
TABLE 5.4 EMERGING IMPLANTABLE BIOMEDICAL DEVICES .....cvtiiitiiiitieeiteeeitieeetteesetesesnressetessstaessbesssnvessnnens 122
TABLE 5.5 DEBUG PINS ....veeiuvii ittt e ittt e ettt e ettt e s etee e sabe s s ebaeeebeessabesesabessabesaabaeesabesesbeeesabeesabesesabesenbesebaeesnbesessbeesnrens 127
TABLE 5.6 TRUTH TABLE .....ccttiittiittt ittt ittt eite ettt ettt e sttestbesabesbeeebesebessbesasseabeesbessbessasessbesabeasbessbesstesabesasseanteereeses 128
TABLE 5.7 COMPARISON WITH OTHER STATE-OF-THE-ART MEMORY CUTS ...ccuviiiiiiiitieeieree e streeseree e snveesnnens 131

41

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

Chapter 1

Introduction

Since 1960, date of the first MOSFET circuit designed by D.Khang and M.Atalla, [1] CMOS

technology scaling is going ever thinner and follows Gordon Moore‘s famous observation law (1965)
[2]. This law states that the number of transistors per integrated circuit (IC) doubles every year and
that processor speeds, or overall processing power for computers, doubles every 18 months. After half
a century, this law is still relevant and performances of ICs are significantly better. This explains the
increase in the operating frequency and the complexity of embedded functions into chips.
Unfortunately for every new process technology the threshold voltage (Vtw) and the gate oxides
become smaller. This causes increase in the static power consumption due to leakage currents. Besides
the evolution of portable electronic systems has been very fast. These systems have become an
essential part of human daily life. These devices range from mobile phones, which contain a lot of
Gadgets, operate at high frequency and consume increasingly, to medical systems (e.g pacemaker) and
wireless sensor nodes that require that their operation time between two charges is large enough.
These situations raise more challenges, which must be addressed, mainly at the levels of silicon area,
performances and energy consumption. The battery capacity has significantly improved in the last few
years, however this improvement is still not enough to satisfy the low power applications energy
budget requirement. Energy harvesting systems add more constrains at the power consumption level
since the amount of harvested energy from the environment is very limited and uncertain. This
requires that the circuits used in a lot of systems must be very energy efficient. System-on-Chips
(SoC) contain many complex functions, what increases the request in term of battery energy budget.
Particularly the Static Random Access memory (SRAM) is an indispensable part in SoCs and takes a
big part in terms of silicon area and total power consumption. Designing of a low power SRAM is
today mandatory but a challenging task and a large effort is made in this way for few years.
SRAM memories are mixed-signal circuits containing bitcells, sense amplifier, digital logic,
read/write assist circuits and timing generators. There are several SRAM topologies depending on
their purpose. Nevertheless, SRAM architectures can be divided into four main blocks: bitcells array,
Row & Column decoder, Timing control block, replica tracking circuit and 10s block.
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Figure 1-1: SRAM memory architecture
Figure 1-1 shows the basic architecture of SRAM memory. The input address is decoded and leads to
the assertion of the word line corresponding to the selected bitcell and the assertion of the replica

wordline, assisting read or write operation.

1. Technology limitation and alternative technologies

Figure 1-2 illustrates the typical structure of the MOSFET. The main parameters that characterize the
CMOS transistors are: the oxide capacitance, Cox; the gate-source voltage, Ves; the drain-source

voltage, Vps and the Drain-source current Ips and the threshold voltage V1.
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Figure 1-2: Typical structure of a Mosfet
Scaling the physical size in CMOS transistors is approaching its boundary and it is expected to reach
limitations in the 22nm technology by 2018 node according to the ITRS [3]. The main challenges and

limitations that could prevent CMOS to be used in the future are [4]:
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e Physical limitations due to the increase in tunneling and leakage currents as the devices are
becoming smaller, thus an impact on the performances and functionality of CMOS devices.

e Technological challenges: these involve the inability of lithography-based techniques to provide
the resolution below the wavelength of visible light to manufacture CMOS devices.

e Economical challenges: the significant massive increase in the cost of production, fabrication and
testing makes the investment in a new technology quite unaffordable
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Figure 1-3: Trends in gate oxide thickness, threshold voltage and power supply voltage VDD, versus channel
length CMOS logic technologies [5]

The trends in the gate oxide thickness, threshold voltage and supply voltage versus channel length are
presented in Figure 1-3. Tox stopped scaling due to the atomic limitation (there is only few atomic
layers). In the same way the threshold voltage Vrn stops to scale due to the increase in the leakage
current: I;pax~exp(—Vry X q/nKT). Standby power limitation bounds the threshold voltage to a
minimum value around 200mV at normal temperature [6]. Supply voltage scaling has stopped as well
since kT/q doesn’t scale and the threshold voltage scaling causes additional power penalty. On the
other side if the supply voltage stops to scale, the energy will scale weakly. Finally the Vpp/VTH ratio
defines the gate speed.

Figure 1-4 presents the active power density and the subthreshold leakage power density trends versus
the channel length calculated from industry trends [5] for a junction temperature at 25°C in a standard
transistor. Empirical extrapolations indicate that subthreshold power will equal the active power at
gate length equal to 20nm. Power starts to be a dominant issue in advanced technology nodes. Thus

the power per chip continues to increase.
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Figure 1-4: Active power density and subthreshold leakage power density versus channel length [5]

Advanced technologies impose new limitations on the circuit designer. Leakage power is a major
constraint for low-power battery-operated applications. A lot of innovative low power design
techniques have been proposed in the last decade in order to satisfy this request. A complementary
process technology is required to enable the functionality at ultra-low voltage supply range: the search

for devices with the best possible performances while maintaining extremely low power consumption

[7].
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Figure 1-5: Transistor architectures: (a) bulk silicon, (b) FDSOI and (c) FINFET.
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Figure 1-5 illustrates a schematic comparison of bulk, FDSOI and FINFET transistors. FDSOI and
FINFET technologies appear as an alternative to overcome the limitations in the bulk technology.
These two technologies are the only ones able to scale down beyond 28nm. The benefits of FDSOI
technology versus bulk silicon technology have been presented in [8], [9], [10]. Planar Fully-Depleted
SOI (FDSOI) demonstrates around 30% more performances compared to bulk technology at 28nm
node [11]. On the other side FinFET technology has been recently promoted in order to gain on cost
and compatibility with CMOS technology. The 22nm node is the first commercially available FINFET
bulk technology, which opens a new era of 3D CMOS for low power applications. The FINFET
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technology offers a new pathway for Moore's Law beyond 20nm since it features better performances
at a given power consumption compared to planar CMOS technology. A 16nm/14nm FinFET process
can potentially offer a 40-50% performance increase and a 50% power reduction compared to a 28nm
process [12]. A comparison between FINFET and FDSOI is illustrated in [13]. Alternatively the 28nm
FDSOI technology is part of the context of the work presented in this manuscript. Benefits of FDSOI

technology will be summarized in the following.

2. FDSOI technology benefit

Planar CMOS bulk technology is facing a lot of challenges to meet the requirements of 28nm node.
Two main limitations are the transistor variability and electrostatics [14]. Ultra-Thin Body and BOX,
Fully Depleted SOI (UTBB FDSOI) technology appears as an alternative for future integrated circuits
with less variability than in bulk counterparts [14]. The very thin body used in FDSOI transistor
ensures that all electrical paths between source and drain are very close to the gate (Figure 4-2). This
allows an excellent electrostatic control over the channel and results in an improvement of the sub-

threshold slope, Drain-induced barrier lowering DIBL* and other short channel effects (SCE) [15].

.* v (N

Figure 4-2: TEM cross section of the hybrid FDSOI/bulk cointegration in a SRAM cut periphery. The BOX
thickness is 25nm [16]

In addition, the planar FD technology does not demand doping or pocket implants in the channel to
control the transistor behavior like tuning the threshold voltages [15] [17]. Therefore, the major issue
of random dopant fluctuation mostly disappears. The absence of doping also helps reaching good

performances since high channel doping induces reduced carrier mobility.

1 DIBL: is a short-channel effect in MOSFETS referring originally to a reduction of threshold voltage of the transistor at
higher drain voltages.
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Figure 4-3: Back biasing concept
Back biasing consists of applying a voltage just under the BOX of target transistors [17]. This resulted
in changing of the electrostatic control of the transistors and shifts their threshold voltage. This allows
having more drive current (higher performance) at the expense of increased leakage current (more
static consumption) as shown in Figure 4-3(c).
Applying back biasing results in changing the electrostatic control of the channel and to increase or
decrease the threshold voltage. In the case of Forward Body Bias (FBB), Vi decreases what results in
the increase in the driving current (improving of the operating frequency) but the increase in the
leakage current (more static power consumption penalty). In the case of Reverse Body Bias (RBB),
Vi increases what causes the degradation of the driving current (degradation of the frequency) but the
decrease in the leakage current (reduction of the static power consumption). As shown in Figure 4-3
For PMOS, RBB means Vs > 0V and FBB means Vs < 0V while for NMOS, RBB means Vgs < 0V
and FBB means Vgs > OV. In order to limit the power consumption penalty due to the use of back
basing, it can be considered with a dynamic application and block-by-block application (only for
selected blocks). Body biasing can be applied during a limited period of time to improve performances
when the static power consumption is not a main limitation. Or body biasing can be used to reduce
static power consumption when improving performances is not a priority. Hence back-biasing presents
a new control button allowing the designer to make a trade-off between speed and power consumption
according to specifications and time during operation. Figure 4-4 illustrates the Well layer
configurations and the authorized range of body bias voltage for CMOS bulk technology, regular well
(RVT) and flip-well (LVT) for FDSOI technology.
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Figure 4-4 Well layer configurations and Body bias (a) CMOS bulk, (b) Regular-Well [RVT] and (c) Flip-Well
[LVT]

As shown in Figure 4-4(a) in the bulk technology, the body bias range is limited to -300mV in RBB
due to GIDL while FBB is limited to +300mV due to source-drain-well junction leakage and a rise in
latch-up probability at higher voltage and temperature. In Figure 4-4(b) and (c), FDSOI technology
allows using an extended body bias range. In regular well configuration, RBB extends from -3V to
+300mV and FBB extends from +300 mV to +3V. In Flip-well configuration, RBB, extends from -3V
to -300 mV and FBB extends from -300 mV to +300 mV [17]. This provides designers with another
space to improve performances and energy efficiency of circuits. The high-Vtu (HVT) transistors help
reduce the static energy consumption at the cost of reduced operating frequency. The low-Vty (LVT)

transistors help increase the frequency at the cost of higher static consumption.
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Figure 4-5: Several VTH flavors available for logic device in each family (e.g. HVT, RVT, LVT)
Figure 4-5 presents solutions, which allow adapting the behavior of transistors according to the
specifications: LVT transistors improve the operating frequency and HVT transistors improve the

energy efficient.

2. Dynamic Voltage Scaling

Various techniques have been proposed in the state of the art to reduce the total power consumption

for 1Cs in sub-100nm technologies.

2.1 Static energy reduction
In order to reduce the growth of the leakage current in the advanced technologies nodes, many
techniques have been developed. Researches have focused on two main axes: the modulation of the
threshold voltage in the transistor and the power management at the IC level. Two main ways can be
used to modulate the threshold voltage in the transistor. The first one consists in the adjustment of V1n
by the modulation of oxide gate thickness, the channel length or the channel doping [18]. Many
semiconductor companies use three types of transistors (Low VT, Regular VT and High VT) in their
technology platforms. The threshold voltage level characterizes these transistors: in the digital circuits
LVT transistors are used to improve the frequency while the RVT and HVT transistors are used to
reduce the leakage current and to minimize the static power consumption. The key techniques are to
use the low-Vt device to gain performance and high-Vt devices to cut off the leakage paths [19] [20].
The second method to modulate the threshold voltage consists in back biasing the transistors [21]. In
Reverse Body Bias (RBB), the PMOS transistor body, initially connected to Vpp, is supplied with
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higher voltage. The NMOS transistor body, initially connected to GND, is supplied with a lower
voltage. The initial power voltage (Voo and GND) is kept unchanged. Figure 1-6 presents techniques
to reduce the static energy. The stacked transistor allows reducing leakage current by 2-10x factors.
The adjustment of Vrn by body biasing results in reduction of leakage current by 2-1000x and finally

the use of sleep transistors results in reduction of leakage current by 5-10x.
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Figure 1-6: Static energy reduction techniques (a) Stack effect, (b) sleep transistors and (c) body bias effect

2.2 Dynamic energy reduction

Lowering the supply voltage is the most effective way to reduce the energy consumption. Scaling
down of the supply voltage results in a quadratic saving of dynamic energy and a linear saving of
static energy. The minimum functional supply voltage of the SoC is limited by the minimum Vpp
value (Vmin) of the SRAM for two reasons. First along with scaling down Vpp, the delay in SRAM
increases in a larger manner than the CMOS logic delay and second the degradation of the SRAM
bitcell at low voltage results in functional failures. Hence the design of SRAM operating at ultra-low

voltage is of utmost importance to develop an Ultra-Low Power system.

3. Previous ULV design works

The study of operating digital circuits in near and subthreshold supply voltage has been addressed
firstly in [22]. Recently several processor designs operating in sub-Vt+ supply voltage range are made
to meet the requirement of Internet of Things, wireless sensor nodes and biomedical applications. In
[23], a sub-VT processor has been designed in 130nm technology. This processor consumes 11nW @
Vpp=160mV and 3.5pJ/inst @ Vpp=350mV. An ultra low voltage FFT processor operating down to
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180mV is presented in [24]. However, SRAM is the critical part which limits the energy efficiency of
these processors since VDDwmin, sram > VDDwmi, Locic. [25] states that the optimum energy point of the
SRAM memories is located in the subthreshold supply voltage range. Hence ultra-low voltage
presents an interesting research axis for building ultra-low power SRAMs. A lot of previous ULV
SRAM designs in sub-100nm technologies achieve energy saving. However most of these research
works can be organized into two categories. The first one involves the SRAM operating only in above
V1H supply voltage range (Voo > V) like in [26], [27]. The second category concerns SRAM
operating only in the sub-Vr voltage range (Voo < Vtw) like in [28] and [29]. Most of these designs
targeted only sub-Vr or above-Vr supply voltage operating range. However there is not enough works
that address ultra-wide voltage range applications like in [30], [31] and [28]. To design this kind of
memories a new techniques (at process and design levels) must be used and explored to ensure an
efficient functionality down to sub-Vr and above-Vt supply voltage range. This thesis addresses this

research axis and proposes new techniques to enable the UWVR functionality.

4. Thesis contribution

This thesis focuses on UWVR SRAM Memory design. Many points and research axes have been
explored and some innovative techniques have been proposed in literature. Two research axes exist in
order to design an ultra-low power SRAM memory: the first one consists in using the standard 6T
bitcell but with read and write assist techniques allowing for operation at lower Voomin; the second
one consists in looking for another bitcell architecture that is able to operate in subthreshold domain
without the need for any assist techniques. This is the research axis focused in this thesis. Chapter 2
reviews the state-of-the-art of the near and subthreshold SRAMs and presents the various techniques
used in order to reduce the power consumption of memory in advanced technology nodes. Chapter 3
presents a comparative study of performances of various architectures of Ultra-Low Voltage bitcells in
the state-of-the-art in 32nm and 28nm CMOS Bulk technology with the proposal of two original 10T
ultra-low leakage bitcells. The different options and solutions allowing the efficient functionality
under ULV and improving performances are described in Chapter 4. These proposed techniques are
built on a test-chip for an Ultra-wide voltage range, 32kb SRAM, described in Chapter 5. Finally

conclusion in Chapter 6 presents the perspective of proposed prototype and near future prospectives
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Chapter 2
State of the art of ULV SRAM

Introduction

Recently a lot of research works focused on energy efficiency in SoC. The increase in the number
of cores per processor on a single die requires an optimization and new solutions must be used in order
to improve the energy consumption issue [29]. The growing demand related to mobile electronic
systems in terms of energy budget — related to the slow improvement of the batteries’ capacity that
fails to satisfy this need - requires that Ultra-power design techniques must be applied to enable longer
battery life. Scaling down the supply voltage is a de-facto approach used to decrease the total power
consumption. Static Random Access Memory (SRAM) in a System-on-a-Chip comprises 20% to 80%
of the total chip transistor count in average. It is thus one of the significant sources of energy
consumption in the SoC operation. Scaling down Vpp is unfortunately accompanied by the
degradation of bitcell stability criteria what limits the ULV operation feasibility. The state of the art of
SRAM is described in the perspective of limitation: the increase in process variability with scaling, the
SRAM bitcell performance limitations, alternative solutions to enable an efficient operation of a
SRAM bitcell in near and subthreshold range and the limitations of ULV bitcell in term of operating
frequency.

An analysis of mismatch is presented in Section Il. Section Il illustrates the various sources of
power consumption in SRAM bitcell: the benefit of scaling down the supply voltage Vpp at the level
of static and dynamic power consumption is analyzed. The main metrics allowing the sizing and the
characterization of SRAM bitcells are detailed in Section 1V. In section V the common techniques to
optimize the SRAM bitcell in read and write operations are presented. The various sources of
operating failures in SRAM bitcells are illustrated in Section VI. Main limitations of the standard 6T
bitcell are discussed in Section VII: degradation of write and read margins at ULV. An analysis and
discussion of the state-of-the-art of ultra-low voltage SRAM are presented in section VIII. Finally the

limitations of sense amplifier in sub-VT range are discussed in Section XI.
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Mismatch

Technology scaling is limited by mismatch that affects directly the ICs’ yield; this limitation becomes
more significant in advanced technologies nodes and causes many financial losses for semiconductor
companies. Mismatch is one of the most critical phenomena in mixed-signal design circuits and
especially in SRAMs. In 1989, Marcel Pelgrom [30] proposed the famous modeling law for mismatch:
according to this law the mismatch between two equal transistors of dimensions W x L separated by a

distance D is presented as follows:
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Where g = MQ»:% is the current factor, a combination of four variables parameters where p is the

channel mobility and Coy is the gate oxide capacitance. V' is the threshold voltage V; = Vpg

Local threshold voltage V; (x,y)

P-SUB

Figure 2-1: Schematic representation of random dopant fluctuation in a NMOSFET
The main source of variation in CMOS devices is the Random dopant fluctuation (RDF): The
variation of number of dopants in the depletion region (Figure 2-1). In general the number of dopants
in a volume is controlled by the average implementation dose, Na. This number is variable from one
volume to another due to the random processes. Pelgrom’s law indicates that in order to get more and
more accuracy, the area should be large enough what increases the capacitive load and causes the
increase in the power consumption. Hence a trade-off must be settled between area and accuracy.
Figure 2-2 presents the simulated drain current behavior for various W/L ratios in NMOS and PMOS

transistors in 28 CMOS LP. The results confirm the impact of area in the mismatch.
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Figure 2-2: Simulation of drain current, 1D vs. VGS for various W/L values in 28 CMOS LP
(1024 Monte-Carlo runs, 25°C, [VGS| = 1V)

Mismatch is an important parameter, which impacts directly the yield and the performances of the

SRAMs. This is why memory designers must give a considerable attention in order to built an accurate

memory.

