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RESUME ETENDU

INTRODUCTION

Le développement des technologies CMOS a I'échelle métdque a fait Emerger de nombreux
défis sur le rendement et la fiabilité des composaiitslles prochaines générations de circuits AMS
et RF souffriront d'une augmentation du taux de défailkadarant le temps d’opération. La méthode
classique de conception des circuits sur puce repose saomegromis entre : surface, consommation
de puissance et vitesse d’opération. L'optimum est letpminon obtient le maximum ou le minimum
spécifié pour les caractéristiques du circuit.

L'augmentation de la variabilité et la diminution de la flab des transistors a prouvé que ce point
optimal est devenu une région étant donné que le rendeaattendu se déplace sous I'effet du vieillisse-
ment. La combinaison de ces deux événements impose deasudéefis au concepteur par rapport a
la méthode classique de conception des circuits sur puegeridement est le rapport entre le nombre
des puces qui sont conformes aux spécifications de conoegitia totalité produite. Cette grandeur est
mesurée au début du temps d’opération des circuits &t ammés la production des puces, c'est-a-dire a
t = 0. Pourtant, le rendement ne prend pas en compte I'évaolatictaux de défaillance en fonction du
temps. La fiabilité peut étre définie comme la probabitjti'un dispositif exécute une fonction exigée
dans des conditions indiquées pendant une période iedifii

Depuis I'avénement des téléephones mobiles, les anthites de frontal RF ont nécessité des inno-
vations technologiques accrues dans un temps de comnisatad réduit. A coté de la recherche des
architectures de frontal radio, les technologies des it&réntégrées sur puce ont suivi la célebre Loi
de Moore. Ces technologies ont permis d'obtenir les dinoessiréduites, une faible consommation
d’énergie et une augmentation de la vitesse. C’est poarqed la surface, la consommation d’énergie et
la vitesse sont devenues les éléements clés d’'un compneonir les circuits sur puce en général. Pour les
circuits analogiques d'autres criteres de performanoedfinis, comme : le gain, le bruit et la linéarité.
Le défi sera de trouver le compromis entre ces éléments.

Avec I'accroissement de la variabilité, la conceptiongh® du point optimal est maintenant une
région composée par un, deux ou troisselon le rendement souhaité. La solution la plus simple est
de concevoir selon les caractéristiques maximales etmaileis spécifiees en prenant le pire cas de ces
caractéristiques selon la variabilité. Le colt imppaéces marges mene a un circuit surdimensionné.

Les phénomenes de vieillissement des transistors MOScenmus depuis les années 70, mais on
sait que le circuit doit &tre soumis a un environnementguiu dela de ses conditions normales de fonc-
tionnement. Ce sujet avait disparu de I'état-de-I'artdmn quelques décennies puis est réapparu avec
les circuits nanométriques. Pourquoi le vieillissemesitiedevenu aujourd’hui si important? Les ten-
dances du vieillissement sont treés préoccupantes pakadension de seuil et la tension d’alimentation
n'ont pas suivi le méme rythme durant I'évolution des neetedhnologiques des circuits sur puce. Par
conséquent, les conditions de fonctionnement auparaéimprobables qui pourraient contraindre le
circuit sont devenues des conditions d’environnementasdas.

Dans ce scénario, nous sommes motivés a innover dansiwtegion d'un frontal RF en CMOS
65 nm (voir Figurel). Nous proposons de nouvelles méthodologies d’'analyde synthese, qui com-
prennent la variabilité et le vieillissement en mettantésidence les compromis présents parmi les
criteres de la conception. Le frontal RF a trois principdlocs de construction: le BLIXERY], re-
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groupant un balun, un amplificateur large bande a faiblé etun mélangeur I-Q ; I'oscillateur contrdlé
numériquement (DCO)Y, et 'amplificateur de gain programmable (PGA) avec ledijtasse-bas!].

BLIXER LP Filter + PGA
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Figure 1: L'architecture du frontal radio pour les applicas multistandards de communication sans fils
» illustration [3].

L'objectif principal de ce travail est d'améliorer la caption de circuits du frontal RF basée sur la
recherche des nouveaux compromis imposés par la vat@adili transistor et la dégradation par vieil-
lissement. En proposant sur ces deux agents de variatiaradmegéristiques des circuits sur puce comme
criteres de conception, nous concevrons un frontal radldeipour une application RF multistandard.
Ainsi, nous pouvons énumérer nos sous-objectifs qui detmmnt cet objectif principal, comme

1. L'étude de la physique des phénomenes de vieillisaestales conditions de conception du circuit
pour éviter le vieillissement et la variabilité des tristsrs

2. L’étude des sources de dégradation (vieillissemerteabilité) et ses tendances dans les tech-
nologies a I'échelle nanométrique

3. L'étude des méthodes de conception classique, comipavac les besoins imposés par la vari-
abilité et la fiabilité des composants

4. Une proposition de conception des circuits fiables pooased’étude dans une approche montante
(bottom-up)

5. Une proposition de conception de I'architecture fiablaerge cas d’étude dans une approche de-
scendantetop-down

6. Une proposition de généralisation de la méthode dihegr qui relie les approchelbttom-upet
top-down

7. La comparaison des compromis imposés par le vieillisserat par la variabilité des composants
pour la technologie CMOS 65 nm

LA VARIABILIT E ET LA FIABILIT E DANS LES TECHNOLOGIES AVANEES

La variation du processus d'intégration est observéengeita déviation de la valeur des parameétres
des circuits sur puce. Ces variations sont dues a difféserauses et ont de nombreuses conséquences.
La variabilité du circuit est I'ensemble des variationgpdeametres du processus de fabrication, I'imper-
fection des masques d'intégration et les impacts sur litgukes circuits entre les differents &chantillons.

La variation de performance des circuits intégrés estdi'deux groupes de facteui$ [
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e Facteurs environnementauxIs interviennent durant I'opération du circuit commeslaurce de
I'alimentation, le couplage de bruit et la températures sbnt appelés variations dynamiques et
sont fortement dépendant des agents externes et du schécirauit.

e Facteurs physiqueslls apparaissent durant la fabrication et ils changentriectire physique des
circuits. lls incluent les RDFRandom Dopant Fluctuatiohgt la LER (Line Edge Roughness

Ainsi, les variations des parametres physiques peuveniciassées en deux catégories : DZiefto-
die) et WID ( Within-dig [7]. Les variations du type D2D sont des variations globaleseatifferentes
puces. Les variations du type WID sont des variations ie®@une puce et entre les differents com-
posants qui forment les fonctions intégrées.

La conception de circuits RF plus fiables requiert la corsaaise des phénomeénes physiques qui
réduisent la fiabilité. Les principaux phénomeénes pjyes a 'origine du vieillissement des dispositifs
sont :

e Hot Carrier Injection (HCI)- un phénomeéne irréversible ot une charge a assezrdiengour
franchir une barriére de potentiel, (généralementaté du drain, comme illustré par la Figuze
en créant un défaut d'interface. Il a lieu quavigh est plus grand que zéro s est tres élevéee
[1]. Il peut étre évité en réduisant le temps pendant |etpsetransistors sont en inversion forte,
par le contrble d¥gp etVss.
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Figure 2: Phénoméne HCI: illustration.

o Negative Bias Temperature Instability (NBTDn phénomene réversible de dérive des paramétres
électriques du transistor sous une tension négativeasgrille et a hautes températures (illustré
par la Figure3). La récupération des parametres a lieu quand les stopgsarrétés. Cela implique
gu’il est possible d’avoir moins d’impact si le temps deugération est proportionnellement plus
grand que le temps de stress.
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Figure 3: Phénoméne NBTI: illustration.

e Time Dependent Dielectric Breakdown (TDDRn phénomene statistique de rupture continue du
diélectrique (illustré par la Figuré), qui par conséquent induit un manque de performance. La
probabilité d’avoir le TDDB peut &tre réduite en comandt le courant de fuite par le biais de la
réduction de la tension de grille et de la surface du trémsjs].

e Electromigration (EM) un phénomene de transport de masse dans la couche delit&tapeut
étre évitée par la réduction de la longueur et 'augragon de la largeur des connexions. Aussi,
les circuits qui n'utilisent pas de composants passife{su) EM) sont plus robustes.

Il n'existe pas de modele universellement accepté palidgadation de fiabilité due aux phénomenes
physiques du vieillissement des composants. Nous p&reastles plus importants de I'état-de-I'art.
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Figure 4: Phénoméne TDDB: illustration.

LE MODELE DE REACTION ET DIFFUSION Le NBTI et le HCI ont des modeles similaires, car les
parametres électriqgues changent de la méme facos apess. Le modele le plus accepté est le modele
dit de Réaction et Diffusion. Il est décrit en deux parties

1. Réaction processus de rupture de liaison chimie Si-H dans un d@faierface oxyde/substrat
et hydrogéne libre;

2. Diffusion: mouvement de I'hydrogéne vers I'oxyde jusqu’a la grille

Le processus de génération de défaut est décrit poubude puissance du temps de stress, et la solution
du modele de Réaction et Diffusion est présenté%nlle modele de Réaction et Diffusion peut étre
illustré par la Figuré

LE MODELE DE RUPTURE DE LOXYDE La probabilité de défaillance pour un événement TDDB es
bien décrite avec une distribution de Weibuli]

F(x):l—exp<<—§)ﬁ); 1)

ouF est la probabilité cumulative de défanpeut étre charge ou tempms.est la vie caractéristique pour
63% de probabilité de défaillance @test le parameétre de forme de Weibull. Apres rupture, lerche
de conduction est modélisé par une admittance de faitdeivpl 1]. Ceci modélise bien les courants de
fuite, 'augmentation du bruit, la réduction de fréquenittopération et la transconductance du transistor.

LE MODELE DE L'ELECTROMIGRATION La dégradation par 'EM est évaluée avec le temps moyen
de défaillance (MTTF), qui est une méthode d’approxiorastatistique décrite pat.?]

MTTF:AJQexp(%); (2)

oU A est une constante caractéristique de la couche de méhalpebcessus de fabricatiof, est la den-
sité de courant:, est I'énergie d’activation de 'EMK est la constante de BoltzmannTela température.
n est dépendant du résidu de stress et de la densité dentplish Apres I'EM, la couche de métal perd
sa caractéristique de haute conductance et est maglplis@ine résistance parasite en série.

ETAT-DE-L’ ART DES METHODOLOGIES DECONCEPTION

L'utilisation des technologies CMOS nanométriques énera’importants défis imposés aux méthodo-
logies de conception de circuits. Défis comprenari {

e L'apparition de courants de fuite non négligeables etgatt sur la consommation d’énergie;

e L'augmentation de la variabilité des parametres dugdédechnologiqué/, le niveau de dopage,
largeurs, longueurs, et autres) ;




e Laréduction de la source d’alimentation sans que la terdgoseuil suive ce rythme, ce qui réduit
la dynamique du signal disponible pour les circuits AMS/RF ;

e L'apparition de nouveaux matériaux, comme les diélqoes a haut k, et de nouveaux dispositifs,
comme FIinFET et CNT-FET ;

e L'importance croissante des phénomeénes de dégradaitonconnus, comme HCI, NBTI et EM,
et 'avenement de phénoménes de dégradation quiierétpas observés avant, comme SDB et
SM.