Power consumption in SRAM bitcell

The power consumption in SRAM includes two contributions: the dynamic power consumption and

the static power consumption. The dynamic power consumption results in the charge and discharge of

capacitances during read and write operations and the static power is consumed due to the leakage

current.

Short circuitjcurrent

_T_Discharg
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Figure 2-3: Schematic of charge and discharge operations in a standard CMOS inverter
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As shown in Figure 2-3 the dynamic power consumption results in the switching and short-circuit
power. These power components depend on circuit activity and operating frequency (see equation 2-
2).

Ppyn~a. Cgpp. VgD- FrEg (2-2)

Where a is the activity factor, Cerr is the effective switching capacitance, Vpp is the supply voltage

and Freq Is the operating frequency.

Gate
T |11 |
Source Drain

P-WELL

WELL l Ve

Figure 2-4: Summary of leakage current mechanisms in deep submicrometer transistors
Figure 2-4 shows the different leakage current sources in deep submicron technologies. 1 is the
reverse-bias pn-junction leakage; I is the subthreshold leakage; I3 is the oxide tunneling current; 14 is
the gate current due to hot-carrier injection; Is is the GIDL? component; lg is the channel punch-
through current [31]. In another side, the increase in the leakage current in advanced technology nodes

makes the static power consumption became a significant contributor to the power dissipation in ICs.

PStatic"'ILeakage- Vbp (2'3)

Where I eakage 1S the total off current of the circuit.

Energy per operation

The energy per operation metrics is widely used to evaluate the energy efficiency in SRAMs presented
by the following equation:
2
Erotai~ILeakage- Vop-Tcrx + - Cror-Vip (2-4)

One of the most effective ways to reduce the energy consumption is to lower the supply voltage, as

this significantly decreases the dynamic power dissipation and the leakage power. As shown in Figure

2 Gate-induced Drain Leakage
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2-5, voltage down scaling reduces the dynamic energy as a square law but linearly increases the
leakage power losses. With scaling down of Vpp delay increases exponentially, resulting in leakage

energy increases and dominates the total energy consumption at low Vpp.

EIOp(J)

Figure 2-5: Energy profiles of the 90nm carry-ahead adder with respect to VDD [32]
Figure. 2-6 shows the total power of logic and memory across the voltage range in [26], this work
describes a processor fabricated in 32nm CMOS technology presenting a Voowmin equal to 550mV for
the SRAM memory part. A lot of memory design works like in [26] and [32] confirm that there is an
optimum voltage, Vot that allows reaching minimum energy consumption per operation, near the

MOSFET threshold region.
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Logic Vec / Memory Vcc (V)
Figure. 2-6. Measured energy characteristics across wide voltage range 1A-32
Processor [33]
However in this operating region and given the large number of bitcells in a SRAM cut, it is essential
to design a bitcell affected by the lowest possible leakage current. In the following we will discuss the

different metrics, which are used to characterize and size the SRAM bitcells.

56

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Chapter 2 State of the art of ULV SRAM

SRAM Metrics

Area and stability are two main important parameters for the characterization of SRAM bitcell: the
bitcell area defines more than two-third of the total SRAM cut size and L12 caches occupy a big part
of many SoCs. The cell stability defines the sensitivity faced to process, voltage and temperature
variation (PVT). These two aspects are interdependent as shown by Pelgrom law (increasing the
bitcell area allows to decrease the sensitivity to process variability). In advanced CMOS technology
nodes bitcells become very sensitive to the various sources of noises due to the increase in variability.
The most challenging issue in sub-threshold SRAM is increasing reliability during read and write
operations. A good metric for read/write margins is critically important to all kinds of SRAM designs
[33]. Various metrics are defined in order to characterize the bitcell stability. In the next section the 6T

SRAM bitcell will be presented and the metrics will be described.

1.1.6T SRAM bitcell
Figure 2-7 shows the conventional 6T SRAM bitcell well-known architecture. The 6T SRAM memory
cell is composed of two cross-coupled CMOS inverters with two pass-transistors connected to
complementary bitlines. The two pass-gate transistors (PGO and PG1) are controlled by the wordline
(WL) signal to perform the read and write accesses depending on the bitlines. The columns bitline true
(BLT) and bit line false (BLF) act as input/output nodes carrying the data from internal nodes to the

sense amplifier during the read operation, or from write circuitry to the memory cells during write

operation.
BLT BLF
wL wL
| PUO '3' ‘CI PU1
Iy Iy
PGO PG1

PDO l— —I PD1

Figure 2-7: The 6T SRAM bitcell

8 L1is acache used by the central processing unit (CPU) of a computer to reduce the average time to access data from
the main memory. The cache is a smaller, faster memory which stores copies of the data from frequently used main
memory locations. Most CPUs have different independent caches, including instruction and data caches, where the data
cache is usually organized as a hierarchy of more cache levels (L1, L2 etc.)

57

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés


http://en.wikipedia.org/wiki/Cache_(computing)
http://en.wikipedia.org/wiki/Central_processing_unit
http://en.wikipedia.org/wiki/Computer
http://en.wikipedia.org/wiki/Main_memory
http://en.wikipedia.org/wiki/Main_memory
http://en.wikipedia.org/wiki/Main_memory

Chapter 2 State of the art of ULV SRAM

1.2. Static noise margin (SNM)
The static noise margin quantifies the amount of voltage noise required at the internal nodes of a
bitcell to flip the cell’s contents. The degradation of SNM can limit voltage scaling for SRAM designs
above this minimum voltage. The SNM approach appears with the first studies performed at the level
of infinite logic gate chain in order to define the absolute minimum voltage (noise) to apply at the
input to cause the flip of the output state. A mathematical equivalence is derived allowing establishing
the static noise margin of the bitcell [34] [35]. Many methods exist in the literature to calculate the
SNM. Seevinck method [36] becomes the de-facto approach in industrial SRAM design flow used to
evaluate SNM. Figure 2-8 illustrates the setup circuit allowing the achievement of butterfly curves.

The well-known butterfly curve is a graphical representation of the worst-case SNM.
Y

[>o— v
X . v

—o +t —o ’ y ¥

U N v y £
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+ + ’ :
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Figure 2-8: Seevinck’s schematic setup [34]
In this schematic, U is an independent voltage source that is swept to implement a standard rotation
transformation of 45 degrees [34]. When performed twice (or once for two inverters) with appropriate
sign selection, plotting U versus V yields a butterfly curve from which SNM can be readily calculated
by way of subtraction. It is of utmost importance to point out that this technique is open loop for an
SRAM cell in the sense that each inverter is isolated from its cross-coupled partner. The feedback seen
in the equation of the schematic simulation is an artifact of the rotation transformation and as such,
does not intrinsically capture the closed-loop dynamics of an actual SRAM cell [34]. This method can
be used for read, write and hold mode in order to establish the static noise margin for the write
(WSNM), the static noise margin for the read (SNMreap) and the static noise margin during the
standby mode (SNMwoLp) corresponding to the side of the maximum square which can be inserted in

the butterfly curve as shown in Figure 2-9.
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SNMREAD

VSN 1[V]

o[} wsnm
SNM g,

VsV
Figure 2-9: Typical voltage transfer curv[e]for read, write and retention mode
1.3. Read margin (RM)
During the read operation in the 6T cell, the word line, WL, is activated. The two bitlines are floating
and they converge into a state depending on the configuration of the internal nodes of the selected
bitcell as shown in the Figure 2-10. The differential voltage developed by the two bitlines is sensed by
the sense amplifier. Bitline’s capacity and the read current are the main parameters which define the

read time of the selected bitcell (see equation 2-5).

VBL VBLB VBL VBLB
wL wL wL wL
PUO l)— —Ci PU1 | PUO l)— —C’ PU1 |
J— aqn og J— g wqn
I I A I
PGO PG1 PGO PG1
= _ree
PDO pp1 | PDO PD1
_l 1 ICELLL | CELLO :

Figure 2-10: Read operation: read 1 (left) and read O (right)
AVgy, = Ige-At/Cp  (2-5)
The read operation is the most destructive in term of information: successful read operation is related
to the read stability and the read current which guarantee data sensing and reduction of read power

consumption. The Static Noise Margin is an important parameter for memory allowing characterizing

the bitcell read stability. In this mode, SNM is the minimum amount of noise that can corrupt the data
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stored in the bitcell. It has been shown that during read the SNM takes its lowest value and the cell is

in its weakest state.

SNMREAD

VsnilV]

T T T
U‘I 03 04 y a';

VSNZ[V]

Figure 2-11: Butterfly curves during read operation a standard 6T SRAM bitcell in 28 CMOS LP

Hence, the read operation is more critical in term of stability. This is why SNM usually correspond to
the SNM calculated in the read mode (see Figure 2-11).

1.4, Write margin (WM)
During the write operation in the 6T bitcell, the write circuit assigns Vpp and GND for the bitlines (BL
and BLB) depending on the value of the data input, DIN. The word-line connected to the selected
bitcells is activated at the same time and the value of the internal nodes will flip based on the state of
the bitlines. The write static noise margins (WSNM) are widely used as the criteria of write ability.
Figure 2-12 shows the circuit when writing “1”. The write margin corresponds to the width of the
smallest square that can be introduced between the lower-right half of the butterfly curves [33]. For a
successful write, only one cross-point should be found in the butterfly curves, indicating that the cell is
mono-stable, as shown in Figure 2-12(right). The final write margin for the bitcell is the minimum

between the WSNM for writing “1”” and for writing “0”.
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Vaul[V]

L WsNm

;SNZ‘tV] ‘
Figure 2-12: Circuit for WSNM when writing ‘1°. (left), WSNM when writing ‘1’: width of the smallest
embedded square at the lower-right side (right).

There exist also several other static metrics along the measurement of WM, such as BL and WL
margins required for flipping the state of the bitcell, where the write margin is defined as the minimum
bitline voltage (Figure 2-13) and the minimum WL voltage respectively (Figure 2-14).

A

1] A Write-trip point -

VBL=Voy 0 VBLBN X -
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. Bit-line voltage BLB[V]
QB PGl __

PGO Q
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[
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Figure 2-13: Voltage Transfer Characteristic (VTC) of SRAM cell to evaluate write margin
by the BL sweeping method

Voo WL 7
VBL=V,, VBLB=0 s Q

=,
PUO I)— —c’ PU1 g .

[T}

o
—— ) Y &1 4 9y TE— B o
0 N I
PGO Q g PGl g

2

PDO I— —| PD1 . - .
WL [V]

Figure 2-14: Circuit for write margin from WL sweeping (left), Write margin (VWL) is defined as the
difference between VDD and the WL voltage when nodes Q and QB flip (right).
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1.5. Data retention voltage

The hold-margin or the data retention voltage is the minimum voltage for retaining data in the internal
nodes in the bitcell in standby mode (Figure 2-15).

VSNl [‘I]=

l\\_\‘

SNM00,

o

VsnalV]
Figure 2-15: Butterfly curves during hold mode for a 6T SRAM bitcell in 28 CMOS LP

The static power consumption has widely increased in advanced CMOS technology nodes. During the
hold mode, the static power consumption is the main contributor to the total power consumption of the
SRAM (Equation 2-2). In data retention mode, the access transistors are turned off, and the supply
voltage is decreased down to a certain value (Data Retention VVoltage (DRV)) in order to reduce static
power consumption [37]. The influence of the supply voltage on the leakage power of a 6T bitcell in
data retention mode is illustrated in Figure 2-16 (6T bitcell with 0.12 um area in 28nm CMOS bulk).

3e-09 1 X Leakage Current [A] b4
2,5e-09
X
2e-09 X
1,5e-09 x
pre=
X
X
1e-09 % X
xX*
5e-10 xl
0,2 0.4 0,6 0,8 1 1,2
VDD [V]

Figure 2-16: Simulated static power vs. supply voltage for a 6T bitcell (0.12 um, 28 CMOS bulk)
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As shown in Figure 2-16, scaling down Vpp by 40% (from 1V to 0.6V) results in 70% reduction in the
static power consumption in worst-case process and temperature conditions. Therefore reduction of
supply voltage in standby mode is a very beneficial and desired option allowing power saving. But this
option causes the destruction of the internal data since lowering supply voltage below DRV results in

hold failures. A tradeoff must be settled between power saving and reliability.

SRAM bitcell optimization

Read and write margins are the main metrics that define the SRAM bitcell stability. These two margin

criteria dependent on the strength of a,  and v ratios.

e o YD, ",

Wi, P =, =,

To design a bitcell with a good write-ability, the PU transistors in Figure 2-7 must be smaller than the

Where @ = andy

PG transistors (increase o ratio) and similarly the PD transistors must be bigger than the PG transistors

to guarantee an acceptable readability (increase [ ratio).

(W/L)PD > (W/L)PG > (W/L)PU (2-6)

The relation (2-6) illustrates that the promotion of the write-ability by increasing the PG transistors
compared to PU transistors causes the degradation of the readability. Therefore increasing write-
ability must be followed by an increase in readability. So, if we summarize, improving WM is limited
by the degradation of SNMreap and improving readability is limited by the PD transistors size, which
defines indirectly the bitcell area that should be as small as possible due to its impact on the overall

area of a SoC.

Failures in SRAM bitcell operation

Optimization of the bitcell design must be performed while targeting minimal failures. Considering
the impact of the bitcells in the area of SoC, a lot of trade-offs must be taken into account for example
the design requirements between WM and SNM. This makes the design of an optimized bitcell a
challenging task. However a sizing that does not take into account these trade-offs makes the bitcell
very sensitive and increases the probability of failures. Even if the bitcell is optimized, it is affected by
other sources of failure due to the non-idealities in silicon like PVT variations, the random telegraph
noise, aging ... these perturbation sources affect directly the offset voltage of the sense amplifier and
the timing delay what causes failures at the bitcell level. In order to design an SRAM with an

acceptable vyield, all these effects should be anticipated as margins. There are four metrics to
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characterize the bitcell failures: the write failures, the read failures, the read stability failures and the

hold failures.

1.6. Readability Failure
The readability failure consists in the inability for reading the bitcell internal data during the read cycle
time. Successful read operation in the 6T bitcell is detected when the bitline holding GND is more
than AV 2 Vorrser below the bitline holding a Voo when WL turns ON. Vorrser is the offset voltage
of the Sense Amplifier (SA).

1.7. Read ability Failure
A read failure occurs when the internal data change during the read cycle time. This kind of failure is
due to degradation in the bitcell SNM. The worst case of the read stability is when there is a multiple
read operation in a same row of the memory. Since the weakest bitcell can flip during the second

cycle, hence stability is detected after an additional read operation.

1.8. Write ability Failure
The write ability failure consists in the inability for changing the bitcell internal data during the write
cycle time. Checking the write ability failure is pessimistic if measurement of the internal nodes is
performed immediately after the word line is turned-off and it is optimistic if measurement is done

after a long period of time.

1.9. Hold Failure
As scaling down is the best way to reduce the static energy consumption during standby mode,
decreasing the supply voltage below the data retention voltage DRV results in hold failures because

the feedback provided by the cross-coupled inverters becomes too weak and the bitcell flips.

1.10. PVT impact on the SRAM bitcell operation
Process, Voltage and Temperature variability (PVT) are the main sources that impact directly the
reliability of the integrated circuits and especially the SRAM bitcells as shown in Figure 2-17. The
spread of local mismatch in advanced technology nodes is wider, also there is a lot of request to
reduce power consumption by scaling down the supply voltage and the temperature effect which
presents a different behavior between the nominal and at ultra-low voltage: this will result in the

decrease in SRAM reliability.
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(b)

Figure 2-17: Read margin curves of the 6T SRAM cell under PVT variations in 28nm FDSOI technology
Butterfly curve in Figure 2-17(a) is obtained by a Monte Carlo simulation (1024 runs) at 1V and 25°C.
Figure 2-17 (b) illustrates the butterfly of the 6T bitcell at 1V and 0,7V supply voltage and finally
Figure 2-17 (c) presents the butterfly curves for various temperature (-40°C, 25°C and 125°C).

Vel v
Figure 2-18: Butterfly curves of two different 6T bitcells with an area : (a) 0.197umz2, (b) 0.120um2
(1024 MC runs)
Figure 2-18 presents Monte Carlo simulations of two 6T SRAM bitcells with different size (0.197pum

and 0.12um). According to Pelgrom law, increasing the bitcell area causes the reduction of the ovr
and the increase in the read stability and vice versa. Butterfly curves show that the larger bitcell has
less variability and more SNM value. Similarly, the histograms of the WM in Figure 2-19 illustrate
that the spread of the distribution is thinner for the larger bitcell (0,197um). Simulation results confirm

that there is more variability in the smaller bitcell (0,12um): ovr(a) =22.5 mV = oyt (b) =15.4 mV.
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Figure 2-19: WM histograms for two different 6T bitcells, (a) 0.12um (b) 0.197um (1024 MC runs)
Limitation in the 6T SRAM bitcell in term of VDDmin

As explained in Chapter 1, scaling down the supply voltage is a de-facto approach used in order to
decrease the total power consumption in SRAMSs. The minimum supply voltage (Vmin) is the Vmin in
the SoC. Vmin of SRAMs limits the lowest operating voltage in the SoC. In SRAM, Vm is limited
mainly by the bitcell read stability (SNM) and by its write-ability (WM). Since variability increases
with scaling down Vpp and given that the SNM and the WM in the standard 6T bitcell are inversely

related metrics, this creates a limitation in term of minimum operating voltage.
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Figure 2-20: SNM (Average -4 o) versus supply voltage (FS4, 125 °C)(VDDMIN, SNM = 613 mV)
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Figure 2-21: WM (Average -4 o) versus supply voltage (SF5, -40 °C) (VDDMIN, WM= 566 mV)

VDDMIN = MAX (VDDMIN,SNM' VDDMIN,WM) (2-7)

The minimum supply voltage in a bitcell is the maximum between VDDwmin, snmv and VDDwmin, wm
where VDDwmin, snv and VDDwmin, wm present the minimum supply voltage for which SNM = 0 mV
and WM = 0 mV respectively. Operating the conventional 6T bitcell at Low Voltage (LV) with a good
yield is challenging, since the bitcell read-stability and its write-ability get degraded and cannot be
both optimized at the same time for a given area, since they have conflicting design requirements.
Research and prediction indicate that VDDMIN of the 6T bitcell is around ~0.6V [38]. Figures 2-20
and 2-21 show an evaluation in terms of SNM and WM for the 6T bitcell (0.197um2) in 28nm CMOS
bulk. The results indicate that VDDMIN is limited to 613 mV at 4c due to degradation of the SNM.

State-of-the-Art in ultra-low voltage SRAM

Over last years two research directions are predominant in order to design an ultra-low-power
SRAMs. The first one consists in using the standard 6T bitcell but with read and write assist
techniques allowing operations at lower VDDwmin. However the using of read and write assist circuits
result in more complexity at the periphery level and over consumption. The second direction consists
in looking for other bitcell architectures that will be able to operate in sub-threshold domain without
the need for any assist techniques. In order to solve the limitations in WM and SNM at low voltage
range due to the conflicting design requirements, Preferred bitcells are used, based on the
improvement of the Write ability WM (or SNM) at the cost of the degradation of readability SNMreap

(or WM) and vice versa by adjusting the strength of bitcell transistors by transistor size (width and

5 Slow Fast
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length) and V1. This is achieved through the adjustment of the dimensions and the threshold voltage
Vh of transistors in the bitcell [39]. At the same time in order to compensate for the degradation of
the write-ability or the readability, read and/or write-assist circuits must be used. The different
techniques allowing designing a preferred bitcell are now described.

1.11. Write-Preferred bitcell and Read-Assist Circuit
In order to improve the write-ability in the bitcell, o ratio must be set to a higher value (refer to
relation 2-6). This can be obtained by increasing the strength of PG transistors or by making the PU

transistors weaker.

Using PU transistors This technique presents a barrier for SRAM operating in sub and near threshold
with high Vo (HVT range.
MOS)

Increasing the width of  It’s a good technique allowing the improvement of WM and read current but

PG transistors with area penalty [39].

Using PG transistors It’s a very beneficial technique to increase the WM and read current without any
with low V1o (LVT area penalty. Unfortunately this approach causes an increase in lore current and
MOS) so reduces the number of bitcells that can be stacked per column.

In order to compensate for the degradation in readability in the write-preferred bitcell, a read assist

technique must be used. The most common read assist techniques are now described:

Voo wiL
oo —I ; VDD Boost L
VBL VELB -
Vi
PUO i)— —Ci PU1 ’ \
_J ; | v L VELB
PGO Q qs PGl R
PDO I— —| PD1 RT
v
VSS 5 - t Ve bisp I

Figure 2-22: Tuning VDD or VSS [40]

Increasing Vpp or lowering Vss at the bitcell level results in the increase in the strength of PD
transistors and thus sufficiently increases the SNM (Figure 2-22). However to prevent the large energy
consumption due to this method, there is a requirement for a column-by-column control of local bitcell
Vop (or Vss) to improve SNM of all bitcells in read operation mode and only these ones. Several
circuits have been proposed in [40] [41] [42]. The drawback of this technique is the need for more
specific circuitry assuring the raise and lowering of Vpp and for Vss what increases the complexity of
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the periphery.
VDD
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Rt |
PDO I— —| PD1 —
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Figure 2-23: WL voltage drop
Lowering the WL signal (Figure 2-23) for the selected bitcell during read operation allows reducing
the amount of charge injection between pre-charged bitlines and the lower internal node. The SNM is

improved [43] [44] without using options like enlarging the PD transistors to get bigger [ ratio.

1.12. Read-Preferred bitcell and Read-Assist Circuits
As already explained, getting a read-preferred bitcell is achieved when [ and vy ratios are large. This
can be obtained by making the PD transistors stronger or by reducing the strength of PG and PU

transistors. Several approaches used to improve SNMgreap are detailed now.

Using PG and PD This technique is beneficial since it hasn’t any area penalty and since SNM
transistors with high improves significantly. The implication of this method is the degradation of read

V1o (HVT MOS) current what causes a negative impact on read time and lon /lor ratio.

Decreasing the width of ~ The drawback of this method is the decrease in the read current while decreasing
PG transistors PG width.

Decreasing the width of  This technique improves the SNMgreap but not with the same significance as the

PU transistors other methods.

Increasing the length of  This approach allows increasing readability by making the PG transistors
PG transistors and the weaker. The increase in PD transistors is for the purpose of compensating for the

width of PD transistors  decrease in the read current due to the increase in PG lengths.

Increasing the width of ~ This technique allows not only to improve the readability but also to increase the

the PD transistors read current. The drawback is an area penalty [39].

To improve the weakness of write-ability in the read-preferred bitcell, various write assist techniques
are used which are described now.
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Figure 2-24: Negative bitline voltage (write 0)
Negative bitline is an efficient write-assist technique allowing the improvement of the WM for read-
preferred bitcells (Figure 2-24). Scaling down the supply voltage, Ves of the pass-gate transistors
decreases and the mismatch due to the variability of Vtn increases. As a result writing 0 becomes
critical and the write failure probability increases. Applying a negative bitline, Vs increases and so
writing 0 into the bitcell becomes more efficient. Several circuits have been proposed in previous
SRAM designs to overdrive the bitline [44] [40]. The drawback of this approach is an area penalty due
to the need of capacitance; also caution should be exercised since excessive negative voltage in BL
can cause a data-flip in unselected bitcells on the selected column (disturbed bitcells). The on-set

timing of the negative bitline must be adjusted carefully.
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Figure 2-25: Word line voltage boost [45]
Boosting WL during a write operation (Figure 2-25) makes Ves of the PGs transistors raise and hence
writing a data into the bitcell becomes easier. This is an efficient method to compensate for the
weakness of write-ability in the read-preferred bitcell however dual voltages and specific circuits must
be used what costs an area penalty and causes more congestion at SRAM architecture level. Moreover
increase in Vwe results in degradation of the SNMuoLp for half-selected bitcells in the same row.
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Figure 2-26: Rising Vss or lowering Vpp
Increasing Vss and lowering the supply voltage (Figure 2-26) are widely used as write-assist
techniques to improve the WM. A safety voltage margin must be taken in order to avoid data flipping
in half-selected bitcells. This method requires also column-by-column control of Vss (or Vpp) lines to
avoid the increase in power consumption. Increasing Vss (or lowering Vpp) is required only for the

selected column [39].

1.13. Previous ultra-low voltage bitcell architectures
Various new bitcell architectures have been proposed in order to solve the limitations in the standard

6T bitcell in term of minimum supply voltage.

VaulV]
VaulV]

VsnlV]

vSNZ(V] VSNZ{v] VSNZ[V]

Figure 2-27: Butterfly curves of (a) 6T bitcell in read mode (b) 6T bitcell in hold mode and (c) standard 8T
bitcell in read mode (TT, 1V, 25°C: PVT conditions &1024 MC runs)

Excellent ideas have appeared considering the separation of read and write paths using a separated
read port. Based on the fact that the Static noise margin of a 6T bitcell in retention mode is given quite
higher than that in read mode and that it has a limitation in term of SNM due to the conflicting design

requirement of the read versus write margins in the 6T bitcell. As a result SNM of bitcells with
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separated read port is almost the same as the hold SNM of the conventional 6T SRAM as illustrated
with the 8T bitcell in Figure 2-27.

\EISN 1 [VJ
- VsulV]

o \;:Nzlﬂ:‘:’]ﬂ‘g ne I‘ H\ISans[V]n‘7 n
Figure 2-28: Butterfly curves of 6T bitcell (left) and 8T bitcell (right) in read mode with
Voo =1V and 350 mV (TT, 25°C, 1024 MC runs)

The butterfly curves in Figure 2-28 illustrate the significant degradation of SNM in the standard 6T
bitcell while scaling down Vpp what makes the operation in ultra-low voltage a challenging task even
when using read and write assist options. The 8T standard cell offers always enough read stability
margin under ULV without the need for any assist techniques. However an area penalty in the bitcell
using separated read-port must be taken into consideration. The minimum operating supply voltage
Vmin is mainly limited by the degradation of SNM and WM in sub and near threshold voltage range. A
lot of new bitcell architectures have been proposed with the aim of making the ultra-low voltage
operation feasible. The proposed 8T bitcells in Figures 2-29(a) and 2-29 (b) [46] allow eliminating the
disturbance in the half-selected bitcells during read and writing operations. This approach results in
improvement of SNMgeap. The 8T bitcell in Figure 2-29 (b) [46] uses two PG transistors in series
allowing the reduction in the leakage current but it is also accompanied by a degradation of WM and
read current due to the resistive path. Figure 2-29(c) shows the single ended 7T bitcell [47] [48] using
a read-port to improve the read margin. However the WM is weak due to the dissymmetry. Figure 2-
29(d) presents the standard 8T bitcell [49] [50], which is widely used for high, speed application and
also in ULV range. The drawback of this bitcell is the limitation in lon/lorr ratio. As shown in Figure
2-29(e), the proposed differential 10T bitcell in [51] uses two separated read ports but leakage issues
also limit it. In [51] a single ended 10T bitcell (Figure 2-29(f)) has been proposed using a special read
port allowing the reduction in leakage current. In [52] an original differential ZIGZAG 8T bitcell has
been presented (Figure 2-29(g)) allowing to improve the read current but suffering from conflicts

between the leakage and the read current during read operation.
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Figure 2-29: SRAM bitcell architectures : (a) 8T bitcell, (b) CR8T [49], (c) 7T [47], (d) 8T [50], (e) differential
10T [51], () 9T[51], (i) ZIGZAGST [52] and (k) VGND10T [45]

Figure 2-29(h) presents another interesting VGND 10T bitcell [45]. A lot of new bitcell architectures

have been appeared in the last years enabling the functionality of SRAM at ULV. What makes the
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difference between these bitcells is the stability, the immunity facing perturbations (half-selected
bitcells), the sensing mode (single ended or differential) and the area. In the other hand, two issues that
have not been addressed in the state of the art relates to the parasitic power consumption and the read
failures due to the weakness of the lon/lorr ratio at ULV, these issues will be addressed in the next

chapter.
TABLE 2.1 SUMMARY OF DIFFERENT SRAM BITCELL TOPOLOGIES
8T (a) 8T (b) 7T (c) 8T (d) 10T (e) 10T (f) Z8T(g) 10T (h)
[49] [50] [47] [49] [51] [51] [52] [45]
[48] [50]
Controls 2 2 2 2 2 3 2 3
signals

Sensing Differential  Differential  Single Single Differential Single Differen Differe

tial ntial
lon/loff Yes Yes Yes Yes Yes No Yes Yes
ratio issue
@ ULv
WM High Low Very High High High High Low
Low
SNM Low Low Mediu  High High High High Very
m High
Half- High High Very Very Very Low  Very Very Very
selected Low Low Low Low Low
immunity

Leakage Medium Very Low High Very Very High  mediu medium Very
High m Low

Limitations in Ultra-low voltage sense

Static Random Access Memory (SRAM) faces an important limitation in read cycle time that prevents
high frequency operation and the possible applications at ULV. The full swing sensing is a practical
approach to circumvent the poor performances of sense amplifiers (SA) under ULV operation. Besides
ULV induces a limit in the performance in frequency of SRAMSs. The read cycle time is negatively
affected by degradation in the bitcell read current and the increase in variability. The most common
technique used with single-ended bitcells is called full-swing sensing [53] which is a slow process
(large delay). There is an interest to optimize sense amplifiers (SAs) for both full-swing and single-

ended bitcells under ULV. State-of-the-art SAs are reported for supply down to 500 mV due to the
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increase in local and global variation with scaling down Vpp [54]. Lowering Vmin down to 300mV is

detailed in chapter 4 along with review of the state of the art in sense amplifiers.

Conclusion

This chapter illustrates the main limitations of sub and near-threshold SRAM bitcell design. The
increase in the threshold voltage variation has a negative impact on mismatch and the bitcell
performances. Ultra-low voltage bitcells should then have a relatively larger area to avoid failures
compared to bitcells for standard power supply conditions. Two main research axes are discussed in
order to solve the limitations in WM and SNM in ultra-low voltage range due to the conflicting design
requirements (tradeoffs must be settled between a and B ratios). As discussed in the chapter, a lot of
previous works are based on the use of read- or write- preferred 6T bitcells. However this technique
needs additional assist-circuits, what increases the complexity of the SRAM periphery while not
always be efficient in term of VDDwmin. The use of new bitcell architectures with separated read ports
appears as a promising alternative that enables the feasibility of efficient operation at ULV.
Unfortunately this kind of bitcells (Fig. 28, using read ports) suffers from parasitic phenomena like the
degradation in the lon/lorr ratio resulting in read failures and the parasitic power consumption in the
half-selected bitcells. The read-time is largely decreased at ULV what limits the operating frequency
and eventually the possible applications. So to improve the read-time, a sense amplifier should be
used. Unfortunately data sensing during the read operation is a challenging task at ULV since the
VDDwin of a sense amplifier is limited to ~500 mV beyond 65nm CMOS [54].

The thesis topic was clearly to evaluate new bitcell architectures to limit the usage of assist-circuits
and to demonstrate solutions in 28nm CMOS bulk. The operation of the SRAM bitcell in deep ULV
conditions has been studied and the main limitations have been highlighted. This step is presented in
Chapter 3 and led to the selection of a 10T bitcell with modified read ports. The degradation of the
read current at ULV limits the operating frequency (small current to charge/discharge a significant
bitline capacitor). Forward body biasing has been studied to boost the read current (modulation of
V1H) and an improved subthreshold sense amplifier has been designed (high-speed sense amplifier
down to 280 mV power supply) in chapter 4.

As a summary:

o Chapter 3 details the various constraints and limitations of previous ULV bitcells. Bitcell
candidates are proposed and validated (silicon results in 28 nm CMOS bulk) that avoid the
main limitations in sub-threshold operation.

e Chapter 4 discusses several options used in order to enable operation in ultra-wide voltage

range for a cut of 32kb SRAM memory.
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e Finally Chapter 5 presents the architecture of a 32kb SRAM memory and a test chip in 28 nm
FDSOIL.

76

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

Chapter 3

Ultra-low voltage bitcells

1. Introduction

The chapter 2 highlights the advantages of scaling down supply voltage in order to reach the
minimum energy point in SRAM memory. The minimum supply voltage of Systems-on-Chip is
limited by the VDDwmin of the SRAM. As discussed previously, two research directions are
predominant in order to design ultra-low-power SRAMSs. The first one consists in using the standard
6T bitcell but with read and write assist techniques allowing for operation at lower VDDwmin. The
second direction consists in looking for other bitcell architectures that will be able to operate in sub-
threshold domain without the need for any assist techniques. This chapter focuses the latter direction.
New SRAM bitcell architectures have been proposed recently as solutions to the limitations of the six-
transistor (6T) SRAM bitcell in term of minimum supply voltage, Vmin. There is no demonstrated
bitcell as superior under ultra-low supply voltage like the 6T bitcell at nominal voltage. Main
limitations concern first the ratio between the read current and the standby current at the lowest
operating voltage, Second the bitcell robustness to perturbations and third the data sensing sensitivity,
among other but minor limitations. The chapter presents two proposals of ten-transistor (10T) Ultra-
Low-Voltage bitcells for 0.3V operation and processed in 28nm LP CMOS bulk. Simulation results
are compared to experimental results to demonstrate a satisfying operation at Ultra-Low supply
voltage. Two 10T SRAM bitcells are proposed here with the idea of gains in layout and flexibility
when decoupling the data-write path from the data-read path. This scheme seems to offer acceptable
performances under Ultra-Low-Voltage (ULV) whereas the 6T bitcell is obviously limited in SNM
and WM. Recently in this context, various SRAM bitcells have been proposed (8T [55], 9T [56], 10T
[45] and 11T [57]) to enhance stability for robust ultra-low voltage and power operation. 8T bitcells
have been proposed [58] that feature a read-mode SNM equal to the hold-mode SNM. A comparative
study is proposed that concerns the SRAM bitcells reported in [45], [59] and [52] respectively (Figure
3-1), working under ULV in 28nm bulk CMOQOS, i.e. the technology selected for the experimental
vehicles reported in this manuscrit. In [52] a separate data-read path is added to the original 6T SRAM
bitcell with independent data-lines. In [59] additional pass-gate transistors separate even more the

operation of the data-read path. A more complex architecture is proposed in [55] for that purpose.
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Figure 3-1: (a) The 10T IK JOON bitcell [45], (b) 20TVGND [59] and (c) the zig-zag Z8T [52]

An analysis of the various constraints and limitations of available ULV bitcells is presented in
Section II: particularly the effects of temperature, the lon/lorr ratio, the dynamic losses and soft error
disturb. A first proposal of 10T bitcell is presented in Section Ill: a multiplexing technique enables to
reduce significantly the effect of parasitic currents in un-selected bitcells. Section 1V details the
second proposal of 10T XY bitcell. An original data-read port is introduced to limit the effect of
leakage current. Comparison with state-of-the-art bitcells is proposed in Section V in terms of SNM,
WM, leakage current and WT. Measurements on silicon vehicles are presented in Section VI along
with simulation results in 28nm CMOS. The simulation results confirm the interest of these new 10T

bitcells to be processed in 28nm CMOS technology.