Ainsi, nous avons réalisé une étude de I'état-de-tirs méthodes de conception classique, comparant
les besoins imposés par la variabilité et la fiabilité desposants.

METHODES CLASSIQUES DE CONCEPTION La conception des circuits intéegrés peut &tre divisée e
trois parties : la validation de l'architecture en utilisales modeles comportementaux, la réalisation
des schémas électriques, la synthése des masquesgdiitivh. La plupart des méthodes de conception
dans les differents niveaux hiérarchiques s’appuientdsupuissants outils d’optimisation numérique
couplés a des outils d’estimation des caractéristige@smme illustré dans la Figu Dans I'ensemble
de cette partie, nous discutons les avantages et les désgea des approchésgp-downet bottom-up
Ensuite, nous présentons I'état-de-I'art des outilptiinisation numérique et des outils d’estimation des
performances.

LES METHODES DE CONCEPTION POUR LA VARIABILIE La prise en compte de la variabilité dans les
méthodes de conception est souvent réalisée par un etmamy de I'estimateur des caractéristiques des
circuits. Les solutions les plus utilisées peuvent gisgrijuées entre la simulation desrnersdu circuit

au pire cas et la simulation de Monte Carlo (illustré dartSdamre7). Les plus grands désavantages d’'une
solution basée sur un simulateur sont le colt de calcd ftible couplage avec I'outil d’optimisation.
L'avantage est la précision qui peut étre obtenue ersatiti des modeles physiques et des résultats de
la caractérisation de circuit sur puce. Une autre solugstrde changer I'évaluation dans I'optimisateur
en utilisant aussi I'écart-type de la caractéristiquke @endement désiré. Cette solution réduit le colit de
calcul et augmente le couplage entre I'estimateur et hoigtteur au prix de l'utilisation d’'un modele
colteux et moins précis.

L'état-de-I'art ne présente pas un consensus dans l& deoia prise en compte de la variabilité en
utilisant des outils commerciaux avec un seul outil de cptioe automatique. Depuis 2000, S. Nassif a
souligné les besoins d’une conception qui prend en conaptariabilité [L5]. Actuellement, G. Yu et P.

Li ont proposé que la conception analogique soit optimisén seulement pour les performances nom-
inales, mais aussi pour la prise en compte de la variabilfia de maintenir un rendement raisonnable
[16]. H. Onodera va plus loin en proposant que les méthodesaiugls de conception automatique
doivent tolérer, attenuer, ou méme exploiter la valigbpar des techniques appropriées a la conception
avec la variabilite T7]. En 2009, V. Wang et al. ont introduit la formulation d'un d&e simplifié pour
réduire la lacune entre les méthodes statistiques exéstat la conception de circuitsd].

LES METHODES DE CONCEPTION POUR LA FIABILIE La prise en compte de la fiabilité dans les
méthodes de conception est, a I'état-de-l'art, le dip@ement de I'estimateur des caractéristiques des
circuits vieillis (illustré dans la Figur®&). Ce concept a été ouvert avec les outils BEBErkeley
Reliability Tool3 et il est utilisé dans la modélisation des phénomeresigillissement 19], dans la
simulation électrique des circuits vieillig(, 21] et dans le calcul du temps de vie des composaiiis [
L'avantage d’'une approche de simulation €électrique eptéaision des résultats et le désavantage
est le colt du calcul. Pourtant, la prise en compte de ldifiabéste trés peut utilisée dans les outils de
simulation et les kits d’intégration commerciaux. Ain&imlcoté, la recherche actuelle vise & améliorer
les outils de simulation sans étre liee aux données dssikintégration commerciaux, d'un autre coté




elle vise a améliorer les technigues de modélisationptiénomenes de vieillissement. Dans I'analyse
de la fiabilité on peut distinguer : I'analyse pour un comeminal, c'est-a-dire sans prendre en compte
la variabilité ou en prenant un pire cas de variabilitée ['atalyse en prenant en compte la variabilité,
c’est-a-dire la fiabilité des points de simulation de tjpente Carlo.

CONCEPTION D UN FRONTAL RADIO FIABLE DANS UNE APPROCHEbottom-up

BLIXER Nous avons proposé la conception d’'un BLIXER fiakdeHéma illustré dans la Figu.
D’abord, nous avons caractérisé la variabilité et ldlissement présent en CMOS 65 nm en utilisant les
caractéristiques de courant de drain et de transcondigcthntransistor. Ensuite, nous avons proposé un
modele constructif pour estimer les caractéristique8HIXER et la variation des ses caractéristiques
par rapport a la variation de courant de drain et de trarthariance des transistors. Avec une analyse de
sensibilité, nous avons identifié les transistors les gensibles et les impacts imposés au BLIXER en
raison de la variation des caractéristiques des tramsisfvec ces informations, nous avons trouvé les
conditions de polarisation et de dimensionnement quiisedd les phénomeénes de vieillissement. Les
résultats obtenus sont illustrés parle Tabléau les FiguredOet11.

Table 1: Résultats de simulation du BLIXER : performangadye.

Frequency (GHz) 1.0 2.4 5.0
Power (mW) 555 | 5.56 | 5.59
Consumption

Differential Gain (dB)| 13.5 | 13.5| 14.3
NFmax (dB) 40 | 45 5.3

IP3 (dBm) 44 | 34 | -0.73

S11 (dB) -176| -15.4| -13.3

Ces résultats de simulation du circuit typique sont cehéravec les spécifications d’un frontal radio
multistandard. Malgré la variabilité des processustégnation et la disparité des dimensions, nous
avons observé que les caractéristiques du BLIXER sorfoomes aux spécifications pour un rendement
supérieur a 90 %. Par ailleurs, le vieillissement du BLEXEst négligeable selon la distribution de
Poisson de la consommation de puissance ajusté avec 9% onflancef3).

DCO Nous avons proposé une comparaison entre deux DCOcdnigu sans les contraintes de vieil-
lissement et variabilité et 'autre comme un circuit figd@#l Pour cela, nous avons choisi de concevoir un
DCO pour les applications a 1 GHz avec le schéma propasg gi(illustré dans la Figuré.2). Pour la
conception classique du DCO, nous avons évalué le conipramire bruit de phase, plage de frequence
pour le verrouillage et la consommation de puissance. Rotwriception du DCO fiabilisé, nous avons
estimé la variation de ces caractéristiques par ragplartvariabilité et le vieillissement.

Nous avons développé une analyse de fiabilitt du DCO qus donne les informations nécessaires
pour la conception des circuits plus fiables. En concevadd@® fiabilisé et non-fiabilisé, nous obtenons
une réduction de la dégradation de la frequence d’'uneuvantre 15% et 30 %. Egalement, le DCO
fiabilise a un temps de vie cing fois plus grand que le norilifs&) si nous fixons la dégradation
de la frequence a un maximum de 2 %. Les inconvénients derlaeption du DCO fiabilisé sont
'augmentation du bruit de phase et la réduction de la ptegeeéquence disponible pour le verrouillage.
Ceci pourrait étre négligé dans la spécification d'amdard radiof5].

Les résultats du DCO sont illustrés pas les Figlrgs), 13(b), 14(a) 14(b), 15(a) 15(b), 16, 17(a)
17(b), 18(a) 18(b).
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Figure 6: Flot de conception classique : illustration depés de conception.
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Figure 7: L'analyse desornersdu circuit au pire cas et la simulation de Monte Carlo: ilagon.
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Figure 8: L'état-de-I'art des méthodes de conceptiorcdamalyse du vieillissement.

R lCL Ci

R CL CL

R
Ip 1 e

R

%EM\? si_n/{EM:S M3]}ﬂ M3 }_sTL

Ve Rsonp Leonp ReaD G
™ T

Figure 9: Schéma du BLIXER conc¢f][




XV

200
@ @ 300
T T
c c 200
2100 E
E 2'%
@ 0 @ 0
8 10 12 14 3 4 5 6 7
Gain (dB) NF (dB)
(a) (b)

Figure 10: 1000 points de simulation de Monte Carlo du BLIX&gBique pour(a) le Gain et(b) le
NFmnaxavec 1 GHz de signal d’éntrée.
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Figure 11: 1000 points de simulation de Monte Carlo du BLIXERtypique et(b) apres 30 ans de
vieillissement pour la consommation de puissance enainilig bibliotheque de modele obtenu.
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Figure 12: Schéma du DCO congiy].
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PGA Dans cette partie, nous présentons pourquoi le ciR@id (illustré dans les Figurekd(a) et
19(b)) est naturellement fiable en utilisant la méthode d’armlgssynthése développée dans les cas
précédents. La topologie la plus courante dans les aiglits multistandard est composée d'un filtre
RC actif et d’'un amplificateur4]. L'analyse de la variation des caractéristigues du PG/Atneoque

le choix des compromis dans une conception non-fiabiliseeend un ensemble de caractéristiques de
I'environnement qui dégrade trés peu le transistor. Uneeacaractéristique notable est la versatilité de
la topologie en permettant la reconfiguration des paraséhn circuit.

!

w b pprr s[RI s L
T .

@

YWWA

A _ Vout

(b)

Figure 19: Schéma du PGA multi-bandés) filtre de bande base ét) stage de gain programmable.

En ce qui concerne les contraintes de conception, la mékhgié de conception de circuits fiables
est capable de montrer que le PGA est naturellement ingeraibvieillissement comme présenté dans
la conception du BLIXER. La fiabilité du PGA est ainsi dirattent contrélée par la fiabilité des circuits
de contrble. Ces circuits sont pour la pluspart des csauitmériques dont la fiabilité n’est pas traitée
dans ce travail.

CONCEPTION D UN FRONTAL RADIO FIABLE DANS UNE APPROCHEtop-down

La conception d’'un frontal radio fiable vis-a-vis des cairites imposées par la variabilité et le
vieillissement passe d'abord par une modélisation delitgcture choisie. En connaissant les résultats
obtenus dans I'approchmttom-up nous pouvons réaliser une analyse des impacts de lda&tai que
les blocs de construction peuvent causer aux caractrestispécifiees pour un frontal radio multistan-
dard. Les résultats obtenus durant I'analyse de sen8ibitint suffisants pour proposer des stratégies de
conception qui vont réduire les impacts aux caractguss du frontal radio. La fiabilisation du frontal
radio se concrétise en deux solutions differentes quicmmpatibles avec les caractéristiques spécifiees
pour un frontal radio multistandard. Ces deux solutiong aorsi simulées en complétant le flot de con-
ception du frontal radio. Ces résultats de simulation sontparés au résultat de I'approdbhetom-up
pour conclure les compromis qui sont pris en compte dansuehsimatégie.

MODELISATION DU FRONTAL RADIO La modélisation du frontal radio est faite en deux parties :
modeles comportemental et analytique. D’abord, noussagooposé une modélisation comportementale
en VerilogA pour pouvoir simuler I'architecture au niveaisteme. La plupart des blocs de construc-
tion et modeles comportementaux sont disponibles pourise en ceuvre de I'architecture du frontal
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radio [2€]. Toutefois, 'ensemble des modeles ne dispose pas detédstiqgues nécessaires a la mise
en ceuvre de la conception des circuits fiabilisés. Aingismrésentons ces détails complémentaires de
mise en ceuvre du modele comportemental pour chaque bloondéraction. Les codes VerilogA sont
disponibles en annexe.