Constraints and limitations of available bitcells

A conventional 6T SRAM bitcell is built with two cross-coupled CMOS inverters, the contents of
which can be accessed through two nMOS access transistors. However operating a conventional 6T at
Low Voltage (LV) with a good yield is challenging, since the bitcell read-stability and its write-ability
get degraded and cannot be both optimized at the same time for a given silicon area, since they have
conflicting design requirements. This section reviews the main common limitations of SRAM bitcells
in ULV operations.

1.1. Effects of temperature and doping on Mobility
In a semiconductor both mobility and charge carrier concentrations are temperature dependent. Figure
3-2 shows the histograms of the read current, Icevc, of the 10T bitcell in [45] that is described later-on,
at three different temperatures (-40°, 27° and 125°), as obtained with a Monte Carlo (MC) scheme at
ULV (Figure 3 (left)) and under 1V (Figure 3 (right)) respectively.
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Figure 3-2: Monte-Carlo simulation of Iread (1024 runs), (TT Corner Process) (left) at VDD=300 mV and
(right) at VDD=1V

The peak of the distribution in Figure 3-2 (right) gives the most probable Icec. value. It is
noticeable that the current value is smaller with a higher temperature. This phenomenon is related to
the channel mobility degradation with temperature. This tendency is reversed at ULV (Figure 3 (left)).
The carrier-pair thermal generation counterbalances the mobility degradation at ULV. The spread of
the distribution is variable at ULV while it is rather constant at Vpp=1V. Figure 3-2 (left) gives

evidence of a low IceLL current value at ULV at low temperature.

1.2. lon-to-lorr ratio

In high-speed operations, it is common to use a sense amplifier when a bitcell is accessed, to detect
differentially the drop on one of the read bitlines with respect to the other one, to quickly evaluate the
data. However the leakage currents of the access transistors discharge both bitlines. A differential
readout works if the read-current of the accessed-cell is able to discharge a bitline more quickly than
the aggregate leakage-current of all the other bitcells tied to the same bitline in the same column.

As expected, scaling down Vpp strongly reduces the mean read current (Figure 3-3) and increases the
further degradation from variation. The leakage current of the un-accessed bitcells in ultra-low-voltage
domain represents a big barrier causing read operation failure: a solution must be provided to reduce
the leakage current. The degradation of the read current for a given bitcell regarding the leakage
current generated by unselected bitcells in the same column, becomes critical and causes failure in
read operation, especially at high temperature and when the supply voltage is less than 400 mV
(Figure 3-2). Reducing Vop degrades the so-called lon-to-lorr ratio, which is equal to IceL/ (N/*ILeak,
BL), Where IceLL is the read current of a given bit cell, I_eak, s is the leakage current of a non-accessed
bitcell in the same column and Nr the number of non-accessed bitcells. Vpp sets an upper limit to the

number of bitcells, Nr, which can be stacked in a column
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Figure 3-3: Read current degradation in presence of variation with respect to VDD scaling
(Monte-Carlo 1024 runs, TT and 25°C)

1.3. Soft Error disturbance
In memory circuits or sequential logic, a soft-error disturbance (SE) is caused by an energetic
particle that enters the chip and generates enough free charges to toggle the state of a latch [60].

pa

Bitcell Bitcell Bitcell Bitcell L Bitcell

L_| bitcell | __meli=c iy | Citcell Lo
<= <] <= <3 <y

{a) One bit upset

S S S

Word <0 Word <0 Word <0 Word <l Word <0=
Bitcell<0= Bitcell <1=> Bitcell <2 Bitcell <3 Bitcell <n=

(b) One single word mutli bit upset

Word <0= | Word <1> Word <2> Word <3> Word <d=
Bitcell<0= Bitcell <0 Bitcell <0 Bitcell <> Bitcell <0

(c) One bit upset for mutliple words
Figure 3-4: Three different scenarios of soft errors [63]
The sensitivity to SEs is directly related to the cell capacitance: the smaller the capacitance, the larger

the sensitivity [61]. At each new technology node, due to the surface shrink and its related capacitance
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shrink, bitcells become more sensitive to SEs. Since the sensitivity increases as the voltage is scaled
down [62], SEs are more critical for sub-threshold SRAMSs than for standard voltage SRAMs. In
advanced SRAM design, soft error became a challenging phenomenon, which directly impact the
reliability [64]. Figure 3-4 shows three possible scenarios of soft errors after a particle attack. First
scenario in Figure 3-4(a) shows that only one upset bit was occurred due to a particle hit: in this case
the soft error can be fixed with Hamming Single Error Correction/Double Error Detection codes
(SECDED) [65]. Figure 3-4(b) and Figure 3-4(c) illustrate single event multi-bit upsets, which become
predominant in advanced technologies nodes with smaller bitcells [66]. As shown in Figure 3-4(b),
many bits in the same word are corrupted: SECDED is unable to correct such error type. The most
used technique to avoid single word multi-bit upsets is to interleave bits as shown in Figure 3-4(c),
such that logically adjacent bits are not physically adjacent. When soft error results in a multi-bit upset
in a bit-interleaved array structure [45] [57], the SECDED is able to solve this error type since each

word contains only a single upset bit.

1.4. Dynamic losses

As already stated, the bit interleaving technique can resolve multiple bit soft-errors at ULV [45].
Figure 3-1(a) shows the implementation of a 10T bitcell using two pass-gate transistors and Figure 3-5
details the read- and write-operations. When a bitcell is selected either for read or write operation, all
bitcells located in the same Write Word-Line (WWL) are half-selected and have a floating potential on
their bit lines. The unselected bitcells suffer during read and write operations from additional losses,
which are due to a current discharge. The parasitic components’ behavior in half-selected bitcells
directly affects the dynamic energy consumption, as it is the case in the standard 8T bitcell [58] and
the 10T bitcell [45].

CWL”0"” CWL”0”

WWL“1”

BLT
Floptin l"

BLF,
Illl

Figure 3-5: Behavior of the 10T bitcell [45]: (a) Read and (b) Write operations
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During a write operation, a parasitic current is also injected from Vpp to the bitline BLF as indicated
in Fig 3-5(b). To avoid this phenomenon, the easiest way is to use one word per line. There are no
more unselected bitcells in the selected line. Unfortunately this technique increases the number of
bitlines with a negative impact on the complexity of the SRAM memory architecture. Moreover the
number of bitlines is limited and finally the gain on the latter dynamic losses is very small: it is not
worth the complexity. The implementation of a multiplexing technique is proposed here to allow

multiple words per line but with limited effects from the unselected bitcells.

Proposed “10T-MUX” bitcell

One primary solution to fight the leakage current issue in read port is to consider a virtual read word
line (RWL_MUX) accessed through simple one-transistor read ports (M9, M10 in Figure 3-6(a)) in a
multiplexed configuration. This solution is supposed to offer the minimum delay in read port access

and thus to provide the minimal read-time.

CWiL

WwL

M8 M2 M5 M7
M1 I_' —I M4
M9 M10

RWL_MUX

EREERR L EERD me

] ] 1
RWL_MUX I word 2
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Figure 3-6: Proposed 10T-MUX ULV bitcell: (a) schematic, (b) Layout and (c) hard coding technique
Figure 3-6(a) shows the schematic of the proposed 10T-MUX SRAM bitcell. This symmetrical cell
comprises two cross-coupled CMOS inverters and two pass-gate transistors in series to allow the use
of a bit-interleaving technique. This guarantees a high resistive path between bitlines and internal data
nodes. The read transistors are used to transfer the data to the read bitlines (RBLT, RBLF). Figure 3-
6(b) shows the layout of the proposed bitcell as implemented in 28nm bulk CMOS with 0.8pum? area.
The transistors in the read path have been sized in order to obtain an acceptable SNM value and read
current value under worst case conditions at 300 mV. In order to obtain a proper functionality during
the write operation (to avoid parasitic current between the RWL_MUX and bitlines), the 10T-MUX
bitcell requires the use of four bitlines.
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A hard coding technique is introduced to solve the half-selected-cell bitlines issue [57]. The idea of
this technique is to multiplex the RWL_MUX signal according to the number of words per line. This
allows selecting only one word during the read operation and hence eliminates the issue of the
parasitic dynamic losses from the unselected bitlines (Figure 3-6(c)). There is an obvious impact on
complexity at bitcell and periphery levels. The principle of operation of the 10T-MUX bitcell is
reported in Figure 3-7(a) with the waveforms of main control signals for a write 0, hold, read 0, write
1, hold and read 1.

wwL . H v . . . . wwr

cwi CWwL

RWL_MUX : : : ; ; : : XRWL

BLT

YRWL

BLF :
BIT .
BLF .
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N ] R I N A
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Figure 3-7: Simulated waveforms of main control signals in operation of the 10T-MUX ULV bitcell (a) and the
10T-XY ULV bitcell (b)

Moreover the proposed 10T-MUX bitcell presents a limitation due to injection of charge in the

floating read line.

As shown in Figure 3-8, the capacitance in the RWL_MUX is Crwr worp = CO = Cn = 13.44 fF (with
32-bit word and Crwe sir =0.42 fF, extracted value from Electrical-Rules-Check operation). The
RWL_MUX driver is connected only to one word thanks to the multiplexed RWL technique. The
drawback is the charge and discharge of the RWL_MUX capacitance (Cn) for the unselected lines
because they are in a floating state what results in additional dynamic losses. Further simulations have
been performed to quantify the additional losses in a matrix configuration (X/Y column and row

dimension).
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Figure 3-8: Schematic for the charge/discharge issue in the proposed 10T-MUX bitcell in matrix configuration
In 28nm CMOS bulk it appears a read failure for X=32 and Y=128, what means that the capacitance
Co is too large. Hence, there is a hard limitation (limitation in the number of bitcells stacked per row).
Besides the obvious complexity introduced by the separate read ports and the multiplexing technique
may not be quantified at periphery level. It is thus the main reason why another bitcell solution is

considered.

Proposed XY Read/write bitcell

L L g
[ —
4 1 1 2
Standard Read port One MOS Read port VGND Read port Proposed XY Read port

Figure 3-9: Read port configurations
Figure 3-9 shows the schematic of various read port in the state-of-the-art (standard, one MOS and
virtual ground (VGND) read port) and the proposed XY selection read port that is detailed in
following Section.

1.5. Standard read-port
Figure 3-10 shows the behavior of the 10T bitcell in [45] in 128 columns x 64 row critical path. The
bitcell has been designed in 28nm CMOS technology.
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Figure 3-10: Bitlines behavior in 10T-VGND bitcell in [45] (Figure 3-1(b))
As shown in Figure 3-10, the impact of the leakage current from unselected bitcells in the selected
column becomes critically dominant and causes read operation failures especially in Fast-Fast, 125°C
corner conditions. As a summary, there are two principal drawbacks in a bitcell using a standard read
port configuration: the read failure caused by the weakness of the lon/lorr ratio in ULV condition and
the dynamic parasitic consumption due to pseudo-read in the unselected words in the selected row. A
read boost circuit is proposed in [67] as a solution to the read failures caused by the leakage effect.
The circuit in [67] was designed in order to achieve two functions: detecting the falling bitline to
speed-up the pull-down, and to enhance the opposite pull-up to overcome the leakage effect. There are
two drawbacks: first the circuit is useful only for the differential bitcell sense configuration. Second
the gate length of the read-port nMOS transistors must be increased in order to reduce the leakage
current so as to overcome the worst case situation in FF and 125°C corner conditions. That will result
in the reduction of the read current (increased read time) with more silicon area penalty. The proposed
10T-XY bitcell has also been designed in 28nm CMOS technology. Figure 3-11 shows the typical
behavior of the bit lines. The unselected bitcells have not the same negative impact and fewer read

failures are awaited.

BLT, BLF

Hold | Read 0 | Hold
380mV : :

I

:‘k T=25°C

I

380mV
K T=125°C
I

(b)

Figure 3-11: Bitlines behavior in proposed 10T-XY bitcell at VDD = 380 mV
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Figure 3-12 shows a comparative simulation of both bitcells (in [45], i.e. 10T-VGND and 10T-XY).
The behavior of the read bitcells at ULV shows that the read port in the 10T-XY attenuates

significantly the leakage current from the unselected bitcells in the selected column.

10T VGND BITCELL

260M S 10T XY BITCELL

Sense margin

time [ns]

(c)
Figure 3-12: comparaison of the read bitlines’ behavior in the 10T-VGND bitcell and the differential 10T-XY
bitcell respectively (100 MC runs, corner FF, 125°C, 64 cells per column)
1.6. Venp read-port
Bitcells using a read port with zero voltage conditions (Venp) allow reducing the lorr current
significantly and hence solving the weakness of the lon/lorr ratio under ULV (Figure 3-13).

RWLO ‘1’

==

/ ﬂ*ﬁm 7 H |
{ VGNDO 0’
5' (n+1)x loaq

RWLn ‘0’

= =

6T H 6T

o i VGNDn ‘1’
o E v Ieakagl)e :

: : |

Elleakage

v

Figure 3-13: Leakage and read current behaviour with the VGND read port

However, there are two drawbacks in such a read port: first the dynamic parasitic consumption due to
pseudo-read in the unselected words. Second a charge pump should be used in order to increase the

VGND-line driver [68]. VGND driver must sink the read-current from all bitcells in the accessed row
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and it must draw the leakage-current from all unselected rows. This results in a problem to set VGND

to GND and causes a high probability of read failures.

1.7. Proposed XY read port

An XY read-port is proposed in Figure 3-8: There are two control signals in this read-port: the
horizontal one, RWL, is set to Vpp for a selected row and to GND for unselected rows. The vertical
one, YRWL, is set to GND for the selected column and to Vpp for unselected columns. As shown in
Figure 3-14(a) the proposed XY read-port avoids the power consumption from parasitic phenomena
but still suffers from leakage effect issue. Figure 3-15 shows a typical curve of the drain current, Ip, of
an NMOSFET versus gate voltage, Vgs. The transistor off-state current, lorr, is the drain current when
the gate voltage is set to zero.

TABLE 3.1 SUB THRESHOLD CURRENT EVALUATION VERSUS VGS AND VDS VALUES

Vb 100mV v
Isue @ Ves=-300mV 0.14pA 10pA
Isus @ Ves= 0V 30pA 144pA

Applying a negative supply to the gate allows to decrease the sub-threshold current by 99.5% at
Vp=100 mV and by 93% at Vp=1V (See Table 3.1). So applying a negative supply to RWL in
unselected rows within the proposed XY read-port allows avoiding the leakage effect phenomena as
shown in Figure 3-14(b).

RWLO ‘1’
! I =
1| L]
= _|
ﬂ—”:;: ﬁ;d qglparasitic"o
(a)
RWLn ‘0’
1| I.Ji
6T H 6T i—{
Ileakage Ileakage~0
| L4 I
YRWLO 0’ YRWLn ‘1’
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Figure 3-14. Behaviour of currents in the XY read port without underdrive (a)

and using under-drive technique (b)
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Figure 3-15. Ips versus Vs at two different drain voltages for 250 x 40 nm n-channel transistor in a 28nm
CMOS process.
1.8. Proposed XY bitcell
The 10T-MUX bitcell in Figure 3-6 with multiplexed RWL signals represents a solution to avoid the
power consumption from parasitic phenomena. Unfortunately this technique is complex since we
cannot stack more than two words per line in the layout area and the fact that decoding such
multiplexed signals will add more constraints on the X-decoder what makes the task of the designer

quite hard.
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RBL
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Figure 3-16: Proposed 10T bitcell with XY read port

The schematic of the proposed XY 10T SRAM bitcell is presented in Figure 3-16. This cell
comprises two cross-coupled CMOS inverters, two pass-gate transistors in series like in the 10T-MUX
bitcell in Figure 3-6 and the XY selection read-port (as in Figure 3-9). The read transistors are used to
transfer the internal data to the read bitline (RBLF). As shown in Figure 3-14 the impact of the leakage
current of unselected bitcells in a selected column becomes negligible thanks to the applied under-
drive technique in the gate of transistor M10 (Figure 3-16) in the XY read-port: this solves read failure
issues. The principle of operation of the 10T-XY bitcell is reported in Figure 3-7(b) with the
waveforms of main control signals. Table 3.2 presents the setting control signals for each operation

mode in the 10T-XY bitcell.

TABLE 3.2 CONFIGURATION OF CONTROLS SIGNALS IN THE 10T-XY BITCELL

Mode/Signals WWL CWL XRWL YRWL BLT BLF RBL
Hold GND GND Vb -Vbp Vobp Vobp Vpbp
Read GND GND Vop GND Vbb Vbb Floating
Write Vb Vbp -Vob o Din /Din Vob

5. Comparison with state-of-the-art bitcells

The proposed 10T SRAM bitcells are compared to the ones in [45], [59] and [52] (respectively Figure
3-1(a), (b) and (c)). All simulation results are obtained using the 28nm CMOS International
Semiconductor Development Alliance (ISDA) model card. The device sizing was performed and
optimized in the same way for all bitcells. The bitcells have been evaluated on the basis of SNM, WM,
Write-Time (WT), Read current and standby leakage current. All Monte-Carlo simulations are
performed with 1024 runs at 300 mV supply voltage and in worst-case temperature [-40°, 125°] and

process corners. All criteria have been evaluated at three-sigma process variability.