Ensuite, nous avons développé un modele constructif panchitecture choisie. Ce modele ana-
lytique nous permettra d’évaluer les caractéristiqueiccuit et les variations de ces caractéristiques
en fonction des défaillances dans les blocs de construcli@ systeme des équations du modele an-
alytigue obtenu est aussi suffisamment complet pour pammidptimisation des caractéristiques de
I'architecture et des variations de ses caractéristiques

ANALYSE DE DEFAILLANCE DES BLOCS DE CONSTRUCTION Pour mettre en évidence I'analyse de
sensibilité de I'approche top-down, nous avons gédeseconditions de défaillance hypothétiques pour
les blocs de construction. Ainsi, nous avons évalué ldotmue la défaillance peut causer sur les car-
actéristiques de I'architecture. Pour cela, nous avenstdin tableau de tests qui couvrent tous les cas de
défaillance des blocs de construction. Les résultatiadalyse de défaillance des blocs de construction
sont illustrés par le Tablealet les Figure20et21

Table 2: Tableau des cas de test de défaillance pour leafront

Cas PGA DCO BLIXER
défaillance défaillance défaillance

Pas de défaillance non non non
teste 1 non non oui
teste 2 non oui non
teste 3 non oui oui
teste 4 oui non non
teste 5 oui non oui
teste 6 oui oui non
teste 7 oui oui oui

35 -
—no failure

---testl

test 2
--test3
= test4
|-=-test5
= test 6
-=-test 7

30r

forl-O=8-D-A-0-ef-0ocreessg B B
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o
o
o

- 8 -0-& 8 -0-0-0- -a oo B¢
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08080,

20 ‘ ‘ ‘ E—
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Figure 20: Résultats de simulation du Gain du frontal radior les cas de teste d’analyse de défaillance.
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Figure 21: Résultats de simulation du NF du frontal radiorges cas de teste d’'analyse de défaillance.

Table 3: Résultats de simulation du IP3 du frontal radiorpesi cas de teste d’analyse de défaillance.

Cas IP3 (dBm)

Pas de défaillance 1.125
teste 1 2.127
teste 2 1.126
teste 3 2.127
teste 4 1.125
teste 5 2.127
teste 6 1.126
teste 7 2.127

Nous avons trouvé les éléments sensibles et les vargatie performance les plus importantes. Nous
avons identifie I'amplificateur a gain programmable (P@#)tant que bloc de construction le plus
sensible. La défaillance du circuit PGA est responsabléadiegradation du gain, du bruit, et de la
linéarité de I'architecture. Dans les signaux bassgueace, I'oscillateur a commande numérique (DCO)
devient la principale source de dégradation de bruit. Batre, c’'est I'amplificateur de faible bruit
(BLIXER) qui est la principale source de dégradation detlem haute frequence[].

CONCEPTION DU FRONTAL RADIO FIABILISE En connaissant les sensibilités des blocs de construc-
tion et les impacts des défaillances sur les caractguiss de I'architecture du frontal radio, nous avons
proposé une optimisation des caractéristiques de chilggevisant un meilleur compromis entre les
caractéristiques, la variabilité et le vieillissement.

D’abord, nous présentons le résultat d'analyse de lisecture concue par la méthode classique
en connaissant les caractéristiques des blocs de caimru&nsuite, nous discutons un ensemble de
stratégies qui peuvent guider une conception fiabilisgédrantal radio. Visant I'équilibre des con-
traintes dans les compromis de la conception, nous p@semnteux solutions possibles dans la prise
de la décision pour un frontal radio fiabilisé.
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SIMULATION DU FRONTAL RADIO Le résultat obtenu par la méthode classique est comparéeax
solutions présentées, visant a démontrer les compgrgoii ont &té pris parmi les caractéristiques des
blocs de construction. Nous présentons les résultatsi&mpour le gain, le bruit et la linéarité du frontal
radio. Ces résultats sont illustrés pas les Tableadxet 6 ; et Figures22 et 23.

Table 4: Performances estimées pour les blocs des cotstraiciu frontal radio.

BLIXER
G=14dB
NF=3.5dB

fRF =5.0GHz
IP3=1.1dBm
Rn=53Q

PGA
G=20dB
NF=10dB

IP3=10.0 dBm

DCO
V|_O =0.25V
L(1MH2z) =
- 120 dBc/Hz
fLo = 5.004 GHz

Architecture
G=34.1dB
NF=
6.87 dB@5 MHz
f||: =4 MHz
IP3=1.12 dBm
S;=-15.0dB

Table 5: Performances estimées pour les blocs des constsiadu frontal radio fiabilisé avec la

stratégie 1.
BLIXER
G=139dB
NF =3.51dB
fre = 5.0 GHz
IP3=1.09 dBm
Rn=61Q

PGA
G=16.8dB
NF =10 dB

IP3=10.05 dBm

DCO
V|_o =0.24V
L(1MHz) =
- 120 dBc/Hz
fLo = 5.004 GHz

Architecture
G =30.6dB
NF=
6.65 dB@5 MHz
f||: =4 MHz
IP3=1.09 dBm
S;=-10.0dB

Table 6: Performances estimées pour les blocs des cotistsiadu frontal radio fiabilisé avec la

stratégie 2.
BLIXER
G=139dB
NF =3.84 dB
frRe = 5.0 GHz
IP3=0.16 dBm
Rn=53Q

PGA
G=16.8dB
NF =10 dB

IP3=10.05 dBm

DCO
Vio=0.25V
L(1MHz) =
-119.5 dBc/Hz
flo = 5.004 GHz

Architecture
G=30.8dB
NF=
7.26 dB@5 MHz
f||: =4 MHz
IP3=0.16 dBm
S;=-14.8dB

Avec les résultats de simulation du frontal radio, nousnavdémontré la validité des discussions
développées durant I'analyse de sensibilite. En plaasmprésentons de maniere tres claire les compro-
mis présents possibles dans la prise de décision poupatafrradio fiabilisé. Ainsi, les deux solutions
de conception du frontal radio fiabilisé vont constitues geints d’équilibre entre I'optimum de la car-
actéristique spécifiée et les variations des caratiuies dues a la variabilité et au vieillissement.
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Figure 22: Simulation du gain du frontal radio, et les fia#ts par les stratégies 1 et 2.
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Figure 23: Simulation du NF du frontal radio, et les fialdfis par les stratégies 1 et 2.

FLOT DE CONCEPTION DES CIRCUITS FIABLES

A partir des expériences obtenues dans la conception diafrcadio, nous avons rassemblé les
étapes importantes du flot de conception des circuits Sal#\@nsi, nous proposons un nouveau flot de
conception pour les circuits AMS/RF qui prend en compte taagromis de la variabilité et du vieil-
lissement. Ensuite, nous pouvons démontrer comment gepromis peuvent influencer les stratégies
de conception.

Le flot classique de conception de circuits a besoin desifgfgions minimum et maximum des
performances. Souvent, les informations sur la techneldgntégration et les blocs de construction
sont disponibles. L'ensemble de ces informations vonttttoles ce qu'on appelle I'espace de concep-
tion, c'est-a-dire la description des caractéristiggasonction des choix de conception (par exemple
dimensionnement et polarisation).

Prenant en compte les spécifications de performance etdatedsation de I'espace de conception,
une méthode de conception classique permet d’obtenitifmm pour les caractéristiqueg/) des dis-
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positifs de bas niveau a partir des caractéristiq@dsdes dispositifs de haut niveau. Si I'optimisation
prend déja en compte la variabilite (comme &fl] et que le stress de vieillissement n'est pas assez élevé
en comparaison aux besoins de fiabilité, il est possiblecguzrcuit optimal satisfasse a I'eévaluation de
défaillance. Donc, nous avons un circuit optimal et fialdenme il est apparu dans les exemples de
conception des circuits BLIXER et PGA. Pourtant, si la i@oiades caractéristiques du dispositif n’est
pas nulle, cela signifie qu'’il a souffert soit de varialailisoit de vieillissement.

C’est clair qu’il est important de refaire |'étape d’optsation, mais il faut apporter des éléments qui
guideront I'optimiseur vers une solution aussi fiable. Damus avons proposé I'analyse de sensibilité
des dispositifs comme point de départ de la fiabilisatiocidtuit. Cette analyse est appliquée au méme
modele utilisé dans I'étape d'optimisation et va comedi une mesure de faiblesse des dispositifs. Avec
I'expérience des concepteurs, ces chiffres vont comstias poids pour le partage de la variation estimée
dans I'étape précédente entre les variations auewiaéx caractéristiques des dispositifs de bas niveau.

Le partage des variations est un probleme classique de geigiécision qui peut converger a un
optimum ou présenter des points d’équilibre. Ainsi, ndissutons les stratégies possibles qui guideront
la prise de décision. Dans la conception du DCO, nous avd@septé une stratégie assez simple guidéee
par les informations sur la variation de I'espace de comgeptCela signifie spécifier un nouveau jeu
des caractéristiques pour atteindre les spécificationsirguit pour un certain rendement et fiabilité.
Pourtant, ces stratégies peuvent &tre plus complexdsatiaa un certain compromis pour relacher la
conception d'un bloc et rendre stricte la conception deaiblocs, comme dans I'exemple présenté dans
I'approche top-down.

Finalement, I'optimisation sera bouclée avec un nouveaudges caractéristiques a atteindre et un
espace de conception réduit. Il est bien possible quathigdtion ne soit pas capable d’obtenir le nouvel
optimum qui va aboutir a la faisabilité du circuit avec segcifications de performance, rendement et
fiabilité. Par contre, s'il existe un optimum il pourraéfiable ou pas, ce qui va aboutir au besoin de
fiabilisation du circuit. La fiabilisation du circuit, que m® avons €élaborée, constitue un nouveau flot
de conception qui prend en compte la variabilité et le Ngsitment. Ce flot de conception des circuits
fiables est resumé dans la Figre

Pour mettre en évidence la faisabilité des circuits dessdmpromis existants parmileurs spécifications
de performance, rendement et fiabiliteé, nous demontreasompromis pour un oscillateur en anneau
avec 13 portes inverseurs. L'oscillateur en anneau estranittsouvent utilisé pour évaluer une tech-
nologie d'intégration. Faisant varier la tension d'alimtegion, nous pouvons analyser le compromis
entre consommation de puissance de chaque porte et s&\psie délai de la porte.

Pourtant ces deux spécifications vont certainement chawge la variabilité et le vieillissement des
transistors. Pour cela, nous allons simuler ce circuit ga CMOS 65 nm sous un stress d€Q7
de température, jusqu’a une tension d’'alimentation 10196 grande que la valeur spécifiee dans la
technologie d’intégration et 30 ans de vieillissementuslmettons en évidence une variabilité proche
de 30 % et un vieillissement proche de 1 % pour le point optirdurnompromis entre consommation de
puissance et vitesse. Donc, nous mettrons en évidence giellissement sera souvent négligeable par
rapport a la variabilité dans I'optimisation des compi®mles performances en utilisant la technologie
CMOS 65 nm sous un stress comparable aux conditions d’eméroent courantes.

CONCLUSION

Ce travail de thése a proposé un nouveau flot de concepti®ictuits fiables en s'appuyant sur la
conception d'un frontal radio. Ainsi, nous arriverons aradut principal qui était d’améliorer la con-
ception de circuits du frontal RF. Durant ce travail, nousisws a la recherche de nouveaux compromis
imposés par la variabilité du transistor et dégradagianvieillissement. D’apres ce nouveau compro-
mis, Nous avons proposé des stratégies de partage dedtorades caractéristiques des circuits entre
les caractéristiques des blocs de construction.

Dans la recherche de I'état-de-I'art, nous avons étladghysique des phénomeénes de vieillissement
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Figure 24: Flot de conception des circuits fiables: illustrades étapes de conception.

et des conditions de conception du circuit qui permette@viter le vieillissement et la variabilité des
transistors. Ensuite, nous avons étudié les sourceegiadation (vieilissement et variabilité) et ses
tendances dans les technologies a I'échelle nanométrignfin, nous avons présenté les méthodologies
de conception classiques, comparant les besoins impasés yariabilité et la fiabilité des composants.

Nous avons mis en ceuvre des circuits fiables pour le casdé'@u frontal radio dans une approche
bottom-up Par ailleurs, nous avons mis en ceuvre I'architecture fipble le cas d’étude du frontal
radio dans une approchep-down Ainsi, nous avons pu lier les étapes de la concepiprdownet
bottom-updans une méthode générale qui est la proposition d’'umgauflot de conception des circuits
fiables.

La conception des circuits fiables met en évidence le naugeapromis entre les performances
nominales désirées, les attentes de rendement et de tlmps pour le circuit. Par la démonstration
des compromis imposés par le vieillissement et la vaitébiles composants en CMOS 65 nm, nous
sommes capables de prédire les tendances dans les tegibadlovenir et mettre en évidence le besoin
d’'un flot de conception des circuits AMS/RF qui prend en canlps dégradations des performances
pour le vieillissement et la variabilité.
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ABSTRACT

In this work, we have been motivated to innovate in RF framd-design. New analysis and synthesis
methodologies have been proposed including the varialaifitl the ageing degradation in the center of
the design trade-off. Moreover, the variability and theiagealegradation criteria have motivated us to
propose changes in the classical design methodology wittoéia variability-aware and ageing-aware
synthesis. Thus, the main objective of this work has beemraove the design of AMS/RF front-
end circuits based on the investigation of a new trade-offased by transistor variability and ageing
degradation. Aiming the proposition of both agents of ctimdstics variation as design criteria, we
have designed a reliable RF front-end for a multi-standpgdigation.

This state-of-the-art research has described, as best &aame the sources and the trends of the
device-performance variations. Variations will be sefmtaasstatic or at time zero, andlynamicor
time-dependent variation. Tlstatic variations will be represented by integration of processabiity
and devices mismatch. Thilyynamicvariations will be represented by probabilistic events dadice
ageing. The knowledge of the physical mechanisms of vditialsind ageing has been essential to
propose an improved design methodology aiming at morebielidevices. Furthermore, we have de-
scribed, as best as we know, the state-of-the-art of deseghadologies. The challenges and solutions
for AMS/RF design in advanced CMOS technology have beerepted. The classical design method-
ologies have been divided in three parts: architecturahiehal-model validation, electrical schematic
implementation, layout synthesis. Most of variabilityae design methodologies have presented worst-
corner and Monte Carlo simulation for design verificatiod @erformance estimation. However, some
few works have been describing the variability-aware desigthodologies using behavioral modeling
and so improving the design optimization. Moreover, th@abdéity-aware design methodologies have
been mostly concentrated on reliability analysis aroundrainal corner. Few works have presented the
combination of variability and ageing phenomena underiabiity analysis. Hence, we have identified
an opportunity to innovate by proposing the reliabilityi@sttion in early design stages.

We have innovated by proposing AMS/RF circuit reliabilitpgprovements during the design of the
multi-standard RF front-end using a bottom-up approactst,Rhe reliable-BLIXER design with a fail-
ure evaluation has been proposed i3][ Next, the validation of a reliable-circuit synthesis med
using a DCO design has been conducted. By designing a @isaid a reliable-DCO, we have pub-
lished such analysis and discussionsir and [28]. Then, the PGA and the required elements to design
a reliable-PGA have been analyzed. Furthermore, we hawated by proposing architecture relia-
bility improvements during the design of the RF front-enthgsa top-down approach. In this case, we
have discussed the design of a reliable architecture for&#-end and the variation sharing strategies
to avoid an overdesign. We have published such analysis igndssions in{7]. Therefore, we have
innovated linking top-down and bottom-up approaches inreegd method which has been the propo-
sition of a new AMS/RF design flow increasing the circuit ability. The design of reliable circuits
has highlighted a new trade-off among typical performamexiication, the yield requirements and the
circuit lifetime.

Therefore, our major objective has been successfully aetjevhile improving the design of AMS/RF
front-end circuits based on the investigation of new trafieimposed by transistor variability and age-
ing. Finally, we could point some research perspectivesénw analysis tools, new design models, and
new synthesis methods; linking variability and ageing.
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CHAPTER1

INTRODUCTION

Sub-nanometer CMOS technology has emerged new yield aiadbiféy challenges []. The next
generation of analog-mixed signal (AMS) and radio freqye(itF) circuits may be touched by an in-
crease in failure rate during all circuit operation-timelasSical design methodologies often look for
the basic design criteria: die area, power consumption padds in terms of exploiting the technology
limits. The optimum is the design point where we have theifipdgerformance.

The increasing transistor variability has proved to be Inigugh to find a large number of chip sam-
ples with performance far away from the specification. THismpmenon is known as yield reduction.
The yield can be defined as the ratio of chip samples which theetlesign specifications and of all
chip samples in a context of a complete production processeder, yield concept cannot measure the
number of chip samples which still meet the design spedifieatin a context of continuous use under a
known environment condition.

The transistor ageing is the agent of circuit characteridtianges under stressful environment con-
dition during a period of time. The specified period of timensluding a time-varying concept into
circuit performance quality. If such a period of time is zaral so it is the complete production process
moment; we measure the circuit yield which should be beli@n specified. If the circuit performance
quality drops out of the specification, the time when it osdardefined as the circuit lifetime. Combin-
ing stressful environment condition and the circuit lified, the reliability is defined as the ability of a
circuit to conform to its specifications over a specified pef time and under specified conditions.

In order to evaluate the reliability of a circuit, we assuratta circuit is composed af statistical
identical and independent parts that were put into operatidgimet = 0. The empirical reliability of a
circuit can be defined according to

R(t) = @, (1.1)
n
whereu(t) represents how many parts did not yet fail at timé can be noted that the behaviorut)
is a continuous decreasing step function. A direct apjdinatf the law of large numbers (— ) yields
that IQ(t)Aconverges to the reliability functioR(t) [29].
TheA(t) is the empirical failure rate and it is given by

Alt) = T3 (1.2)
s RO -R(t+a)
M=k
converges to the failure rate expressed by
_drRt)
Aft) = =4 (1.3)

forn— o, & — 0 andnd — 0 [29]. Considering that at timé= 0, the circuit executes its functions
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Figure 1.1: Bath Tub Curve representing the typical shapgbeofailure rate of a circuit composed of
statistical independent parts

perfectly, that meanR(0) = 1. In this case, the reliability function can be defined as
R(t) = e JoA(¥dx, (1.4)

Analyzing the equationi(4), it can be seen that the reliability function depends ofldéleavior ofA (t).
In fact, A (t) has a typical shape represented in Rid. This curve is denominatdshthtub curvedue to
its shape and it is described by three parts:

e Decreasing Failure Rate the failures that occurs when the circuit is first introdii@es a result
of momentary weakness in materials or in the item’s prodagirocess. At this point, the design
should improve the circuit yield by the simulation of thegigtation process parameters variation.

e Constant Failure Rate the period when\ (t) can be approximated by a constant. It corresponds
to the useful life of the circuit and it is reduced in advanteszhnologies when the sizes are shrunk
and the ageing degradations are increased.

e Increasing Failure Rate the end of the circuit’s operation, the circuit lifetimeashieved due to
wearout and ageing degradation. In sub-nanometer inegcartcuits (1C), it begins earlier and is
strongly dependent on the circuit and its operation cooalti

1.1 MOTIVATION

Since the advent of mobile phones, radio frequency (RF)}feou architectures were requiring in-
creased technology innovations in a shortened time-td@haAt the beginning, the radio circuits are
concerned in transmission of narrow signal bandwidth, glsiservice using a simple RF standard, and
sometimes a double-talk communication was not requiredjusnfew years, the humanity demands
have changed a lot. Thus, the RF front-end architectures bagn improved in the direction of wide-
bandwidth, multi-standard, opportunistic radio and ctgairadio.

These improvements have been the base of new mobile gemsratiThe called first-generation
was an analog-based RF architecture for voice transmissityn The second-generation push forward
the data rates to tenths of kilobits per second and it hasvatad with the text message functionality.
The third-generation has transformed the radio in a wiselesltimedia center and so requiring the
coexistence of different standards (like Bluetooth/ UMW&DMA) in a single or a multi-path front-end
having data rates of some megabits per second. The founéraf@n is just beginning with the LTE
standard, but the radio users expect GPS service, digikaigmn, and WLAN Internet connection in a
single wireless device which could also be able to do voicktart messages transmission.




Beside the RF front-end architecture research, integreitedit (IC) technologies have been fol-
lowing the famous Moore’s Law. IC technologies have achdesterunk dimensions, lower power con-
sumption, and increased limit-frequency. Area, power gorngion and speed have become the basic
trade-off for a circuit design mostly digital. Analog ciitaihave added gain, noise and linearity perfor-
mance, forming a complex design trade-off challenge.

The IC technology node evolution has achieved the 100 nmebamoving inside of the molec-
ular dimensions. Thus, the old drawback of circuit varigbibecame the major agent of performance
variation and the circuit yield a new trade-off challengeath/he advent of the important amount of vari-
ability the optimum-point design has become a region of tme,or moreo depending of the desired
yield. The easiest way is to design the maximum and minimuouiticharacteristics as the worst-case
of such characteristics. The cost is imposing margins @udifailure leading to an overdesigned cir-
cuit. The argument in opposition of a worst-case designasshch design does not take the statistical
characteristic into account, but it is just a modified detarstic design.

CMOS ageing phenomena are known since the 70’s decade, owuléts shall be stressed over
its normal operation conditions to present ageing degi@uat This subject has disappeared of the
state-of-the-art for some decades to be back to the focussefrch in the advent of the under 100 nm
IC technologies. Why has ageing become so important in thesensions? The ageing trends are
very worrying because threshold voltage and voltage soditaot keep pace during the dimension
shrinking. Therefore, the very improbable operation cthodiwhich could stress the circuit is now the
usual environment condition.

Most of ageing phenomena research is focused on ageingsamalgveloping new estimation tools
of circuit characteristics after some lifetime. Over 100 i@rtechnologies, the circuit lifetime was near
the infinity because the IC industry was sure that such aitinauld be replaced before its lifetime is
achieved. Under 100 nm IC technologies, the IC industry lsamore this guarantee because the circuit
lifetime has become smaller than the before-expected timepiace the circuits. Therefore, ageing may
change the statistical characteristics of the circuitsnduits lifetime. The easy and costly solution is
using bigger margins and redundant circuits.