89

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

500 —

100 — . i §
425 . L ]
] . d 50| *
J209 s (d) w00 . (b) "
A 4
80T154 . A 401 e - ;
< i L ] a x
£ 1107 . + 30 4 «
— 4 .
§ 60—+ 5| 2 ? 2 a E 300 ol ?
- 1 -
E 0 e A T — » - o y &
bt i 0.3 0.35 0.4 g 102 ° . 4
& a0 | = ®  10TVGND [59] 200 - 0.3 0.35 0.4 —
z ] ¥  10TIK JOON [45] .
= A A ZBT[52] & ® 10TVGND[59]
3 : - ) 10TMUX . * * 10TIK JOON [45]
s® A X 10TXY 100 a  ZBT[52]
20 0 . o 10TMUX
1A § 55 L 4 < 10TXY
EEx R % p2f 3
s %P
0 ——T T T 0 T T —— I T
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Voo [V] Voo [V]
1e-06 \ ‘
400 ® 10TVGND [59] o) e  10TVGND [59]
.' 10TIK JOON [45] * 10TIK JOON [45]
& Z8T [52] (o) Be-07 iy Z8T [52] E—
0 10TMUX ™ X 9] 10TMUX
300 romxy = >} 10TXY
[ ]
= 0 __ 6e-07
E ] M
= s . = . (c)
= .00 il 100 E
= 4e-07
z 5 (a) : )
80 »
- ; 2e-07
e
100 o 60 F
e L [
n = 40 1} a
0.3 0.35 0.4 %
o I 1
0.2 0.4 0.6 0.8 1 12 0.25 03 035 0.4 0.45 0.5 0.55
VDD [V] VDD [V]

Figure 3-17: (a) SNM (Average — 3 6), (b) WM (Average — 3 6), (c) Write time (Average + 3 ) and (d)
Leakage current (Average + 3 o) for state-of-the-art ULV bitcells and proposed 10T bitcells

Figure 3-17 (a) and (b) show that the two proposed bitcells have comparable performances in terms of
SNM and WM with respect to the other bitcells considered in this work. In Figure 3-17(c) a small
degradation in term of WT is observed. This is due to the resistive path formed by the two series pass-
gate transistors (M5 and M7) or (M2 and M8) in Figure 3-1(a), Figure 3-6 and Figure 3-16
respectively. The analysis of the leakage current in the different bitcells shows that there are two major
contributors: the current flowing from the bitline pre-charged to Vopp to the internal node equal to
GND and the current through the read port. Sources of leakage are weakened in the proposed bitcells
thanks to the resistive path formed by the two series pass-gate transistors and the transistor in the read
port that has its source and drain at the same potential (RBL = RWL_MUX= YRWL=Vpp). As shown
in Figure 3-17(d), the proposed bitcells are better in term of minimal leakage current. It is observed
that the leakage current is almost constant as function of the supply voltage. Hence the proposed
bitcells are able to operate on a wide voltage range without the penalty of a significant leakage current.
The 10T-XY bitcell is a good candidate for Ultra-Wide-Voltage-Range SRAM design since it
overcomes parasitic power consumptions and the leakage effect (the weakness of the lon-to-loff ratio
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at ULV) without static power penalty. Simulation results at 300 mV and worst-case conditions are
summarized in Table 3.3. A comprehensive comparison is built from quantitative values. The 10T-XY
bitcell is highly functional in terms of lon-to-loff ratio and negligible dynamic power losses with
respect to the unselected word lines. The 10T-MUX is a differential bitcell with similar performances
but better read-time value at the penalty of a larger complexity at bitcell and periphery levels
compared to the 10T-XY. The selected state-of-the-art bitcells are less complex, what means less
dynamic energy consumption per operation but they are not fully functional in worst-case conditions,
i.e. below 400 mV power supply. Read failures are related to the unsatisfying values of the read
current (IceL.) what leads to unsatisfying lon-to-loff ratio. The 10T-XY is finally preferable to the
10T-MUX. All bitcells in Table 3.3 have been designed in 28nm CMOS Bulk but only the 10T-XY
and 10T-MUX have been experimentally verified here. Table 3.3 presents the total energy per cycle of
critical path (array 128x128) of different bitcells at 300mV supply voltage. No peripheral circuits have
been included in the simulation. These peripheral circuits may introduce additional power

consumption and area penalties.

TABLE 3.3 SUMMARY OF DIFFERENT SRAM BITCELL TOPOLOGIES

10TVGND 10TIK Z8T 10T-MUX 10T-XY
[59] JOON [52] [Thiswork]  [This work]
[45]
Cell Area: the 6T layout 3.5x 3.5x 2.27x 3.5x 3.5x
considered as a reference (x1)
Controls signals 3 2 2 3 4
Sensing Differential ~ Differential Differential Differential Single
lon/loff ratio issue @ ULV Yes Yes Yes No No
Writability [mV] 29.8 14.7 28.8 12.3 20.25
Half-selected immunity Low High Low High Very High
Leakage [nA] 18.7 8.51 144 6.52 5.37
WT [us] 0.47 0.77 0.72 0.97 0.9747
SNM [mV] 39.7 49.3 39.4 40.6 45,552
IceLL[nA] 1.41 1.83 5.46 5.52 5.11
EWrite, Total
0.34 0.7 0.9 0.95 0.46
(pJ)
ERread, Total (pJ) 1.05 1.53 2.07 1.9 0.7
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The results must be analyzed on a comparative basis. The 10T-XY bitcell is the best one in term of
energy saving since this bitcell avoids the dynamic energy losses and reduces the read time and at the
same time the read power consumption. The 10T-XY bitcell is so far the best candidate in the term of

leakage current compared to the other bitcells (72% less leakage compared to the 10T VGND).

6. Silicon vs simulation evaluation in 28nm LP bulk
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Figure 3-18: Experimental Butterfly curve for the 10-XY bitcell for various supply voltages
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Figure 3-19: SNM measurement versus supply voltage and temperature variation for the 10T-MUX bitcell (a)
and the 10T-XY bitcell (b)
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Figure 3-20: Silicon vs simulation standby current for various supply voltages for the 10T-MUX bitcell (a) and
the 10T-XY bitcell (b)
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Figure 3-21: Read current measurement for various supply voltage and temperature for the 10T-MUX bitcell (a)
and the 10T-XY bitcell (b)
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The proposed bitcells have been processed and characterized over a wide voltage range in terms of
SNM, read current and leakage current. Measurements are compared to simulation results. Figure 3-18
shows experimental butterfly curves for the 10T-XY bitcell for various supply voltage at 25°C. Figure
3-19 presents SNM measurements versus supply voltage for various temperatures. The proposed
bitcells have more than 50 mV SNM value at 25°C, what guarantees an acceptable margin for
readability. The temperature inversion phenomenon appears at a supply voltage around 0.6 V. Figure
3-20 shows the leakage current measurement. Results are in line with simulations in the Slow/Slow
corner and current values at ULV are better than the ones of the best in classical bitcells in literature.
The temperature variation effect is more critical at ultra-low-voltage as shown in Figure 3-21 with the
level of the read current: it results in different behaviors between low and high temperatures. More

efforts are required in order to make the functionality independent of the temperature variation.

7. Conclusion

In this chapter two 10T bitcells have been proposed as candidate to alleviate main limitations of in
state-of-the-art architectures (high leakage current and dynamic parasitic power consumption) but to
offer similar performances in terms of stability (SNM, WM) as the previously proposed ULV bitcells.
Dynamic parasitic power consumption is avoided in the half-selected bitcells, thanks to a proposed
hardcoding technique and a XY read-port. A comparative study was performed and simulations in
worst-case corners yield pertinent results. Silicon evaluation has been performed in 28nm CMOS. The
next step is the silicon validation of a 32kb UWVR L1 Cache designed with the proposed10T-XY
bitcell.
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Chapter 4

Solutions enabling UWVR

Sub-threshold operation of circuits becomes more and more attractive thanks to the ultra-
low power consumption at ULV. Unfortunately scaling down the supply voltage of SRAM faces
an important limitation in read access time that prevents high frequency operation and the field
of possible applications. The access time under ultra-low voltage operation is mainly dictated by
the available read current of the SRAM bitcell and the bitline effective capacitance. This chapter
presents two contributions enabling ULV operation of the SRAM bitcells in chapter 3. An
optimized sense amplifier (SA) is first detailed. A replica circuit is then introduced to take care

of the impacts of variability and to provide dedicated timing information for the SA operation.

1. Introduction

Recent literature on ULV SRAMSs has shown that the optimal voltage to reach a minimum energy
operation is around 300 mV for sub-90nm technologies [69]. Besides ULV induces a limit in the
performances in frequency of SRAMSs. The read access time is negatively affected by a degradation of
the bitcell effective read current and the increase in variability. The most common technique used for
read operation is the full swing sensing technique at ULV [70] that is unfortunately a slow process
(large delay).

Figure 4-1 presents an example of single ended circuit [71] used to ensure full swing read mode. This
technique consists in looking forward to the discharge of the read bitline: the read bitline is pulled
down if Q="1" (selected bitcell ‘internal data) or the read bitline stays high when Q="0". Multiplexer
allows to assign one of the bitlines to local Bitline BLX. The discharge of BLX results in the discharge
of the global bitline (GBL). There is an interest to optimize sense amplifiers (SAs) for both full-swing
and single-ended bitcells under ULV. State-of-the-art SAs are reported for supply down to 500 mV

due to the increase in local and global variability with scaling down Vpp [54].
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GBL

Figure 4-1: Circuit schematic of conventional domino single-ended sensing (full swing) [71]
In this chapter the motivation and the main limitations of sensing data at ULV are presented. An
optimized voltage sense amplifier is illustrated allowing to improve the read time of the proposed 10T-
XY bitcell. A new replica circuit with PVT tolerance is presented and finally an adaptive technique

allowing to optimize the sensing operation is proposed.

2. Read Vs. write operation

During a read operation, the two read bitlines (RBLT and RBLF) of the bitcell are initially pre-
charged. After the pre-charge state, both read bitlines are maintained in a floating state and the
wordline signal, WL, is pulled high. Depending on the data stored in the internal nodes of the bitcell,
one of the read bitlines is driven low while the other read bitline stays high. During the write operation
one of the two bitlines is driven to the level of the desired data. WL signal is pulled high, exposing the
storage nodes to both bitlines. Since pass-gate transistors can drive a ‘0’ more easily, the write
operation begins by writing a ‘0’ first. After Writing ‘0’, the internal feedback between the inverters in

the bitcell forces the other node to ‘1’ (Figure 4-6).
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Figure 4-6: Waveforms of main control signals in operation of the 6T bitcell
Figure 4-7 summarizes the behavior of the bitcell using a read port during the read and the write
operations. The discharge of the large capacitance of the floating read bitline makes the read operation
slower than the write operation.
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Figure 4-7: Write (left) and read (right) current path in the bitcell using a read port
Figure 4-8 presents a 1024-point Monte Carlo (MC) simulation of the write time and the read time at 3
o for the critical path (XY=128x64) using the 10 XY bitcell. Figure 4-8 shows that the read time is
larger than the write time by 78 % at 300mV and by 70 % at 1V supply voltage. These simulations
indicate that the bitcell faces an important limitation in read access time that prevents high frequency

operation and the possible applications under ULV.

2.0E+02 o = 6E-01
SE.01 | MWT MRT
1.5E+02 g
0 5 0
© 106402 | 18% @ 3E-01 - £
5.0E+01 2E-01
1E-01 - .
0.0E+00 OE+00
VDD=0.3 V VDD= 1V

Figure 4-8: Write time WT and Read time RT @30 for 10T XY bitcell (64L, 128C) in 28FDSOI (TT Process,
25C PVT Conditions)
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3. Limitation in read operation timing in UWVR

Operation of SRAM under ULV is very attractive to reduce consumption. Unfortunately most
applications need not only energy efficiency but also acceptable range of speed. However operation
frequency is limited by excessive values of read time (compared to values of write time, Figure 4-8).
Figure 4-9(a) depicts a read cycle in a conventional SRAM. First the bitline capacitance is pre-charged
through a PMOS transistor. Then depending on the stored data, the read bitline is discharged or stays
high during the read operation. Finally the sense amplifier is activated and depending on the value of
both read bitlines, the output data takes the value “0” or “1”. Figure 4-9(b) illustrates the targeted
reduction time in the discharge and sensing components. We target to optimize two time contributions:
the discharge and the sensing times.

VDD

RBL
g _CIE, i Vesir Vrsir
o T/

CLK

Pre-
A charge

(b)

Figure 4-9: Critical path in an SRAM during read operation: (a) standard timing, (b) targeted reduction timing
The acceptable amount of bitline discharge to guarantee a successful read operation is a difficult to
predict. Figure 4-10 presents the sensing schemes for small and large signals as examined in [74].

The conventional differential small signal-sensing scheme (Figure 4-10(a)) allows stacking a large
number of bitcells per column and therefore presents a large bitline capacitance, thus the need for a
sense amplifier capable to operate on a small difference voltage, AV (but higher than the offset
voltage). At ultra-low supply voltage, the weakness of the lon/lorr ratio limits the number of bitcells to
the stacked around 128 bitcells per column and the increase in mismatch causes larger offset voltage in

a SA what makes the design of a ULV sense amplifier very challenging.
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Figure 4-10: (a) Small signal sensing scheme, (b) large signal sensing scheme with multiplexing in local bitline,
(c) large signal sensing scheme with multiplexing in global bitline. [72]

In the case of large signal sensing scheme (Figure 4-10(b) and (c)), the read bitline discharges from the
supply voltage to ground. The discharge time is correlated to the bitline capacitance, hence the idea to
limit the number of bitcells to be stacked. An acceptable read time could be reached. This technique is
advantageous since just a simple logic port is needed to recover the stored data what allows to avoid
the consumption of SA at nominal voltage. However in near and sub-threshold voltage range, the
degradation of the read current and the increase in the variability make the read time impact larger
what limits the possible operating frequency. This is why the use of the large signal sensing technique
at ULV is not beneficial. The use of an amplifier is then primordial.

At = Cgy. AV [/ Icen (4-1)
Equation 4-1 evaluates the discharging time for a differential voltage, AVgL. This is a large part in the
read time (Figure 4-9). Table 4-1 presents the evolution of the discharging time for differential voltage
sense amplifier with various values of AVgy, with respect to 300mV and 1V supply voltage. Results
have obtained by simulation of critical path (128-bit x 64 bit SRAM array) using a differential 10-XY

bitcell as shown in Figure 4-11.
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TABLE 4.1 EVOLUTION OF THE DISCHARGING TIME FOR DIFFERENTIAL VOLTAGE SENSE AMPLIFIER

AV (MV) 50 60 70 80 90 100

Sensing time (ns)
50 54.4 58.2 63.5 67 70.17
(TT, 300mV, 25°C)

Sensing time(ns)
0.5 0.536 0.56 0.62 0.71 0.8

(TT, 1V, 25°C)

TABLE 4.2 EVOLUTION OF THE READ TIME FOR LARGE AND SMALL SIGNAL SENSING SCHEMES

Large signal sensing Treap = Trrecu + Cer-Vop/ lcenr

Small signal sensing Treap = Tprecu + Cpr-AVeL/ Icen + Tsensing

Table 4.2 illustrates the read time value in the case of the large signal and the small signal-sensing
scheme. If we summarize, in near and sub-threshold voltage range, there are two main limitations for
large signal sensing technique: first one is the limitation in the number of bitcells to be stacked per
column due to the bitline capacitance and the second one is the degradation of the discharge time due

to weakness of the read current. So in order to improve the operating frequency at ULV, we have
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focused solutions and techniques to extend the use of the small signal sensing technique in ultra-wide
voltage range [300mV, 1.3V].

4. UWVR small-signal sensing scheme

The scheme in Figure 4-10(a) suffers limitations at ULV. This section introduces solutions to alleviate
these limitations: i.e. to enable a satisfying read time without a constraint on the number of bitcells per

column.

4.1 Sense amplifier

The sense amplifier is among the most critical component in the SRAM peripheries. The role of the
SA is to amplify the differential input voltage, AV, developed between the two bitlines of a selected
column of bitcells. The minimum signal swing, AVuy, IS limited by the offset of the SA. The offset
voltage is due to transistor mismatch in the supposedly identical matched transistor pair at the input of
the SA. At the time of triggering, the SA differential input voltage should be higher than the offset:
AV = Vyrrser- The performances of the SA directly impact the access read time of the memory and
the dynamic energy consumption. As shown in Figure 4-12 the read time with a small-signal sensing
technique is composed of two main parts. The bitline discharge time, ts., depends mainly on the read
current, the bitline capacitance and the offset voltage of the SA. A second part of time delay consists

in the reaction time of the sense amplifier.

T Ve Vel

[ .

SA_OUT SA_OUTB SA_OUT, SA_OUTB :
i ’ Slope determined

: : E by lgeap & C
:"— _II: terecn:  tar ;\tsg READ T TR

WL
|I’I SAEN

Figure 4-12: Behavior of bitline voltages during read operation (as schematicaly described in Figure 4-9)
Several architectures of SA have been proposed in the state-of-the-art. The latch-type SA [75] [76] is
the most widely used in SRAM memory thanks to a favorable trade-off in terms of power
consumption and speed (reaction time). Figure 4-13 presents two latch-types SAs. The first one is the
VLSA [77] (Figure 4-13(left)) that amplifies the voltage difference, AVpL, developed between the

101

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

bitlines. The second one is the current sense amplifier (CLSA) [78] (Figure 4-13(right)) that amplifies

a current difference created by the voltage difference developed between the two bitlines.

BL BLB 1 ID' ‘4'{‘“’"}3'
—CI MP2 MP3 F—
MP1 MP2
SA_OUT SA_OUTB
MNO MN1
| SAEN

Figure 4-13: Latch type SA: (left) voltage sense amplifier [77] and (right) current sense amplifier [78]
On the one hand the VLSA is better in term of sensing speed and has less layout area than the CLSA
(additional two NMOS transistors). On the other hand the CLSA hasn’t the same constraint as the
VLSA in term of precision needed for the SAEN signal in order to clearly separate the input and
output nodes since the output nodes serve as input nodes through PMOS access transistors (MPO and
MP3 in Figure 4-13(left)) [79]. Scaling down the supply voltage the read current decreases

exponentially with a large process variation impact as shown in Figure 4-14.
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Figure 4-14: Read current degradation in the 10T-XY bitcell in presence of variation with respect to VDD
scaling in 28 FDSOI (Monte-Carlo 1024run,TT and 25°C)

Monte Carlo simulations are applied to the ULV sense-amplifiers. Unfortunately there is no
convergence point that has been detected for the CLSA because it is prone to more failure probability
than the VLSA due to the read current mismatch. This makes the operation of CLSA almost

impossible at ULV. This is the reason of interest for the voltage sense amplifier.
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4.2 Optimized UWVR Voltage Sense amplifier

The latch type sense amplifier (Figure 4-15(left)) is widely used in conventional memories since it
presents high input impedance to the bitlines and it offers a high voltage gain with a simple circuit. In
the following only the latch type VSA is considered.