However, in spite of the advantages of the fourth-generagfonobile, the implementation of the fu-
ture radios will require more and more shrunk IC technologyeahsions, complex AMS circuits aiming
an ADC just after the antenna, and multi-mode reconfigurRlecircuits. The future of telecommuni-
cations faces a number of design challenges which may be atized as]:

¢ Flexibility in terms of wireless standards leads to multi-standarasadiiming the operation over
a variety of different specifications, multi-standard ceadneed to be implemented with reconfig
urable building blocks that can adapt to each standardfspen and different signal conditions.

e Integrationin terms of more and more functionalities in a single chigeding to sub-nanometer
IC technologies. Thus, the power supply is reduced and thié-fiequency is near the required
speed. Moreover, the system performance may change duriegotished by the increasing vari-
ability and ageing degradation.

e Optimizationin terms of single optimum is no longer the case. A multi-d&d radio has mul-
tiples optima at least one for each standard specificatiarth€rmore, the integration challenges
have transformed an optimum point in a region which may caahging the circuit lifetime.

In this scenario, we are motivated to innovate in RF frord-dasign proposing new analysis and
synthesis methodologies including the variability anddgeing degradation in the center of the design
trade-off. Moreover, the variability and the ageing degtamh criteria motivate us to propose changes
in the classical design methodology aiming a variabilityaee and ageing-aware synthesis.




1.2 Sruby CASE DESIGN

The multi-standard wireless applications require the madstinced IC technology], and thus we
will study a design of an RF front-end in CMOS 65 nm. The wideb specification and multiple
frequency carriers will require a reconfigurable archieet Although the many imposed challenges,
one of the most advantageous architectures for such appitics the direct conversion architecture.
Moreover, such an architecture can easily be convertedetditital low-IF architecture if required.
Hence, the RF front-end shown in Figure2 was chosend].

BLIXER LP Filter + PGA

Figure 1.2: RF front-end architecture for multi-standaideless applications: illustratiors].

The RF front-end has three main blocks: the BLIXER Jaggregating a balun, a wide-band low
noise amplifier, and an I-Q mixer; the digital controlledibator (DCO) [3], and the programmable gain
amplifier (PGA) together with the low-pass filtef]] The common functions of the direct conversion RF
front-end were aggregated according to the availableis@mdevel schematics.

The BLIXER, proposed inZ], avoids the area-consuming on-chip inductors delivetirggsignal at
base-band by the I-Q mixer. Therefore, the area cost is lamthrsome trade-offs in noise performance
and linearity. The receiver has often a single-ended REtiwhich requires an external broadband balun
and its accompanying losses. However, the BLIXER has twdifierpaths with signal phase opposition
and common input noise which can be ideally canceled wittiffierence of the balanced outputs.

The DCO, proposed irg], uses digital ring-gates interpolation avoiding industbut guaranteeing a
low phase noise performance. The trade-offs in the DCO iswgrtimited resolution, design complexity,
and power consumption. The advantage of the DCO is expipitie digital domain with an all-digital
phase locked-loops (ADPLL) and a time to digital converiDC), increasing the DCO reconfigurable
capability. This characteristic is very probable in agestiggss environment, and it could mitigate the
performance variations.

The PGA with the low-pass filter acts like a natural antiifig filter and signal swing control for the
following ADC. That is why a multi-mode, multi-band actiRe filter and tuning circuits are interesting
for multi-standard applications']. The trade-offs are power and area consumption which allte
desired versatility and good linearity. The PGA versatitibuld also mitigate the performance variations.

The key performances of the RF front-end were defined in aegbatf multi-standard application
requirements]. The RF front-end architecture specifications are sunradrin Tablel. 1

1.3 OBJECTIVE

The main objective of this work is to improve the design of ARRSE front-end circuits based on
the investigation of new trade-offs imposed by transisemiability and ageing degradation. Aiming at




Table 1.1: RF front-end architecture specifications of atirstdindard applicatior].

Operational Frequency 1 GHz -6 GHz
Bandwidth (max) 20 MHz
Gain >30dB
NF 35dB@ 1GHz-6dB @ 6 GHz
IP3 >0dBm
S11 <-10dB

the proposition of both agents of characteristics vanmaéie design criteria, we will design a reliable RF
front-end. Thus, we can enumerate our sub-objectives whiltisomplete the main objective, as

1. Study the ageing phenomena physics and the circuit desigghitions to avoid ageing degradation
2. Study variability and ageing degradation sources amdisrén sub-nanometer IC technologies

3. Study the classical design methodology comparing to #n@ability-aware and reliability-aware
needs

Propose the reliable-circuit design of the design stadgdn a bottom-up approach
Propose the reliable-architecture design of the desigiy£ase in a top-down approach

Propose the generalization of the synthesis methochlinkottom-up and top-down approaches

N o &

Demonstrate the transistor variability and ageing diggian trade-off in CMOS 65 nm

1.4 ORGANIZATION

During this chapter, we presented the basic concepts afitieliability and the reliability defini-
tions in CMOS technology. Introducing this work, we are mafied to innovate in RF front-end design
proposing new analysis and synthesis methodologies,dimguthe variability and the ageing degrada-
tion in the center of the design trade-offs. The chosen stadg design is an RF front-end architecture.
Hence, our main objective is to improve the design of AMS/Riat-end circuits based on the investi-
gation of new trade-offs imposed by transistor variabiéibd ageing degradation.

Chapter2 describes, as best as we know, the sources and the trendsdsite-performance vari-
ations. Variations will be separated static or at time zero, andynamicor time-dependent variation.
Thestaticvariations will be represented by integration processabdity and devices mismatch. Tialg-
namicvariations will be represented by probabilistic events dewice ageing. At Chapt&; we present
the knowledge of the physical mechanisms of variability agding which is essential to propose im-
proved design methodologies aiming at more reliable dsvice

Chapter3 describes, as best as we know, the state-of-the-art ofrdesgghodologies, the possible
solutions and the not solved challenges for AMS/RF desigadiranced CMOS technology. Thus, the
classical design methodologies can be divided into threes:parchitectural behavioral-model valida-
tion, electrical schematic implementation, layout sysihieMost of the basic steps among the different
synthesis levels rely on powerful numerical optimizationl$ coupled to performance estimation tools.
Most of variability-aware design methodologies presestwhorst-corner and the Monte Carlo simula-
tion for design verification and performance estimation.weeer, some few works are describing the
variability-aware design methodologies using behavianadeling and so improving the design opti-
mization. Moreover, the reliability-aware design methodees are mostly concentrated on reliability
analysis around a nominal corner. Few works present the icatndn of variability and ageing phenom-
ena under a reliability analysis. Hence, we identify theapmity to innovate proposing the reliability
estimation in early design stages.




Chapter4 proposes the reliable-circuit design for the BLIXER, the@Gnd the PGA. First, we
decided to represent variability and ageing degradatisirsyisimple transistor electrical characteristics
as drain current, transconductance and threshold voltdgjag a CMOS 65 nm characterization, we are
able to propose a nominal circuit design. Unfortunately, alboptimum circuits are reliable circuits.
Then, we propose a failure analysis to early estimate holaliel the circuit is. Using the electrical
characteristics variation to represent variability andiag degradations, we can discuss some design
strategies improving the circuit reliability in a bottorp-approach.

Chapter5 proposes the reliable-architecture design for the RF femwt architecture using a top-
down approach. Now, the challenges turn in characterifiedtiilding blocks reliability and identifying
system-level failure conditions. Thus, we develop failarelysis to early estimate how reliable the
architecture is. Architecture design strategies not ofiéadl to an optimum design, but more likely in
some trade-off equilibrium. In such an equilibrium, theigesr should suppose some trade-offs among
the specified performance, variability and ageing degralatn Chaptet, we present some simulation
results of two different strategies and the design tradiefotind.

Chapter6 organizes the experiences gained in the design of the IelRb front-end in a design
flow. Thus, we propose a new design flow for AMS/RF circuitg th&es into account the variability
and ageing trade-offs. During Chapt&rwe develop a comprehensive discussion around the design
strategies and how they lead to an optimum or equilibrium anmation sharing. After that, we present
the variability and the ageing as new design criteria immpgpsiew design challenges. Moreover, we
complete the discussion presenting how that trade-off mueince the design strategies.

Chapter7 concludes this work resuming how we achieve the main obgetnd the sub-objectives.
Thus, we enumerate the main contributions of this work arrdpoblications during this research. Fi-
nally, we can discuss future trends in CMOS technologieshagidight the needs imposed in an AMS/RF
circuits design flow taking into account the ageing and ‘mlitg performance degradation.




CHAPTER 2

VARIABILITY AND AGEING IN ADVANCED TECHNOLOGIES

2.1 INTRODUCTION

Technology scaling will continue imposing new criteria 1@ design. The variability and ageing
will be challenges to future RF devices, just as today chgbs arise from area and power consumption.
Die size, chip yields, and design productivity have thudifaited transistor integration in VLSI designs.
However the market needs more functions, circuit recordigom, and multi-standard operation.

In advanced technologies, transistor leakage continu@sctease. There are leakage avoidance,
tolerance, and control techniques. However, as techndogles further, new challenges will emerge,
such as variability, single-event upsets, and device ggd@gradation. These problems will inevitably
lead to inherent unreliability in components, posing agsidesign and test challenges. Even today,
design methodologies attempt to consider variability ageiray issues, but both problems are not seen
as the same trends. It copes with variability in transistenfggmance through careful design, as well
as testing for different product quality binning. With conted technology scaling, the impact of these
issues is becoming greater, and design for reliabilityriepres shall be required dealing effectively with
such issues.

Random dopant fluctuations, negative bias temperaturehitist (NBTI) and hot carrier injection
(HCI) cause variation in transistor parameters. Sub-vemgth lithography, which generates line edge
roughness (LER) and thus variation in the device performandll continue until extreme-ultraviolet
technology becomes available. Electromigration (EM),clhis a transport of mass in metals, causes
LER and thus variation in the passive device performanc&will increase with high current density
stress in shrunk interconnections. The increasing powesityeincreases heat flux, leading to greater
demand on the power distribution system and increasing NlB&€homenon. This greater demand pro-
vokes voltage variations, as well as hot spots on the dieinitteased leakage power consumption. Soft
oxide breakdown (SBD) also increases the leakage poweuogi®n, changes the voltage distribution
leading the circuit to more HCI and finally to fail.

Thus, systems designs are facing static (integrated po@egbility) and dynamic (circuit ageing
degradation) variations3[)]. Most of design methodologies optimize performance, ,aee@ power
consumption. However, they ignore performance variatiothe presence of variability and ageing.
To include them, a complex-design optimization capabiligking into account all variation sources
and their characteristics, is needed. Therefore, it is raportant for the development of new design
methodologies, studying techniques to avoid and to méigfa variability and the ageing.

Process variability and device reliability have similansequences. The first is partly responsible
for device infant mortality and the second for device agéaigire. Moreover, the reliability constraints
shall be included to the design techniques as the varialiihstraints are already included. Therefore,
it is important to understand the physical phenomena (NBd|, EM and SBD) in the operation en-
vironment and the sources of variability. Both informasonill help the proposition of a new design
methodology including variability and ageing degradadion




2.2 SOURCES OFVARIABILITY

Process variation is defined as the deviation from desigaéges for a layout structure or circuit
parameter. These variations may differ in their causes andemjuences. Thus, the circuit variability
is the set of the process parameters variations, misaligtsnad the integration masks, and the conse-
guences in the circuit performance among different samplies variability has long been a critical issue
in integrated circuit (IC) design.

IC performance variations is caused by two groups of fadtdrs

e Environmental factorsirise during the circuit operation, and include variationpower supply
voltage, noise coupling among nets and temperature. Thegndeon time, schematic topology,
and external agents. They are also called temporal (or dighasariations, and directly impact
the circuit reliability. They have always been analyzedhat lbcal parameters (or performance)
variation.

e Physical factorsarise during manufacturing and result in structural deand interconnect pa-
rameter variations. They include Random Dopant Fluctnati®DF) and Line Edge Roughness
(LER), causing connections, active and passive devicaabittly. Such variations are essentially
permanent; they are also called spatial variations, andredhyce the parametric yield, and poten-
tially introduce catastrophic yield loss. They have alwhgsn analyzed at the global parameters
(or performance) variation. In the advanced technologiesphysical factors are also responsible
for an increasing local parameters (or performance) vanatin fact, the ICs (like multi-core
processors) are large enough that the old global sourcesiation become local parameters vari-
ations.

Thus, the physical parameter variations can be classifiedwo categories: Die-to-die (D2D) and
Within-die (WID) [7]. D2D are global variations, resulting from lot-to-lot, feato-wafer, and a por-
tion of the within-wafer variations. They affect all trasiirs and interconnections on a die equally.
WID are local variations, consisting of random and syst&@r@imponents inducing different electrical
characteristics across a die.

In spite of the different factors and categories of sourdegadability, we will deal with them as
a variation of the device performance. At this point, we kbaberstand the sources of variability.
Therefore, this knowledge consists in an important stepdermnto propose new design methodologies
taking the variability into account.

2.2.1 DE-TO-DIE (D2D) VARIATIONS

The D2D is the difference of some parameter values acrogsseagd identical dies. Those dies are
either fabricated on the same wafer, or different waferszame from different lots, resulting in the
denominations lot-to-lot, wafer-to-wafer, and withinfervariations.

In circuit design, the D2D is typically modeled with the sadeviation with respect to the mean of
such parameters across all devices or structures on anyTégparameters often modeled are:

e the transistor model (e.g. BSIM4) parameters,
¢ wire width and length on a given layer connection, and
e resistivity, and permittivity on passive devices.

It is assumed that each contribution in the D2D variationue tb different physical and independent
sources. Such assumption is usually sufficient to lump thesg&ibutions into a single effective D2D
variation component with a unique mean and variance.

Thus, a parameter (or characteristic) distribution canlitaioed by silicon measurements from a
large number of randomly selected devices across chipsrae sefers (or and lots). Then, the mean




and variance are estimated from the approximately norrsgilolition of these devices. In this approach,
named the lumped statistics][ the details of the physical sources of these variatioasat considered.
The combined set of underlying deterministic as well as samdontributions is simply lumped into a
combined random statistical description.

2.2.2 WTHIN-DIE (WID) VARIATIONS

The WID is the spatial parameter deviation within a singke @uch WID variation may have several
sources depending on the physics of the manufacturing. dtefiee designer’s point of view, the concern
is how a WID variation may impact on performance or pararogtield of the circuits. Moreover, the
WID variation contributes to the loss of matched behavidwieen nearby structures. Individual MOS
transistors or/and segments of signal lines may vary diffiy from designed or nominal values (e.g.
RDF). They may also differ unintentionally from each otheg( LER).

Two sources of WID variations are particularly important:

e Wafer-levelvariations are small fluctuations across the spatial rafgieeodie. Chemical and/or
physical steps on IC layers deposition and/or polishinghmigtroduce systematic variations
across the die.

e Layout dependenciemay create additional variations that are inherent to tepmment and its
neighborhood. These variations are due to photolithogecajpiteractions, plasma etch micro-
loading, layer deposition and polishing, or other causé® rainge of such perturbations can vary
between microns to millimeter range. The line distortiom&xposure and distortions in lens and
other elements of the lithographic system are within thgeaof a micron or less. However, the
film thickness variations arising in chemical-mechaniadighing (CMP) and chemical or physical
vapor deposition (CVD or PVD) may occur in the millimeter gan

While such variations may be systematic in any given die seteof these variations across differ-
ent dies may have a random distribution. A random-WID patameriation fluctuates randomly and
independently from device-to-device. A systematic-WIDgpaeter variation results from a repeatable
and governing principle. In this case, the device-to-de\dorrelation is empirically determined as a
function of the distance between the devices. Althoughesyatic-WID variations exhibit a correlated
behavior, the profile of these variations can randomly cedrgm D2D. From a designer’s perspective,
systematic-WID variations behave as continuous and snemtielated random-WID variations][

2.3 VARIABILITY TRENDS

The ITRS report $1] has expected that the manufacturing variations will cargiincreasing rela-
tively to their nominal values. Some of the technology paetars and their & variations are summa-
rized in Table2.1. It is remarkable that thedvariability is becoming more significant in comparison to
the nominal value with the technology shrinking. Furtherepahe WID variations were reported being
significantly increasing, which brings the structure-masoh as the most important concern.

Table 2.1: Technology process parameter (nomimav&@riations): ITRS report trends.

Leff (nm) | Tox (nm) | W (um) | H(um) | p (mQ)
250/80 | 5.0/0.40 | 0.80/0.20| 1.2/0.30| 45/10
180/60 | 4.5/0.36 | 0.65/0.17| 1.0/0.30| 50/12
120/45 | 4.0/0.39 | 0.50/0.14| 0.9/0.27| 55/15
100/40 | 3.5/0.42 | 0.40/0.12| 0.8/0.27| 60/19
70/33 3.0/0.48 | 0.30/0.10| 0.7/0.25| 75/25
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The ITRS report§1] had shown even worst results for g parameter, summarized in Tal2l&. At
this point, the variability is achieving values comparabléhe nominal value. These trends indicate that
it will not be possible anymore to design an IC without a aalreériability analysis and management.

Table 2.2: Technology process variability: ITRS reporhtte

L(nm) | 250| 180| 130| 90 | 65 | 45 | 32 | 22
Vin (MV) | 450 | 400 | 330 | 300 | 280 | 200 | 150 | 100
Oy, (MV) | 21 | 23 | 27 | 28 | 30 | 33 | 47 | 57

The state-of-the-artlf, 6, 37] has investigated the trends of the process-induced i@rg&in tech-
nologies beyond 22 nm. Following the technology scalingdsg CMOS devices are expected to con-
tinue shrinking over the next two decades. While the sengigotor industry looks toward the 22nm
technology node, some manufacturers are considering sittcenfrom planar CMOS transistors to the
three-dimensional (3D) FinFET device architecture. BelyarP2nm node device, the thin width might
be on the order of 10-15nm. As such devices approach the diorenof the silicon lattice; they can no
longer be described, designed, modeled, or interpretedramaous semiconductor devices. In contrast,
the process variability comparisons show that SOI FinFE€dikely to have superior matching char-
acteristics $7]. Thin height and width are likely to be more easily contdllin the SOI process, while
the bulk process faces significant manufacturing and psocestrol challenges. Therefore, the beyond
22nm devices will need new analysis and synthesis toolakbrg the CMOS paradigm.

2.4 AGEING PHYSICAL PHENOMENA

The physical phenomena responsible for the most agein@daton in active devices are
e Hot Carrier Injection (HCI),
¢ Negative Bias Temperature Instability (NBTI) and
e Time Dependent Dielectric Breakdown (TDDB).
On the other hand, the passive devices also have ageingldégra mostly caused by
e Electromigration (EM).

The ageing physical phenomena degrade the circuit perfurenaith crystalline structure defaults which
changes the device parameters. The NBTI and the HCI are nsigp® for traps at substrate-oxide
interface. These interface traps are dangling bonds nceftogdrogen passivated. The reaction and
diffusion model is the most accepted model for interfacp tr@ation in both physical phenomena. The
microscopic model and the hydrogen role in present anddutghnologies are described; they are the
basis of the reaction and diffusion model and also explaniihDB event.

2.4.1 HoT CARRIER INJECTION (HCI)

Hot carrier injection is the phenomenon in solid state devior semiconductors where either an
electron or a hole gains sufficient kinetic energy to overe@npotential barrier, becominghat carrier,
and then migrates to a different area of the device. In @eutrdevices, this phenomenon occurs at the
end of the drain junction of a transistor in saturation, lasifated in Figur@.1 These energetic carriers
injected can get trapped or cause interface states to beagetieand then these defaults lead to threshold
voltage shifts and transconductance degradation of MOBe&ev
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Figure 2.1: Interface traps in MOS structure under HCI debgpian: illustration.

The first report of HClI measurements was done in 1970. The wbtisashi Haraet al. [37]
have reported a new instability found in p- and n-channel MfaSsistors. The phenomenon occurs
when a higher voltage in an excess of a breakdown voltagepigedpto the drain electrode, so that the
breakdown voltage drifts to a higher value and the draineturalso increases. They highlighted that:

1. the semiconductor surface near the drain becomes prliteein-channel transistors and n-like in
the p-channel transistors and thus the active channelHesghortened,

2. this is caused by charging of the gate oxide due to injecifcelectrons or holes generated during
the drain avalanche breakdown, and

3. electron and hole injections are much affected by etefigld across the oxide over the drain
junction.

The researchl] has proven that the HCI in NMOS devices are more signifidaah in PMOS devices.
The reason is to beconm®t, and enter the conduction band of the dielectric, an eleatnast gain a
kinetic energy of 3.3 eV (for an Sidielectric), however for holes the valence band offsetatiés, they
must have a kinetic energy of 4.6 eV. Therefore, the holesaited muchcoolerthan electrons (lower
mobility), and suffer less HCI than electrons. However, stege-of-the-art has presented that PMOS
devices suffer bigger consequences in the parametersdadgigra even the physical causes are smaller
[34].

Later, for the injection of hot carriers into the dielectrfour distinguished injection mechanisms
were studied35]:

1. Channel hot-electron (CHE) injection - when W& is approximately equal zero and tkigs is
very high, the hot carriers are attracted to the gate andegangh energy from the electric field
across the channel to surmount the Si/S@rrier at the drain end of the channel. It is normally
identified by as a gate leakage current.

2. Drain avalanche hot-carrier (DAHC) injection - with vedrigh Vs and a highvgp, the hot car-
riers enter in avalanche multiplication. Measurementficdit as both carrier types are injected
simultaneously as substrate and gate leakage currents.

3. Secondary generated hot-electron (SGHE) injection euptoto electron-hole pairs induced gen-
eration, the high field region near the drain injects bothiees causing the DAHC as a secondary
effect.

4. Substrate hot-electron (SHE) injection - with a high pesior negativé/sg bias, then the carriers
in the substrate are driven to the Si/Si@terface which gain further kinetic energy in the surface
depletion region. It is normally identified by a substrateki@ge current.