BL BLB VDD

BL

SA_OUTB
MP P2

SA_ OUT
L

SA_OUTB
MP3

ﬁ ﬁ
; ;

Figure 4-15: Schematic of the Unbalanced VLSA

SA out

The proposed 10T XY bitcell has a single ended configuration (one read bitline). Hence, in order to
access the internal data of the bitcell in read mode, the use of a single-ended sense amplifier is needed
(Figure 4-15 (right)), as it is the case for the DRAM memory. Depending on the architecture of the
bitcell, the sensing can be differential as it is the case for the 6T bitcell or single-ended similar to the
case of the 8T bitcell (only one read port is used as read path). In order to validate the fesability of the
small-signal sensing at subthreshold range, two configurations of the latch-type sense amplifier
(diferential and unbalanced VSA) have been designed for single-ended and differential ULV bitcells.
The minimum bitline differential voltage is limited by the mismatch offset of the SA. The most widely

used technique to reduce the mismatch is ensured by upsizing the critical transistors.

\ SAOUT, SAOUTB (mV) } SAOUT, SAOUTE (V)
280 =
FEB=0V FEEB=0V
0 S — 1 ts) o tts)
1 l—:ﬂ’
280
{ FBB=280mV r FBB=280 mV
0 . : ) o , , : t(s)
280} 1=
FEB=1V FBEB=1V
0 , , 1 ts) o _ , _ ts)
1 2u 20p 40p 60p

Figure 4-16: Waveforms of internal nodes of the 28 FDSOI differential VSA in Figure 4-12(left) @280mV
(left) @1V supply voltage (right) (corner SS, -40°C process and temperature conditions)
103

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

First a ULV differential VSA is considered as in Figure 4-15(left). Internal node waveforms are
presented in Figure 4-16 at Vpp of 280 mV and 1V respectively. Forward Body-Biasing is evaluated at
0V, 280 mV and 1V respectively. As shown in Figure 4-16(a) the reaction time of the VSA at 280 mV
supply voltage is largely reduced (around 80%) thanks to a large FBB at the NWELL of the NMOS
transistors level. FBB at nominal supply voltage as shown in Figure 4-16(right) does not impact the

SA yield.
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Figure 4-17. Pulse width of differential VSA in Figure 4-14 (left) (a) @280mV and (b) @1V supply voltage

Figure 4-17 confirms the benefit of applying a body bias for improving performances : reduction of
the sensing time by 80% at Vpp=280 mV and by 13% at Vpp= 1V with FBB=1.2V.This illustrates the
benefit of body biasing in improving performances of the ultra low voltage circuits.

To estimate the failure probability of a sense amplifier, Monte-Carlo simulations are performed, over
1024 draws. For a fixed targeted value of Vg, the correct sensing operation occurs when AVgL IS

larger than Vos [80]. Then, Failure probability of the SA is estimated as:

number of incorrect sensing operations (4 2)

P(F) =

total MC simulation trials

The probability of failure depends significantly on the threshold voltage variation. Scaling down the

supplly voltage, the Vt variation (ovtn) becomes larger resulting in more sensing failures. The offset
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voltage corresponds to the minimum differential input voltage for which the SA achieves the read
operation with zero failure in the worst-case conditions. The upsizing of the critical transistors resulted
(MNO, MN1 and MN2 in figure 4-15 (left)) eliminates the read failures due to the increase in the
mismatch offset at low supply voltage. Figure 4-18(a) and (b) present the Probability of failure for an
optimized differential sense amplifier at 280 mV and 1V respectively. As a result the optimized
differential SA in 28nm FDSOI has an offset value equal to 40 mV at Vpp=280 mV and 30 mV at
Vop=1V which remains below to the common standard offset voltage value in the state-of-the-art
(50mV).
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Figure 4-18: Probability of failure for the differential VSA versus effective AV at VDD (a) 280mV and (b) 1V
power supply (1024 MC Runs)

An unbalanced single-ended VSA is then designed and optimized in 28nm FDSOI for the proposed
single ended 10T-XY bitcell (Figure 4-20(b)). Unbalanced VSA is more sensitive to variability due to
its dissymmetrical architecture. This explains the increase in Vofset cCOmpared to the differential VSA
as shown in Figure 4-19. The SA single-ended offset value is equal to 100 mV at Vpp=280 mV and 60
mV at Vpp=1V when the circuit is optimized in 28nm FDSOI technology.
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Figure 4-19 Probability of failure for the unbalanced VSA versus AV at (a) 280mV (b) 1.2V power supply

(1024 MC Runs)

In order to validate the functionality and to estimate the energy consumption of both VSAs
(differential and unbalanced VSA), Monte Carlo simulations are performed to evaluate a critical path
(with various scenarios of number of bitcells stacked per column: 32, 64, 128, 512, 1024) in the ULV
single ended 10T-XY bitcell (Figure 4-20(b)) and the differential 10T-XY bitcell (figure 4-20(a)).

YRWL

Figure 4-20: schematic of the differential 10T-XY bitcell (a) and the single ended 10T-XY bitcell (b)
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Table 4.3 presents the energy evaluation of both optimized SAs during the read operation. According
to table 4.3(a) applying FBB=1V results in increasing the total energy consumption by 36,15%
compared to the case when FBB=0V for the differential VLSA and by 9,7%for the single ended
VLSA. Consecontely, applying FBB allows to improve the reaction time of the SA (read acces time)
but it also costs an increase in the energy consumption. Hence there is a trade-off between energy
consumption and frequency that must be taken into account.

TABLE 4.3 TOTAL ENERGY CONSUMPTION EVALUATION OF OPTIMIZED SAS

(a) Total energy consumption for different body bias value (fJ)
Architectures FBB=0 FBB =05 FBB=1 FBB =12
Differential VLSA 0.39 0.425 0.531 0.615
Single ended VLSA 0.462 0.471 0.507 0.579

TT 25 0.3V (CaL=0.256pF & AV=100 mV)

(b) Total energy consumption for various bitline capacitances (fJ)
Architectures Co1=0.256pF CoL=0.512pF CoL=L1.024pF CoL=2.048pF | CoL=4.096pF
Differential VLSA 0.531 0.572 0.593 0.61 0.75
Single ended
0.507 0.594 0.615 0.69 0.71
VLSA

TT 0.3V 25 (FBB=1V & AV=100 mV)

(c) Total energy consumption for different Voo (fJ)
Architectures Vop =0.3 Vob = 0.6 Vop = 0.8 Vop =1
Differential VLSA 0.531 1.74 2.8 4.1
Single ended VLSA 0.507 1.866 2.88 4.14

TT 25 (CeL=0.256pF & FBB=1V & AV=100 mV)

According to table 4.3(b) increasing the number of bitcells stacked per bitlines, result in the rising of
bitline capacitance and hence the increase of the discharging time to reach AVgL= 100 mV:
consecontely the energy consumption increase. Table 4.3(c) shows that scaling donw the suplly
voltage from Vpp=1V to Vpp=300mV result in reduction of energy consumption by factor of 8,2x for
the differential VLSA and by 8,16x in the case of the single ended VLSA.

5. Discharge time of the bitline

Equation (4-1) indicates that the bitline’s capacitance and the read current are both main parameters
that impact the discharge time of the bitline in order to develop a given differential input voltage to the

SA higher than its offset voltage.
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5.1 Impact of the capacitance on the discharge time:

The bitline capacitance rises with the increase of the number of bitcells stacked per column and the
read current depends on the size of the bitcell. Figure 4-21(right) presents the probability density
function (PDF) of the read time for various number of 10T-XY bitcells stacked per column (32, 64,
128 and 256 bitcells). This figure illustrates the increase in the variability and the spread of the read
time with the increase in the read bitline capacitance. For two reasons. The weakness of the lon/lorr
ratio and the large read time (Table 4.2) value at ULV, leads to a choice to limit the number of bitcells

stacked per column to 64 in the design of ULV SRAM, which will be presented in the chapter 5.
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Figure 4-21. Probability density function of the read time for various scenarios depending on the number of
cells per column (Monte-Carlo 1024 runs,VDD= 300mV, TT and 25°C)

5.2 Dynamic modulation of V1 in 28nm FDSOI technology

As already mentioned at the beginning of this chapter, back biasing can be used dynamically to
increase or decrease the threshold voltage. An evaluation of the impact of applying forward body bias
on the bitcell performances is presented. Applying FBB at the bitcell level decreases the threshold
voltage but the read current is largely increased what results in the decrease in the read time (rising of
the driving current). As shown in Figure 4-22, applying FBB = 1V allows to reduce the read time by

85% compared to the case where FBB voltage value is to OV.
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Unfortunately, forward body bias technique causes the increase in the total leakage current in the
bitcell. Figure 4-23 illustrates that applying FBB = 1.2V causes the increase in the total leakage
current of the 10T-XY bitcell by 80% at Vpop=300mV and by 56% at Vpp = 1V compared to the case

where FBB voltage value is OV. So, if we summarize forward body bias impacts, it appears that the

threshold voltage decreases what results in the increase in the driving current (improving of frequency)

but the leakage current increases what will result in static power consumption penalty. The traditional
ways to limit the power consumption penalty due to the use of forward body bias is firstly to consider
a dynamic technigque. For example FBB will be applied only during the read operation. Second it is

possible to split the memory into 2, 4 or more matrix blocks of bitcells where FBB will be applied

only for the selected block. These techniques are limited since the power consumption penalty is still
significant [81]. An alternative solution must be explored.
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Figure 4-23: Simulation of the total leakage current in the 10T-XY bitcell at 300mV and 1V supply voltage
respectively in the case of two body bias values (0V and 1.2V) (Monte-Carlo 1024 runs, FF and 125°C corner

conditions)
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NWELL (c)

Figure 4-24: (a) FBB per block, (b) Proposed dynamic threshold voltage modulation per column and (c) layout

view of NWELL-PWELL intersection
Figure 4-24(b) presents the proposed dynamic threshold voltage modulation per column, which

consists in applying forward body bias on the NWELL only for the bitcells in the selected column.
This technique is achieved through the combinations of select in multiplexers and a read clock, what
allows selecting the straps corresponding to the NWELL layer for the selected column. This technique
allows reducing significantly the power consumption penalty compared to the dynamic FBB
technique, which apply FBB by block (Figure 4-24(a)). The proposed technique applies FBB on the
NWELL strap in the selected columns: however as shown in Figure 4-24(c) for each bitcell, there are
two NWELL straps. Hence two columns that are close to the selected column will be half-selected
(one NWELL strap without FBB and the other one with FBB). An analysis of the static noise margin
of the half-selected bitcell (SNMnowp) in term of FBB has been performed. This study confirms that
there is no negative impact in maintaining data in the half-selected bitcells. On the other hand, it is
essential to check the behavior of read stability of the selected bitcell facing the application of forward
body bias. Figure 4-25 presents the evaluation of the SNM for the 10T-XY bitcell for various values
of FBB and supply voltages. The Figure demonstrates that excessive value of FBB may cause a
degradation of the static noise margin especially at ultra-low voltage what will generate read failures.
The 10T-XY bitcell suffers from read failures when FBB > 1V for 350mV supply voltage. This settles
FBB value to 1V over UWVR.
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6. Replica circuit

Scaling down supply voltage results in increase in the threshold voltage variation what directly impact

the SRAM performances. A sense amplifier and a replica circuits are considered as a best solution to

minimize PVT variation impacts on the speed and performances.

In the previous section an

unbalanced voltage sense amplifier is designed operating down to 280 mV supply voltage allowing to

improve the read time of the proposed single-ended 10T-XY bitcell. This section addresses the replica

circuit, which is essential to emulate the worst-case timing path for read operation.
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Figure 4-26: Scenario of SA activation with SEAN signal
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The access time of the SRAM memory is the main limit of the performance in the SoC. The SRAM
access time depends on the read current of the weakest cell and the largest bitline capacitance. In order
to improve SoC performances, a fast SRAM access time is required [82]. The discharging time of the
bitline capacitance by the selected bitcell during the read operation is a dominant part in the access
time (Figure 4-9). A sense amplifier is used in order to reduce the bitline related delay amplifying the
little voltage difference developed by the bitlines. A small bitline swing reduces the access time and
the dynamic power consumption. An SA-enable (SAEN) signal is needed to control the activation
timing of the SA. As shown in Figure 4-26, if the SAEN signal fires before the differential input
voltage exceeds the SA offset voltage, AVeL < Vortset, the SA will randomly amplify the difference
voltage and may causes read failures. In the other case, if the SAEN fires too late (AVBL > Voffset),
then the dynamic power consumption and access time increase. Hence there is an optimal timing to
enable the sense amplifier. This optimal timing depends on the global and local PVT variations
process, voltage and temperature (PVT) [83]. The replica bitline technique is supposed to generate the
optimal SAEN timing at each PVT condition. Replica circuit schemes have been frequently used in
embedded SRAM for word-line pulse and sense amplifier Controls, to reduce the timing skew in data
sensing for synchronous SRAMs under PVT. In this section we will analyze the different issues

related to the replica circuits and a new replica circuit will be proposed.

6.1 State-of-art

Replica tracking circuit is firstly introduced in [84]. Several replica architectures are presented in the
state of the art [83], [85], [86] to emulate the worst-case timing path for read and write operation.
Figure 4-27 presents a conventional SRAM replica circuit [87].
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Replica-X DEC WL :
]
[ | Decoder - H
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Pre-dec / CTRL SAEN
10s
Clock Reset
Generator ! |LATCH
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Figure 4-27: Conventional replica circuit
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The signals are as follows (Figure 4-26): the input address is decoded and leads to the assertion of the

word line corresponding to the selected bitcell and the assertion of the replica wordline. The selected
bitcell starts to discharge the read bitline. In the same time a fixed number of bitcells start to discharge
the replica bitline: the read bitline signal is then inverted and buffered to generate the SAEN signal
that will trigger the SA. Finally the SA amplifies the difference voltage AV, which must be higher
than the SA offset voltage. The read bitline replica signal is also used to turn-off the active WL to stop
the bitline swing and save power [83]. The conventional replica column architecture uses replica
bitcells, which are identical to the core bitcells (Figure 4-27). These replica bitcells are arranged for
replicating bitlines capacitance and to emulate the discharge current. Firstly the replica read bitline is
pre-charged to Vpp. Then WL signal is activated and a fixed number of bitcells discharges the replica
bitline. At the same time, the normal selected bitline is also discharged through the accessed bitcell
[82]. The timing for SAEN is defined when the difference between the pair of slowest bitline voltages
in the selected column (critical path) becomes larger than the offset voltage of the sense amplifier.
Usually the impact of the random threshold voltage variation at the level of the bitcell and the replica
bitline is different. As a result the delay variation in the replica bitline due to Vrn variation increases
the SRAM access time. As shown in Figure 4-28 there is a significant impact of the SAEN timing
variation performances as it increases the access time and bitline power consumption [82].

Replica bijtline
delay variation
-—!

Bitline deja 5
variation I

Replica
Wordline /

A
SAEN | — / :

; i i
) Increase the access time

r

Optimal SAEN timing

Figure 4-28: Increase of the access time due to the increase in the SAEN variation
The delay for the read operation is composed firstly by the logic gate delay in the decoder, the RC
delay in the wordline and finally the bitline discharge delay driven by the selected bitcell. The shift
delay in the logic gate caused by the PVT variation is different compared to the bitline delay. Due to

the Vty difference among transistors in logic gates and bitcells, a different rate of change appears in
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delay with respect to Vpp. There are three delay paths in the read operation: RC delay in the replica
WL, read path to discharge the bitline and a control path to generate SAEN. The delay mismatch of
these paths mays induces a fail of read operation or degradation of performances. The replica bitline
discharge delay caused by the mismatch can be reduced by increasing the number of so-called driver
bitcells in the replica column [83]. Figure 4-29 illustrates the probability distribution of delay in the
bitline and SAEN signals: a trade-off between the SAEN timing variation due to the local transistor
mismatch and the bitline delay must be made to avoid the read failures and the degradation of
performances.

High yield SAE delay distribution
Slowest BL delay /
1 K

distribution Faster BL delay

/ distribution

.
o -

b R i i
.

Probability distribution

Low yield SAE delay distribution
.......... Time
< .
Read failures Perfomance degradation

Figure 4-29 Probability distribution of BL and SAEN delay [83]
Figure 4-30 presents a configurable replica bitline (Crs) technique proposed in [83] for controlling

SA enable, allowing the cancelation of local mismatch (RBL delay variation).

DC: Dummy cell
RC: Replica cell
—-i RBLRBLB -

WL SAE

Figure 4-30: Conventional timing replica circuit and SEA timing waveform [82]
The principle of replica bitline technique is that the control path has a delay driven by bitcells as the
replica bitline delay. The delay driven bitcells in the control path must have the same length as the
read path. Therefore the delay shift of control path according to PVT variation yields the same ratio as
the one of the read path [82]. The replica bitline technique attains self-timed tracking with optimal

SAE timing according to PVT variation. The replica bitline allows emulating the worst-case delay of
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discharge of the read bitline capacitance. The word line replica allows emulating the RC delay in the
line. The combination of the replica WL and the replica RBL allows tracking the worst case in read
and writing timing path in order to provide an optimized timing for SAE and RESET signals. Figure
4-31 (c) presents the normalized delay distributions of the read bitline in [83] that select 3 bitcells
among 5 potential driver bitcells (Figure 4-31 (b)) and 3 among 10 potential driver bitcells that best
cancel the mismatch compared to the conventional RBL with 3 fixed driver bitcells (Figure 4-31 (a)).
As shown in Figure 4-31 (c) the standard deviation of RBL delay decreases exponentially with the
number of configurable driver bitcells.

p ™ w ~
_‘.‘5 . E n
E B g . Configurable RBL
- E . (3 of 10 bitcells)
2l = g A
£l e < = |
= i o 1
S <+ =
E“" .E : Configurable RBL
[ o | < z| conv.rBL 1 (3 of 5 bitcells)
e ] = s 2
3 fixed bitcells
(= 5Bt ERTeT
O .
z| <+ <+ a Time
(] —J —
b o @ -
=G ERR=a Q

(a) <) Driver  (b) [><] Chosen driver

Figure 4-31 (a) Conventional RBL replica with 3 fixed driver cells, (b) Conventional RBL replica with 5
potential driver cells, (c) Probability distribution of the replica BL delay [83]

6.2 Replica circuit

Replica column schemes have been frequently used in embedded compatible SRAM for word line
pulse and sense amplifier controls to reduce the timing skew in data sensing for synchronous SRAMs
due to the PVT variability. The conventional replica column schemes generate a single set of timing
applied to both read and write operations. However in dual port and bitcells with separated read port,
the read and write paths are separated. Based on this separation, a new replica is proposed as follows
to remove the wordline replica and the decoder dummy cells while ensuring the same functionality as
the standard tracking replica with similar performances. The write path, used in read operation is
considered in the replica scheme.