Published works have demonstrated several mechanismé waiccause HCI, when the transistor
is under stress condition. First, the carriers are acdelgtay the strength of the electric field. Then, a
carrier gains kinetic energy in the electric field, which peps only while it has ebom to run Thisroom
is essentially the mean-free path of the carrier. As meaa{fiath decreases with increasing temperature
then low operating temperatures can be a problem.
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Circuit designs, which use too high voltage coupled with Ibrdilectric thickness, will create
stronger field across the layer and increase the presencet @lalriers. Removal of the stress may
anneal some of the interface traps, but these traps are medgmt at the drain junction of the transistor.
As a result, this degradation cannot be recovered in mosscas

The developed models for HCI focused on the leakage gatehstrate current increase and the
threshold voltage shift. The most accepted model for HCtal#ation is the power law dependence on
the stress time. In 2007, Warmg al. [36] have characterized the model of Reaction-Diffusion mecha
nism (R-D model) for HCI stress in 65 nm CMOS technology. Therk shows the threshold voltage
degradatiomV;, due to HCI and the mobility degradation expressed as a fumci interface traps, as
the same in negative bias temperature instability (NBTBHrrNally, both phenomena have their device
degradation modeled equally, but their environment stteasglitions are different.

In order to avoid, or at least minimize hot carrier degramatiseveral device design modifications
can be made. These are for example a bias control, largenehkmgth, double diffusion of source
and drain, and graded-doped drain junctions to name a feven,Tthese hot-carriers-related device
instabilities have become a major reliability concern indeam MOS transistors. They are expected to
get worse in future generation of devices. Therefore, thdysof the fundamental physical processes
that result in device parameter variation due to HCI is esaseio provide guidelines avoiding such HCI
degradation. It has been the subject of numerous studies amé of the challenges in sub-nanometer
MOS reliability.

2.4.2 NEGATIVE BIAS TEMPERATUREINSTABILITY (NBTI)

The negative bias temperature instability is a physicahpheenon which generates positive charges
and interface traps in Metal Oxide Semiconductor (MOS)cstmes under negative gate bias stress and
mostly at elevated temperature, illustrated in Figtite At these conditions, the interaction of inversion
layer with hydrogen-passivated Si atoms can break the Siidiy creating an interface trap and one H
atom, that can diffuse away from the interface (through tkide) or anneal an existing trap {]. The
NBTI is mostly observed in PMOS transistors (p-type MOSFEBELause in this case the positive oxide
charge and positive interface charge are additive.

G
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Figure 2.2: Interface traps in MOS structure under NBTI dégtion: illustration.

A single microscopic model of NBTI is not fully establishedty One of the most accepted model
is the reaction-diffusion model (R-D model), that attresiNBTI-induced degradation to a loss of pas-
sivated Si-H bonds at the oxide/Si interface and diffusibmyairogen related species away from the
interface. Mostly, the hydrogen release from the subsgate-oxide interface states and the hole trap-
ping in the gate oxide are cited causes of NBT]I [

The NBTI has already been reported 45 years ago, its effectitsh been published by Miura and
Matukura in 1966 §¢]. The authors investigated a 300 nm $j@hermally grown in a dry oxygen
atmosphere, on an n-type silicon substrate. The metal conias formed of aluminum. This MOS
structure was stressed at a temperature of &at different gate voltages. The stress at each voltage
was retained until the saturated degradation, which wasieasured. Miura and Matukura proposed
an electrochemical reaction under the influence of the gtedectric field at the Si/Si@interface. This
reaction leads to positively charged oxygen vacanciesersik, film. As this mechanism proceeds at
higher electric fields, it dominates the ion migration pssehich saturates at large bigas]|
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Then, the NBTI was further characterized by researchersHtlBboratories, Fairchild Semicon-
ductor, and RCA Laboratories. The effect was remarkable dhaincrease in positive charge under
negative gate bias implicated a mechanism distinct fronmtigeation of mobile ions3]. The diffusion
of hydrogen in poly-Si (poly silicon) gate, the dependentéhe phenomenon on the oxide thickness
and a variety of diffusing species (H-protio, H-deuteriumHy), were observed. Also, the relaxation
or recovery of the chemical bonds degradation were obseémetkdiately after the stress voltage has
been reduced, but not all degradation can be annealed ameni@ned interface traps are cumulative,
reducing the circuit reliability.

The NBTI is typically seen as a threshold voltage shift afteregative bias stress has been applied
to a PMOS transistor and later the degradation of channgkcanobility as well as the driven current
are observed!]. Therefore, if the NBTI occurs, then the most importantsiator parameters degraded
are:

decreasing transconductargg

decreasing linear drain currelgti, and saturation curremy sat,

decreasing channel mobilify.+,

decreasing subthreshold slope
e increasing off currenty s, and
e increasing absolute value of the threshold voltege

At DC operation, the NBTI rapidly shifts the threshold vgiéa However, under AC operation condi-
tion, the recovery time may result in less severe shift inaeparameters over a long term, if compared
to the DC result. Moreover, at 50% duty cycle, iy, (threshold voltage shift) is less than one-half of
its DC value B9]. A little or no frequency was noticed dependence up to 508, Kitit then decreasing
further above 2 MHz 9.

There are two important factors for accurate NBTI modeling:

¢ the physics of the degradation mechanisms have to be modgleccisely as possible
¢ the experimental and measurement setup must lead to and®saeiption of the device state.

First, the physics of NBTI is very complex, and up to now it islhmodeled by the R-D model. The
model describes the trap generation and annealing as a faswedependence with the time of stress and
the time of recovery. The most used parameter as a measuegraidédtion i€\V;,. Wanget al. [36] have
already characterized the R-D model for NBTI stress in 65 ivtOS technology. Last, S. Mahapatra
and M. A. Alam in 2008 4.0] wrote an article which discusses the NBTI models and meakstesults,
suggesting a common framework in all technologies for NBfiyigical mechanism. The (] highlights
discrepancies on measured results, and points out anibgyag a consequence of measurement artifacts.
This conclusion was found with new measurements applyie@ththe-fly measure technique developed
by M. Denais et al. in 2004/[1] for AV;, characterization.

2.4.3 TiME DEPENDENTDIELECTRIC BREAKDOWN (TDDB)

One of the major factors presently assumed to be limitingehiable lifetime of CMOS integrated
circuits is the occurrence of the first failure (breakdowhihe gate dielectric. This phenomenon called
time dependent dielectric breakdown (TDDB) and its physicachanism is not yet fully understood
[47]. The stochastic nature makes it difficult to determine tkeceextrapolation of time-to-first event at
operating conditions; and moreover, if the first event isicieht for an observable circuit failure].
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The gate dielectric layer has represented the critical covapt of metal-oxide-silicon field effect
transistors (MOSFETS) since their adoption in 1960’s. Tiededtric or gate-oxide breakdown is man-
ifested by a sudden loss of the layer's insulating propertielowever, for older technologies it was
less of the problem, where even more pessimistic religljiifedictions satisfied the 10-year lifetime
for 99.99% of circuits at operating condition51]. Nowadays, the probability of oxide breakdown has
strongly increased with the increasing oxide field in dovattesdt MOSFETSs technologies. The statistics
of gate-oxide breakdown are described using the Weibutliligion [10]

F (x) :1—exp<<—§)ﬁ); (2.1)

whereF is the cumulative failure probabilit,x can be either charge or time, is characteristic life at
63% of failure probability ang8 is the Weibull slope.

For dielectric breakdown two scenarios are distinguiskgttjnsic and intrinsic breakdown. Extrin-
sic breakdown is due to defects in the dielectric which caimnbeduced during different processing
steps and it is out of the scope of this reliability study. Titeinsic breakdown is because of the nature
of the dielectric itself and occurs at a certain electricdfielefined by the dielectric strength. As the
insulating layers are getting thinner and the technologyoiag to high-k insulator the probability of an
external defect and therefore the probability of an exicifelure is decreasing. Hence, intrinsic failure
is the most likely problem for future technologies.

The TDDB intrinsic failure was classified into two groups aiifires depending on the magnitude of
the post-breakdown conduction: hard breakdown (HBD) affidbseakdown (SBD)43]. The HBD is
considered a catastrophic failure of the device and comseiyy of the entire circuit. HBD is the ancient
gate-oxide breakdown, but in mid 1990’s, the SBD was idetiin ultra-thin oxide layers. The SBD is
more likely to occur at operating conditions and has smalfect on circuit operation. Because of SBD
event, the reliable lifetime criterion has changed and S8®&field of study in circuit reliability. After an
SBD event, the devices and circuits can operate with a peence loss and the catastrophic nature was
reexamined. Furthermore, there is some confusion in theatiire over the precise characterization of
breakdown modes: HBD and SBD. It may be caused by the lack idage definition of the terms and,
for some experimental conditions, by the detection of ontb@other breakdown mode may be difficult.

The SBD is the most interesting TDDB for this reliability dju Published works show that SBD
occurs in a localized spot, and therefore the current afesakulown is independent of device arég][
This spot is a number of aligned defaults into the dielecttown in Figure2.3, which creates a conduc-
tion path between the channel and the gate. The size of thissspstimated to be 13 to 10712 cn?.
Several SBD events, occurring in different spots, may sonest be seen in large-area devices prior to
a HBD. In addition, the SBD current-voltage (I-V) charactgc between the gate and the channel path
is independent of the oxide thickness, at least down to 3 nithjrma band of observed curves. In con-
trast to the HBD which shows a roughly linear (ohmic) I-V cuaeristic of resistance of about 1Qk
between the gate and the channel. If the damage region rerea@lized and does not propagate, the
SBD I-V characteristic between the gate and the channel eveiplaw of the position into the channel
with an exponent of 3-64[4].

Figure 2.3: Aligned defaults in post-breakdown MOS streetullustration.
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2.4.4 HECTROMIGRATION (EM)

Electrons passing through a conductor transfer some af th@mnentum to its atoms, and, at suffi-
ciently high electron current densities (greater than A@m? [13]), these atoms may shifi }]. Elec-
tromigration is this physical phenomenon associated toréimesport of mass in metals.

A metal crystalline structure can be defined as an orderbyasf an aggregate of metal ions which
are bound together by forces resulting from the ions shdheiy valence electrons with the entire aggre-
gate [15]. At any temperature other than absolute zero there is @wgyercentage of metal ions within
the crystalline lattice that possess sufficient energy ta@s from the potential wall which binds them
in the lattice. The process of diffusion of the ions withirithown lattice is termedelf diffusionand
is a random rearrangement of the individual ions which tgase under no concentration gradient or
chemical potential, and therefore, it results in no net nui@sssport. However, under electromigration
transport, the ion self diffusion is changed from a randootess to a directional one by the presence
of an electric field and charge carrier flow. This directiopéiect causes ions to migrate or diffuse
downstream in terms of electron wind direction and vacangieve upstreamyf]. Finally, the stressed
conductor fails. The open in the film is caused by an accunoulatf vacancies by a positive divergence
in the ion flux.

The EM has been recognized as a potential semiconductaredesgar out since J. R. Black works
in 1970’s. The most important circuit damage studied ar [

o the decrease of the electrical conductance,

formation of open-circuit or close-circuit conditions,

whiskers,

thinning,

localized heating,

cracking of the passivated layer and

the inter-level dielectrics.