Figure 4-32 shows the operating principle of the proposed tracking replica circuit. First the wordline
replica is removed, considering that the bitcell has two signals, rwl (for read) and wl (for write) (as the
case of the standard 8T bitcell in Figure 4-34) to activate the read and the write operations
respectively. Four multiplexors at the inputs of the top two wordlines in the matrix are used. It exists

two scenarios that define the operation of the proposed replica:
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Figure 4-32 Proposed replica circuit

e If the top line <n> is not selected then it is used as a wordline replica as illustrated in Figure 4-
32 (top). In the case of read operation, the read clock is propagated in the write path (wl) to
provide the rwl_dum signal (which corresponds to the propagated signal in the dummy
wordline), which activates the discharge of the read bitline signal in the replica column.
Similarly in the case of write operation, the write clock is propagated in the read path (rwl) to
provide the wl_dum signal, which activates the discharge of the write bitline dummy signals in
the replica column.

e If the top line <n> is selected then the line <n-1> is used as a wordline replica as illustrated in

Figure 4-32 (bot): in the case of the read operation, the read clock is propagated in the write
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path (wl) to provide the rwl_dum signal which activates the discharge of the read dummy
bitline in the replica column. Similarly in the case of write operation, the write clock is
propagated in the read path (rwl) to provide the wl_dum signal, which activates the discharge
of the write dummy bitline in the replica column.

Two multiplexors are used at the end of the top lines in order to select the right signals coming

from the wordlines<n> and <n-1>, allowing the activation of the replica column during read or

write operations.

L . L . . . . b . . . o

w1 vies cl_write) new_rep

Standard replica LES - i |

Figure 4-33 Waveforms for the read and write clocks generated by the proposed replica (top) and the standard
replica (bottom) (TT, 500mV, 25°C PVT conditions, FBB=0V)

Figure 4-33 shows the waveforms of the read and write clocks generated by the proposed replica and
the conventional replica. As shown in these waveforms there is a little shift delay between the two
clocks generated by both replica-circuits due to capacitive effect.

VBL VBLB
BLO BLBO
wL wL
l)_ _(1 RBL Wi
IJ-% Q‘;@ - i -(1 Q;[I}_r BLB1
T
apr

_| WwL1

Figure 4-34. Capacitance modeling in the read and write path in the standard 8T bitcel (left) and dual port 8T
bitcell (rigth)
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Figure 4-34 illustrates the schematics of the standard 8T bitcell and the dual port 8T bitcell. The
capacitance value in the read wordline is different from the capacitance value in the write wordline.
This will result in a different propagation delay between the two paths. As discussed previously in
Figure 4-32 the “wl_dum” signal is propagated in the read wordline path and the “rwl_dum” signal is
propagated in the write wordline path in the selected replica line (line<n> or line<n-1>). This
inversion may cause a little shift delay since the two delay paths are different as shown in Figure 4-32.
Hence to take into account this matter, a little delay (1,25ns @500mV supply voltage) has been
arbitrarily added in the path, featuring the smallest propagation delay to match both delays as shown in
Figure 4-35.

DEC <n> | rwl<n>
wl<n>

[ DEC <n-1> [rWI<n-T3 IEF-

wl<n-1>
clk_r|| lclk_w

n

X DECQDER Array Replica

RBL

i Pre-dec [ TRL 10 WEN
S

Clock Reset
Generator

@ CK

Figure 4-35: Proposed replica circuit with adapted delay
The use of the proposed replica technique allows to reduce the silicon area penalty by 10 to 20%

compared to the standard replica scheme while ensuring better functionality and performances.

6.3 Configurable SA pulse width

VDD Voltage | 4 16
e Detector + Decoder + CANARI

CELL
(CAN) At (on-1)

SAEN Signal
with Ali pulse width

Figure 4-36. Proposed adaptive sensing time technique
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The reaction time (RT) of the sense amplifier varies according to the supply voltage. An optimized
pulse width corresponds to the worst case of the SA reaction time at 3c. In standards SRAM the
control timing block contain only one inverter chain delay that define the SAEN pulse width in the
nominal supply voltage range. However the variation of the SA reaction time and the inverter chain
delay are not the same at ultra wide voltage range due to PVT variability. Hence we need to optimize a
specific inverter chain delay for each voltage range corresponding to the RT in this voltage range.

A canari cell is introduced in correspondence to the timing control block that generates the SAEN
pulse. Figure 4-35 presents the proposed technique to optimize the pulse width signal for ultra-wide
voltage range. Figure 4-36 illustrates the proposed circuit, which allows according to Vpp the selection
of a delay automatically by using a voltage detector and a decoder. This technique is based on the
introduction of various inverter chains in the canary cell that are optimized for each voltage range.
Each delay is characterized to provide an optimized pulse width for the selected supply voltage. In our
design (chapter 5), the selection of the inverter chain delay specific for each voltage range is

performed manually through the coding of bits dedicated to test mode.

7. Conclusion

The chapter illustrates the main limitation and the motivation for sensing data in subthreshold domain.
A differential and an unbalanced voltage sense amplifier is designed working down to 280 mV supply
voltage to improve the read time of the proposed 10T-XY bitcell. A new replica circuit with PVT
tolerance is presented allowing the reduction in silicon area penalty by 10 to 20% compared to a
standard replica and finally an adaptive technique allows optimizing the sensing timing. The SA
trigger signal SAEN, is of pulse shape. The variation of the pulse width of the sense amplifier with
scaling down the supply voltage is critical. A canary cell includes the chain inverter delay allowing the
generation of a fixed pulse width, suitable for the ultra-wide voltage range.
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Chapter 5

Test-Chip and simulation results

Ultra-low voltage devices introduce new challenges with respect to circuit test. Driven by the
technology scaling and the increase in the request for high speed and low power integrated circuits,
circuit and board designers are moving toward near and subthreshold operating voltage [88]. Scaling
down the supply voltage endangers the immunity to noise: this results in larger constraints on the
tester of ultra low voltage devices. The tester must be able to drive and receive signals within a smaller
margin than the standard testers [88]. Despite the techniques used to improve testers to meet the low-
voltage margins, there is still today no industrial tester able to test a circuit operating in near and
subthreshold supply voltage range. This chapter describes a prototype of SRAM macro with a
proposal of BIST block. The prototype has been successfully designed and is under fabrication in
28nm FDSOI technology. An overview of the 32kbit SRAM is provided. Next evaluation of energy
consumption and functional and performance benchmarks are presented and finally the test

methodology is illustrated and the prototype circuit is detailed.

1. ULV 32kb “SYPHAX” SRAM memory

The so-called SYPHAX IC targets a memory for UWVR systems, with two modes: the first one
corresponds to the operation for high performance operation (the supply voltage is set to the high
value) and the second one corresponds to a low power consumption operation (the supply voltage is
set to an ultra-low voltage value). The target applications can be wireless sensor node systems or
biomedical implants or Internet of Things. Table 5.1 summarizes the memory specifications and Table
5.2 presents the operating conditions of the SYPHAX CUT.

TABLE 5.1 SYPHAX MEMORY SPECIFICATIONS

Technology 28 nm FDSOI
Word length 32
MUX 8
Memory size 1Kword, 32Kbit
Cell type 10T XY SRAM bitcell
Cell size (Logic DRC rules) 0.62 um?
Memory core size 55231.63 um? (X*Y=487.912*113.2)
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TABLE 5.2 OPERATING CONDITIONS

Process FFA/FSA/SFA/SSA Corners
Temperature [-40°C, 125°C]
Supply voltage [300mV, 1.3V]

Figure 5-1. Schematic and layout of the proposed 10T-XY bitcell (0.62 pm?)

Figure 5-1 shows the layout of the proposed 10T-XY bitcell designed with respect to logic DRC rules
in 28FDSOI, in flip well configuration (chapter 4) with a size equal to 0.62 um?: there is a possibility
to gain between 30 to 40% in area in term of layout of the bitcell if we apply the SRAM rule
optimization (share contact...) what has not been done for time constraints. Table 5.3 shows the
characteristic of the 10T-XY bitcell in terms of read and write margins and in term of the minimal
supply voltage. The weakness of the write margin at low temperature limit the minimal supply voltage
at -40°C. This is why we have better Vmin in [0°C, 125°C] temperature range.

Temperature range SNM [V] WM [V] Vmin [V]
[-40°C, 125°C] 0.266 0.349 0.349
[0°C, 125°C] 0.266 0.240 0.266

TABLE 5.3 PERFORMANCES OF THE 10T-XY-BITCELL AT 4*SIGMA IN 28 FDSOI

So, according to results in table 5.3 and depending on the target applications, it is possible to get better
Vmin if we limit to [0°C, 125°C] temperature range as it is the case for biomedical applications [0°C,

80°C] (see Table 5.4).
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TABLE 5.4 EMERGING IMPLANTABLE BIOMEDICAL DEVICES

Applications Power Frequency Energy

Pacemaker — 10 years battery
defibrillator [89] [90] <10 pW 1kHz DSP lifetime
Hearing aid & cochlear i i One week battery
implant [91] [92] [93] 100-2000 pW 32kHz-1MHz DSP lifetime
Body-are[agT]onltorlng 140 uW <10 MHz DSP External battery

Table 5.4 illustrates the emerging implantable biomedical applications. The implantable character of
this kind of systems makes energy consumption a challenging constraint. The battery lifetime of

applications presented in Table 5.4, illustrate the time between surgical replacements.

1.1 Contribution to design innovation
An ultra-wide voltage range SRAM has been designed including:
e An original single-ended 10T bitcell with XY read and write selection, with an ultra-low leakage
current and avoiding the parasitic dynamic power consumption as discussed in chapter 3.
e An original dynamic back-biasing technique is implemented allowing the improvement in read
time as presented in chapter 4.
e An optimized unbalanced sense amplifier with a replica operating down to 0.3V as discussed in
chapter 4
e Two replica circuits have been implemented: the standard one and the proposed replica presented
in chapter 4 will be tested and silicon results will be compared to simulation.

1.2 Design

1.2.1  Memory Floorplan
The SYPHAX memory cut is composed of four matrix blocks as shown in Figure 5-2. Each block is

composed of 64 bitcells by row and 128 bitcells by column. Figure 5-3 presents the top-level matrix
block organization. The matrix block is divided into 16 sub-blocks (presenting 16 bits of
inputs/outputs). Eight columns compose each sub-block (MUX 8). During operation, one of the two
matrix blocks is selected (blocks in the top or blocks in the bottom as shown in Figure 5-2). The
standard replica circuit is implemented in the matrix block located in bottom-right while the proposed
replica is implemented in the matrix block located in top-right. A programmable bit is used to make

the choice between the two replicas.
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Figure 5-2. Architecture of 32kbit SYPHAX memory
SRAM operation in subthreshold voltage is significantly more sensitive to soft-error. This is due to the
lower supply voltage in the internals nodes of the bitcell at ULV [95]. The 10T-XY subthreshold
bitcell, with the bit-interleaving technique in the column structure, allows rejecting multiple soft errors
[96]. As shown in Figure 5-3, on the one hand, the wordline (WWL) signal is shared by the bitcells in
a row. On the other hand, the column wordline (CWL) signal is shared by the bitcells in the column.
Both of them control the write path. In the same way, the XRWL signal is shared by the bitcells in a
row and the YRWL is shared by the bitcells in column. These signals control the read path. Therefore
both WWL and CWL must be set to Vpp to ensure the write operation. So each column is individually
selected depending on the value of CWL. Similarly both XRWL and YRWL must be activated to
allow the read operation. In the same way each column is individually selected depending on the value
of YRWL. During the write or read operations, the selected 10T-XY bitcells do not disturb the

stability of adjacent bitcells in the same column.
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Figure 5-3. Matrix block organization

1.2.2 Decoder structure

Address bits LR RE A3 | A4 | AS | AB | AT Aam

L . ]\ v J Jr‘
Y-Decoder X-Decoder Blocks select
MUX 8 64 Rows (TOP OR BOT)

256 Columns X2 (TOP+BOT)

Figure 5-4. Address bit organization
Figure 5-4 shows the organization of the 10 address bits allowing to select 1K*words. The first three
address bits, A<0:2>, are used to generate the SELECT_COL<0:7> for the selection of 256 columns.
The address bits, A<3:8>, are used for the Y-DECODER. These bits are decoded through two stages.
The logic scheme of the X-decoder is presented in Figure 5-5. The first stage allows the generation of
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64 signals. The 64 wordline signals, WL<0:63>, applied to the pass-gate transistors, are generated by
the second stage of the decoding logic, which combines DEC and CLK_W (the clock of the write
operation). Similarly the 64-wordline signals (XRWL<0:63>) applied to the read ports are generated
by the second stage of the decoding logic and a level shifter, which combine DEC and CLK_R (the
clock of the read operation). The use of the level shifter is required by the negative supply voltage
(under-drive) in the unselected rows to reduce the lorr current. In addition as explained in chapter 3,
the use of an under-drive technique avoids read failures at ultra low voltage range thanks to the

compensation of the lon/lorr ratio weakness.
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Figure 5-5. X-Decoder structure

1.3 Sharing Unbalanced VSA

The unbalanced sense amplifier, designed for the single-ended 10T-XY bitcell, is implemented in the
SYPHAX memory as shown in Figure 5-6. The SA has two inputs: the first one corresponds to the
reference voltage (in our case, Vop), which is provided by the selected RBL (pre-charged to Vpp) in
the unselected blocks (TOP or BOT). The second input corresponds to the RBL of the selected column
in read mode in selected blocks. This method consists in sharing unbalanced SA between the selected
columns in the TOP block and similarly in the bottom one. This reduces the number of necessary SAs

S0 it reduces the area and the power consumption of the memory cut.
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Figure 5-6. Unbalanced voltage sense amplifier share
Figure 5-7 shows the simulated waveforms of the input/output signals of the optimized unbalanced

sense-amplifier. The sensing data starts with the rising edge of the SAEN pulse. The internals nodes of
the unbalanced sense amplifier are placed in the input of an RS latch to get the output read signal
(DOUT). The pulse width of the SAEN signal is defined by the optimized delay chain in the timing
control block (canary cell), as explained in chapter 4.
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Figure 5-7. Simulation of the SA internal nodes in the full memory

(extracted CUT, TT, 500 mV, 25°C: PVT conditions)

1.4 Level Shifters
Figure 5-8 presents the schematic of the level shifters (LS) implemented in the SYPHAX CUT at the
INPUT and OUTPUT to provide an ultra-low voltage gap. We should add the Level shifters since

major testers do not provide ultra-low voltage signals.

126

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2015ISAL0018/these.pdf
© [A. Feki], [2015], INSA Lyon, tous droits réservés



Reference

Voo_tow Voo_uigh

(a) (b)

OUTPUT ouTPUT
—p —>

i
i

Figure 5-8. Schematic of the Level shifters (a) High-to-Low and (b) Low-to-High

1.5 Programmable pins

To ensure an efficient functionality down to sub-Vt and above-Vt supply voltage range,
programmable pins have been added. Table 5.5 presents these programmable pins: DC<0> is used to
select the operation with or without self-timing, DC<1> selects one of the two optimized delays which
define the SAEN pulse width for nominal and ULV supply voltage range. DC<2:3> selects the fixed
cell driver in the replica circuit (possibility to select between 1 to 5 fixed drivers. Finally DC<4>
activates the level shifter, which provides negative values for the XRWL signals in the unselected

rows.
TABLE 5.5 DEBUG PINS
Debug pins
DE Debug enable

STOV Allows to select the operation with or without self-timing
DC<0> Allows to select one among the two implemented replica circuits
DC<1> Allows to introduce Delay in the RBL_DUM

DC<2:3> Allows to accelerate read and write inside replica circuit
DC<4> Allows to activate level shifter in the read path

1.6 Logic behavior

Table 5.6 presents the truth table, which describes the functionality of the SYPHAX memory in
various modes. The read operation starts with every rising edge of the clock (CK). The latched
decoded address selects one of the memory locations in the memory core. Then the stored data is
ready to be read by the unbalanced sense amplifier. Sensing data starts with the rising edge of SAEN
pulse as discussed in previous chapter. The write operation starts with every rising edge of the write
clock (CK). The addresses, the value of Write Enable (WEN), the data available on the data bus and

the bit write information are latched at the rising edge of the clock. The latched decoded address
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selects one of the memory locations in the memory core. Then the stored data is ready to be written in

the selected location.

TABLE 5.6 TRUTH TABLE

< c
=z e o Z >
Function ) S | [a) > 9 = o 2 s 3
O S o0 z e -3
— <
Standby H X _ _ L H Q-1 A
Change
No
Read L 1 L X L H Mem | cponge
Write L 1 H Din L H Q-1 Din
Memory X X X Din H H Din No
Bypass Change
Initialization X X X X X X L X

Figure 5-9 shows the layout of the 32kb SYPHAX memory. The size of this memory is equal to 55142
um? in 28nm FDSOI.

Figure 5-9. SYPHAX CUT Layout (XY=487.912um x 113.2um)

2. Simulations Results

All simulation results in this chapter are based on full cut using the extracted net-list ensured by a fast
simulator. Figure 5-10 presents simulated waveforms of the read/write operations at different address
lines in the memory cut, using the full cut net-list extracted from the layout, given that the extracted
net-list includes parasitic devices (RC: resistance-capacitance). The read delay is the delay between
the CK positive edge and the transition on the output signal Q, in read mode (WEN=1). The write
delay is the delay between the CK positive edge and the transition on the internal data of the bitcell.

Figure 5-11 presents the total energy per cycle and the maximum operating frequency of the full cut

for various supply voltage values.
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Figure 5-10. Simulation of the read and the write operation for the full memory cut in full swing read mode
using xa simulator (350mV, TT, 25 °C PVT conditions)
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Total Energy per Cycle and Frequency Profile of
SYPHAX UWVR SRAM
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Figure 5-11. Energy per cycle and operating frequency profile of SYPHAX CUT versus supply voltage)
These results are taken in TT and 25°C conditions. The minimum energy point of SYPHAX memory
is equal to 2pJ at Vpp= 400 mV with 25 MHz operating frequency. At 1.3V supply voltage, the energy
per cycle is equal to 15pJ and the operating frequency is equal to 1,5GHz. This results in a reduction
of the total energy per cycle by 8, between nominal and ultra low voltage domains. It should be noted
that the propagation time and the power consumption of the level shifters are taken into account in this
characterization. On the other side, the power consumption of body-bias generator circuit (providing
of negative and positive programmable supply voltage) has not taken into account (the body-bias
generator block will be used by the others circuit in the SOC).

An optimization has been done at the level of the read operation using sense amplifiers and applying
forward body bias techniques. This results in a significant, improvement in the read access time. On
the other hand, there is no write assist technique to improve the write access time. Hence the access
time of the SYPHAX memory in ultra-low voltage range is limited by the write time. There is a
possibility to gain 45% to 60% in term of frequency, at ULV, with adequate corrections in the design

(using a write assist technique).
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Table 5.7 compares the performances of the proposed ultra-wide voltage range SRAM memory with

other state-of-the-art SRAM macros targeting ULV applications in advanced technologies nodes.

TABLE 5.7 COMPARISON WITH OTHER STATE-OF-THE-ART MEMORY CUTS

Access energy

. . Operating | Word | Frequency
Design Technology | Capacity Voo length (MH2) (Access energy
per bit)
Ming et al
. : : : 4.5p) @ 0.5V
[MmE]z-‘Iﬁlsmn] 65nm CMOS 72Kbit | (0.35-1.2)VV 32 200 @1V (140.62 f] @ 0.5V)
Suziki et al
[Suzuki] 130nm CMOS | 32Kbit (0.3-1.5)V 32 6.8-960 -
[25]
Verma et al
. 30pJ @ 0.5V
[VI(:azré?a] 65nm CMOS | 256Kbit | (0.35-0.5)V | 128 0.03-1 (238.37 ) @ 0.5V)
Takeda et al
[Takeda] 90 nm CMOS | 64Kbit (0.44-1)V 16 50-833 -
[97]
Sinangil et al
. : 23pJ @ 0.8V
[S[lggin] 65nm CMOS | 64Kbit (0.4-1.2)V 128 0.02-200 (179.6875 @ 0.8V)
1.15p) @ 0.3V
Fady et al 22.8pJ @ 1.2V
[Fady] 28nm FDSOI 32Kbit | (0.35-1.3)V 32 13-1020 (35.93 1) 0.3V)
[27] (712.51f) @1.2V)
Chien-Fu et al
[Chien] 65nm CMOS 16Kbit (0.18-0.3) 16 4.8-48 -
[28]
3pJ @ 0.3V
2pJ @0.4V
This work 28nm FDSOI 32Kbit (0.3-1.3)V 32 8-1510 15p) @ 1.3V

(62.5f] @ 0.3V)
(468.75 f) @ 1.3V)

Figure 5-12(a) shows the minimal supply voltage vs. technology node. The Vop, min of SYPHAX

memory is equal to 300mV, which presents an acceptable value compared to other ULV design works

in the-state-of-the-art. The work in [27] is a little bit better in term of operating frequency and power

consumption at 350 mV. As discussed previously the weakness of operating frequency at ULV is due

to the write operation: a correction must be done in the future in order to improve this point. The work

in [27] use an interesting read assist technique. However this technique does not allow avoiding the
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lon/lorr weakness above 400mV. SYPHAX CUT is better in term of power consumption and
operating frequency at nominal voltage thanks to the use of the unbalanced SA and the use of the ultra
low leakage 10T-XY bitcell (as shown in Figure 5-12(e)). As shown in figure 5-12(c) and (d), the
circuit is able to operate at 8MHz at ULV, and up to 1.5 GHz at nominal voltage. As shown in Figure

5-12(b) the memory presents low power consumption at ULV and nominal voltage compared to other

works.
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Figure 5-12. Comparison of the SYPHAX memory with the state-of-the-art cuts in terms of VDD, MIN (a),
access energy per bit (b) and maximum operating frequency at ULV (c) and nominal supply voltage (d)
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4. Problems and challenges that have been overcome

Many challenging problems have been overcome during the SYPHAX memory design:

At the level of bitcells: the proposed 10-XY bitcell allows to significantly reduce the leakage
current thanks to the resistive write path (using two pass-gates) and the read-port. Read failures
due to the weakness of the lon-to-lorr ratio is one of the main limitations of SRAM functionality at
ultra-low voltage. This issue is solved thanks to an under-drive at the level of read-port in the
unselected rows. Finally, parasitic power consumption was avoided thanks to the XY
configurations.

At the level of decoder: under-drive of the unselected rows during read operation is needed only
below 400 mV supply voltage. A level shifter (LS) has been used to ensure the progress of the
negative voltage to read-ports. To avoid significant power consumption due to the use of the
negative supply voltage, logic controlled a programmable bits was implemented to make the LSs
inactive and replace the negative supply by ground in the unselected rows (XRWL signal).

To overcome the important limitation in read access time at ultra-low voltage range which limits
the frequency operation and the field of possible applications: first, an optimized sense amplifier is
designed operating down to 280 mV and second a dynamic modulation technique of VtH has been
used to boost the read time in the selected column.

To avoid the large variation of the pulse width at ultra wide voltage range due to PVT variations, a
configurable SA pulse width technigue is adopted and two delay chains have been implemented in
the timing control block. A programmable bit was used to select the specific delay for each supply
voltage range (sub-Vr or above-Vr).

32kbit SRAM architecture has been defined taking into account the limitation of number of
bitcells stacked per bitline and per row.

5. Prototype of UWVR Test Methodology applied to the

SYPHAX memory

The test of ultra-low voltage SRAM memories is one of the big challenging issues in the next

generation of low power SRAMs due to the weakness of industrial testers [88] unable to ensure

operation near subthreshold domains [88]. Direct memory test (DMT) is the method, which uses an

external tester allowing the access to the internal memory. The test is performed over the 1/O pins. The

tester is responsible for writing the testing pattern into memory, and reading back the information

stored. The tester will then make the comparison of the data, which has been reading from the memory
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cell to what value should have been there. The advantage of using this method is that the user who
should have a good idea of how the tester works can easily change the testing patterns. The Direct
Memory Test is the most popular method for the test of ULV devices. However this method is limited
in terms of covered faults. The built-in-self-test (BIST) is besides the mechanism for testing memories
and providing an efficient fault diagnostic. A specific BIST has been used to test SYPHAX memory in
sub-threshold and above threshold supply voltage range. Our proposed 10T-XY bitcell and proposed
techniques (discussed in chapter 4) are included in the SYPHAX CUT. This memory is embedded in a
demonstrator designed in 28nm FDSOI technology. The aim of this demonstrator is to validate the
functionality of our memory in sub-Vt and above-Vt range and to compare the results in terms of
power consumption, operating frequency and yield compared to industrial SRAM products in 28nm
FDSOIL.

SYPHAXO SYPHAX1

Level Shifters

[ ]
o
o I
d;E
=
(V)]

)
>
)

[ ]

[ |

[ ]

Figure 5- 13. View of our demonstrator
Figure 5-13 presents the symbol view of the demonstrator including a proposed BIST and two
instances of SYPHAX CUT to increase the statistical data. Two main supply voltages are used: the
first one corresponds to the nominal voltage used to power the BIST and the level shifters. The second
supply voltage corresponds to the ultra low voltage supply used to power both memory instances. The
layout of the demonstrator is shown in Figure 5-14 designed in 28nm FDSOI.
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Figure 5-14. Layout of our demonstrator

The Inputs/Outputs (I0s) and the BIST of the demonstrator are embedded in a Test-chip, powered by
the nominal domain voltage. The level shifters embedded in SYPHAX CUT ensure an interface
between the nominal and the ultra-low voltage domains. Figure 5-15 presents the finite state machine
(FSM) of the BIST, ensuring the test of our ULV SRAM memory. The BIST presents three- loop
finite state machines (FSM) and it is controlled by input signals. The first loop performs the scan-in
and the scan-out, while the second loop allows the “scan in, initialization, check and scan out” and
finally the third loop performs the “scan-in, initialization, test, check and scan-out”. The BIST uses
two clocks: the high-speed clock is used for the scan-in and the scan-out state while the clock of our
memory is used over the other states.

RESET

Scanin SRAM init.
TEST &

ltest_loop_sc

Init_loop_sc test_loop_sc

ISTART

Scan out SRAM check SRAM tests

Figure 5-15. Finite State Machine (FSM) of the proposed BIST
The scan starts when scan-begin flips to Vpp and the scan ends when scan-end flips to Vpp. As shown

in Figure 5-16, for scan-in a new data must be delivered at each clock falling edge.
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Figure 5-16. Timing chronogram simulation of our demonstrator in Scan-in state (S1)
The system is asynchronously reset. The configuration state allows setting the programmable pins
according to the voltage operating range sub-Vt or above-V as shown in Figure 5-17 (for our design
it’s related to DE, STOV and DC<0:4> programmable pins). This is for adapting the memory to

operate in the selected supply voltage range.

[CNF:clk
(CNF:reset
[CNF:mod_en
[CNF:mod_begin

(CNF:mod_end
[CNF:DE_sr
[CNF:DC_sr
[CNF:STOV sr

Figure 5-17. Timing chronogram simulation of our demonstrator in configuration state (S2)
The initialization state performs a first write operation to initialize the data in all bitcells before the
start of the test. The SRAM initialization is performed at nominal voltage as a safe mode. Once the
SRAM initialization is over, the memory supply voltage can be adjusted for the SRAM test and then
the TEST signal can be turned on. The SRAM tests are performed from the initial test address
“addr_sr tst 0 sc” to the final address “addr sr tst end sc” with an increment of specific value
“addr_sr tst inc_sc” as illustrates in Figure 5-18. Four modes are available to generate test patterns:

write the same value, read only, write a dual value and alternate read/write operations.
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Figure 5-18. Timing chronogram simulation of our demonstrator in test state (S5)
Once the SRAM tests are done, the state machine goes in S7 and waits for the CHECK command. In
S7, the SRAM is supplied with the nominal voltage as a safe mode before the data are checked. The

timing chronogram during the check states is presented in figure 5-19.

1111110000 [11111p000
:addr_sr_end 1111111111 i111111 111
“addr s inc 0000000001 | [0500006061
:addr_sr 00000000808 [oooooohopn .. . il i i i .l il i i s [ [ [
:data_ref sr 0000000000 |oogdooopobooogdooooon 11111111
:dnut_sr 0000000000 i[![)[![![)[) P00000QAnoO... | /00000000000000000000000011111111
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Figure 5-19. Timing chronogram simulation of our demonstrator in check state (S7)

For scan out a new data is collected at each clock falling edge as shown in Figure 5-20.
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Figure 5-20. Timing chronogram simulation of our demonstrator in Scan-out state (state 8)
The demonstrator is implemented in 8 rows of scribes (2222um x 480um) in a test-chip. This test-chip
has been designed with LVT transistors offered by the design kit. Standard DRC has been applied.
This test-chip is under manufacturing in 28FDSOI technology. Silicon results are not available at the
time of this manuscript. Digital and analog 10 buffers have been implemented to interface the 10s and
the demonstrator. The test-chip including our demonstrator, analog/digital buffers and 10s pads is

shown in Figure 5-21.

|
'|r
r&.i"
ol
AR

Figure 5-21. TESTCHIP
Analog and digital buffers have been introduced between the 10s and the demonstrators to amplify the

current. Figure 5-22 illustrates the test equipment using PXI1 interface, which will be used to test our

demonstrator.
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Figure 5-22. Test equipement

6. Conclusion

An ultra-wide voltage memory cut is presented, including the proposed 10T-XY bitcell and other
techniques. The 32kbit memory is designed in 28nm FDSOI technology. The performances in terms of
operating frequency and power consumption are evaluated and compared to other ULV design works
in the state-of-the-art. The results confirm that our proposal is competitive. SYPHAX CUT with a
proposed BIST has been implemented in a demonstrator to evaluate the functionality, performances

and yield at UWVR. Simulation results are functionally correct.
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Chapter 6
Conclusion

This work focuses on sub-Vt and above-VT SRAM memory design with three objectives: first to
avoid the limitations of state-of-the-art ultra-low voltage bitcells in terms of static power consumption
and functionality in order to find a new bitcell architecture to resolve these main limitations. Second to
found new bitcell architectures that can be used to design an Ultra-wide voltage range SRAM
memory. Which techniques can be used to ensure the functionality on sub-Vt and above-V1? And
finally, how the designed UWVR SRAM designed memory can be tested? There is no industrial tester

able to cover tests for ULV circuits.

The details of these contributions are summarized below:

e The main limitations of sub and near-threshold SRAM bitcell design were illustrated. The
increase in the threshold voltage variation has a negative impact on mismatch and the bitcell
performances. Ultra-low voltage bitcells should then have a relatively larger area to avoid
failures compared to bitcells for standard power supply conditions. Two main research axes are
discussed in order to solve the limitations in WM and SNM in ultra-low voltage range due to
the conflicting design requirements (tradeoffs must be settled between o and  ratios). A lot of
previous works are based on the use of read- or write- preferred 6T bitcell. However this
technique needs additional assist-circuit, which increases the complexity of the SRAM
periphery while not being always efficient in term of VDDwmin. The use of new bitcell
architectures with separated read ports appears as a promising alternative that enables the

feasibility of efficient operation at ULV. Unfortunately this kind of bitcells suffers from
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parasitic phenomena like the degradation in the lon-to-lorr ratio resulting in read failures and
the parasitic power consumption in the half-selected bitcells.

e The selection of a proposed 10T bitcell with modified read ports has been done. The
degradation of the read current at ULV limits the operating frequency (small current to
charge/discharge a significant bitline capacitor). Forward body-biasing has been studied to
boost the read current (modulation of V1) and an improved subthreshold sense amplifier has
been designed (high-speed sense amplifier down to 280 mV power supply).

e The benefits of FDSOI technology compared to CMOS bulk technology has been introduced.
The main limitation and the motivation for sensing data in subthreshold domain have been
discussed. A differential and an unbalanced voltage sense amplifiers are designed working
down to 280 mV supply voltage to improve the read time of the proposed 10T-XY bitcell. A
new replica circuit with PVT tolerance is presented to reduce silicon area penalty by 10 to 20%
compared to standard replica and finally an adaptive technique allows optimizing the sensing
timing.

e An ultra-wide voltage memory cut is presented, including the proposed 10T-XY bitcell and
other techniques. The 32kbit memory is designed in 28nm FDSOI technology. The
performances in terms of operating frequency and power consumption are evaluated and
compared to other ULV design works in the state-of-the-art. The results confirm that our
proposal is competitive. SYPHAX CUT with a proposed BIST has been implemented in a
demonstrator to evaluate the functionality, performances and yield at UWVR. Simulation
results are functionally correct.

The ultra-low voltage SRAM design challenges and limitations were studied and addressed. The
interactions between, the power consumption and the density increase the main limitations in SRAMSs
designs in sub-Vt and above-Vr. These interactions increase also the possibility to solve and meet

objectives. The main objectives of this work are to overcome some limitations, which are not
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addressed in the stat-of-the art. For example, the read failures due to the weakness of the lon-to-lorr
above 400mV, which prevents the functionality at ULV. This work has provided a solutions at the
level of bitcell architecture, peripheral circuit assist options and test methodologies in order to enable
the possibility to consider UWVR SRAM as an efficient feasible solution by semiconductor industry

to target future applications.

Perspectives

The Proposed 10T-XY bitcell is implemented in scribes (matrix of bitcells) in 28nm FDSOI
technology. These scribes have been tested. The test results confirm the performances of proposed
bitcell in terms of stability and leakage at ultra wide voltage range. SYPHAX memory has been
extracted and validate per simulation with eldo simulator. The test-chip is under processing and it will
be tested in the near future. The test allows the validation of the compliance of prediction in term of
performances (functionality in sub-Vt and above-V+, energy consumption, comparison of standard
and proposed replica circuit, operating frequency, body bias benefit, the pertinence of proposed
techniques). Regarding the memory development, although the simulation appears as conclusive, it
remains to be confirmed by measuring silicon. The layout of the proposed 10T-XY bitcell designed
with respect to logic DRC rules in 28FDSOI, in flip well configuration with a size equal to 0.62 pm?:
On additional work must be done by resizing the proposed bitcell aggressively and by applying the
SRAM rule optimization (share contact...) which will offer the possibility to gain between 40 to 50%
in area in term of layout of the arrays.

The aim of the thesis is to explore the feasibility and possibilities of operation of the synchronous
SRAM memory under ultra-wide voltage range. However the work, which has been done on the
SYPHAX memory, can give best result using alternative options as write and read assist circuits,
which allow increasing performances at ultra-low voltage. In the other hand, the using of single-ended

bitcell and unbalanced sense amplifier may be revisited: another SRAM design can be planned based
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on differential 10T-XY bitcell and differential voltage sense amplifier to offer better performances.
Finally, there are a lot of research axes that can be explored for the master of the ULV domain and to
improve the energy efficiency as the leakage recycling in sub-Vr, the improvement of the test
methodology at ULV and by exploring new options, which are offered by the advanced new

technology like the 14nm FDSOI and FINFET technologies.
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