There is no universally accepted model for EM failure medran but the degradation is mostly
evaluated by the median time to failure (MTTF). The MTTF issgiproximate statistical method studied
by J. R. Black [ 7], and described by

MTTF:AJQexp(%); (2.2)

whereA is a constant of the metal layer and process characteridticsthe current density is Boltz-
mann’s constantT is the film temperature anfy is the EM activation energy. Theis determined

by Black as 2 7], but it is proved that it may change depending on the resistuass and the current
density conditions3]. A range of values foE, are reported, depending on the material characteristics,
some of typical values are described at the T&hle

Table 2.3: EM activation energy values reportéd][

Metal Layer Ea (eV)

Al 0.6+0.1
Al+Cu0.5% Q95
Damascene Cu .94+0.11
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2.5 AGEING TRENDS

2.5.1 HoT CARRIER INJECTION (HCI)

Future technologies advance in semiconductor manufagtugchniques and even increasing de-
mand transistors with sizes close to their physical limitswever, it has not been possible to scale the
supply voltage used to operate these devices proportyodak to factors such as compatibility with
previous generation circuits, noise margin, power andydelquirements, non-scaling of threshold volt-
age, sub-threshold slope, and parasitic capacitarfjcén[aggressively scaled transistors, the consequent
increase in internal electric fields comes with the add#idmenefit of increased carrier velocities, and
also increased switching speed. The presence of largeielgelds implies the presence of hot carriers.
The carriers that have sufficiently high energies and moumermtan get injected from the semiconductor
into the surrounding dielectric films such as the gate anevgdl oxides as well as the buried oxide in
the case of Silicon-On-Insulator (SOI) transistorp [

2.5.2 NEGATIVE BIAS TEMPERATUREINSTABILITY (NBTI)

In recent years, the NBTI is gaining much attention due to enodsemiconductor technologies.
Several effects conspire to bring NBTI to the attention oficeand circuit designers. First, the operating
voltage has not scaled as rapidly as gate oxide thicknessiltirg in higher fields which enhance the
NBTI [39)]. Next, device threshold voltage scaling has not kept paitk @perating voltage, which
results in larger percentage degradation of drive currentilfe sameAVi, [39]. Also, the NBTI is
lower for thinner oxide, where sufficient tunneling currerdy flow to cause the generation of additional
traps and interface states, the NBTI recovery is low#].[ Finally, the addition of nitrogen into the
gate dielectric used for gate leakage reduction and coofrbbron penetration, has had a side effect
of increasing NBTI 9. The following summarized aspects have been found to leaiddreasing
susceptibility to NBTI:

higher oxide electric fields due to oxide scaling,

higher temperatures due to higher power dissipation,

replacement of buried p-channel MOSFETSs with surface @syic

the introduction of CMOS elevating the importance of p-ct&edlMOSFETS, and

nitride oxides with a higher permittivity.

Recent investigations show that NBTI is an important trstesireliability issue also in newest sub-
nanometer MOS technologies. Measurements in high-k/rgetal p-FETs 46, 47] show that NBTI
inducedAV;, is accompanied by an increase in the interface traps, sitoildose observed for conven-
tional p-FETs with oxide and poly-Si gates. Therefore, tfTNis a circuit reliability constraint, being
the threshold voltage shift or the drain current deviatism&riterion for device failure3[7].

2.5.3 TIME DEPENDENTDIELECTRIC BREAKDOWN (TDDB)

Different technologies and circuits will have various degg of sensitivity to oxide breakdown loss.
Thus, more research is needed in order to develop a quaratitaethodology for predicting the reliability
of circuits after an SBD event. While the technology nodeas §hrinking, the supply voltage is not
keeping pace. Thus, the gate oxide field is increasing, tireguh a higher SBD probability event.
Therefore, SBD degradation is becoming very critical ag¢hbnology node scales to 45nm and smaller.

In [4€], the impact of voltage scaling on a 65nm and a 45nm SRAM Hlitxaes analyzed. V. Chandra
and R. Aitken have evaluated the metric of the critical chargthe presence of gate oxide degradation
[48]. They found that, as the oxide degrades, the value of thialricharge becomes a non-linear
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function of the supply voltage. Furthermore, the valuesritical charge also change with technology
node scaling. The absolute values of the critical charge dacreased for both 65nm and 45nm nodes
as the level of degradation increases. Moreover, the 45nammoan critical charge is 30% smaller than
the 65nm maximum critical charge, resulting on an increasansitivity to oxide breakdown.

The high-k technologies have presented higher breakdowrumity, as expected by the permittivity
increasing. The physical properties of the Si/SiQierface has been argued to be key to improve perfor-
mance and reliability 0] in devices after a SBD event. As the technology node scalssli-45nm, the
effect of various reliability concerns becomes very crlciéhe potential solution to TDDB is mitigat-
ing its consequences by oversized devices and redundahegeTeatures are already present in many
systems, and they represent an increase of cost.

2.5.4 HECTROMIGRATION (EM)

As ICs technologies continue to shrink the metal intercetioes and interconnect current densities
grow, EM will remain a concern. New technologies may redheeEM impact, but performance requires
increased interconnect reliability under condition ofr@@sed metallization inherent reliabilityd].

In advanced technologies, the interconnect Joule heatingttongly affect the maximum operating
temperature of the metal interconnections and reduce treereliability by the combination of the EM
with the Stress Migration (SM). The SM is a stress inducedlingi in Cu dual damascene structure,
first reported in 20024°]. SM is caused by the interaction between the thermomechbsiiress in the
interconnect systems and the diffusion of vacancies. Timesinteraction between EM and SM is the
interest of the state-of-the-ari(]] studies with the advent of the dual-damascene Cu/lowet@nnects.

Unlike EM, SM may occur at the chip operating temperaturpicglly around 100-125C, where
the thermal stresses are considerably higher. Moreoverfaiivte time of the lower metal line could be
strongly affected by the presence of the residual SM. [

The interconnect Joule heating and the increasing of EMriadre already predicted in ITRS Report.
These trends are summarized in Tablé In the second line, the increasing interconnect Jouldrgeat
is presented by the metal temperaturg,) (&t the maximum current density (Maxms) projected in
ITRS report p1]. In the third line, the required.ms are presented in order to maintain the 403%netal
temperatureq(]. In both lines, the increasing EM and SM stress conditiorth the continuous metal
interconnection shrinking are clear. The consequencedvbiid SM wearout are represented by the
increase of the time delayj and the decrease of the Median Time to Failure (MTTF). Ifdleth line,
the increase of the time delagt() are presented normalized by theat 105C metal temperatures[].

In the fifth line, the decrease of the MTTF is presented by rdimmg the technology MTTF values
to the expected 130 nm MTTF. The MTTF decrease is estimatettitdyTRS trends and the Black’s
equation (Eq. %.2)).

Table 2.4: The increase of EM and SM failure, according to$TBport trendsT1].

L (nm) 130 | 90 65 45 22

Tm (°C) 107 | 117 | 122 | 126 | 128

Jims @ 109C (MA/cm?) | 0.79] 0.82] 1.0 | 1.2 | 1.6
Aty /tg (%) 1 5 9 9 10
MTTF 1.00| 0.64| 0.45| 0.35| 0.24

When the technology node is scaled down to the sub-45nm rdtigewill remain a design and
wearout issue in integrated circuits. The effect of SM on EM become even more prominent in
smaller vias, shrunk metal lines and the introduction ofermorous low-k dielectric. The smaller vias
imply in lower vacancy density, causing the metal line tatethe required critical tensile stress for void
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nucleation. In addition, the introduction of more porousk dielectric lowers the critical nucleation
stress. Therefore, this will reduce the MTTF, in turn, ledmlss much earlier void nucleation at the
interface, decreasing the IC’s reliability.

2.6 AGEING DEGRADATION MECHANISMS

In this section, we will detail the physical and chemical fmusms of HCI and NBTI degrada-
tion. Many physical and chemical models were proposed, hemdhe most accepted are: Microscopic
model and Reaction-Diffusion model. Both are able to wefllaix the physical and chemical origins
of the transistor parameter degradation. On the other vaaaill not detail the physical and chemical
mechanisms of TDDB and EM. We will see later (in SubsecBohl) that both have not well adopted
post-event models. Moreover, they are not taken into addoucommercial simulation tools or well
characterized in commercial design process Kkits.

2.6.1 MCROSCOPIC MODEL

The hydrogen plays an important role in many technologicadlevant processes of integration in
silicon. The incorporation of hydrogen during the MOSFErfeation process is associated to passi-
vating silicon dangling bonds. These dangling bonds aradat surfaces, grain boundaries, interfaces,
and in bulk silicon. They degrade the device quality, beedhsy change the electrical characteristics of
the transistors.

The hydrogen molecule (i can easily form in most semiconductors. The binding enesgpme-
what smaller than for blin vacuum, but still large enough to make interstitiad bhe of the more
favorable configurations hydrogen can assume in the latkiges the most common hydrogen species
in semiconductors, because it has lower bond energy, lowgmation barrier energy and higher chem-
ical stability [57]. On the basis of the measurements, all of non-bonded hgdrege present as;H
molecules, located in centers of atomic dimensions ingidectystalline silicon lattice.

The occurrence of negative bias temperature instabilitg TN and hot carrier injection (HCI) in
semiconductor devices is directly connected with non patasil silicon dangling-bond and hydrogen-
species diffusion through the crystalline silicon latti€&st studied in 1966, Miura and Yasuo Matukura
[38] had reported an electrochemical reaction between hokslefects at the substrate/oxide interface,
it was put forward as the physical and chemical mechanisNR¥| and HCI.

It is well established that the NBTI and the HCI phenomenarmiedependent on current flow
through the oxide, in contrast to time dependent dieledtreakdown (TDDB). The TDDB also pro-
vides reliability degradation. As oxides have become thinthe increasing tunneling current leads to
additional defect generation, with parameter degradaimlar to the NBTI or the HCI.

The generation of interface traps is schematically exprkss

(electrically inactive interface defegt hole= (oxide positive charge+ (interface trap+ X. (2.3)

It is generally believed that the initially electricallydative surface defect in equatioB.$) comprises

a hydrogen passivated Si dangling bond (Si-H) %nd a hydrogen mobile specie (usually)Hvhich
diffuses through away from the interface. The interface tsathen supposed to be a silicon dangling
bond (Si) which results when H is removed from Si-H. The majority dataSiO,/poly-Si, SION/metal-
gate and high-k/metal-gate FETs technologies are simildhdse for conventional p-FETSY, 47]
expressed on the general scheme shown in equétih (

2.6.1.1 $0,/POLY-SI TECHNOLOGY

The various proposals for reactants, in equatibf)(are listed on Tabl@.5and they were presented
in [39). Allthe listed reactions, except the last, require a hblewever, attempts to prove this component
have seen no variation in the rate of defect generation. d$taéaction in Tabl@.5requires interstitial
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atomic hydrogen. This reaction is known from radiation dgejglasma processing and hot electron
experiments. The possible atomic hydrogen role has onlgntgcbeen proposed. Note that the last
three reactions do not place separate entities for thefaceeistates and the oxide positive charge; in
these reactions all of the positive charge is in the form afrgld interface dangling bonds.

Table 2.5: Microscopic reaction models for Sipoly-Si technology

Interface defect X Reaction

Si-H+Si-O-Si Si-OH  Si-H+Si-O-Si+h* =Si+Si* +Si-OH
Si-H+H>0 H3O"  Si-H+H,O+h" =Si+H30"

Si-H H+ Si-H+h™ =Si+-H™

Si-H Ho Si-H+h™ =Sit +1/2H,

Si-H H Si-H+h™ =Si+H

Si-H+H™ H> Si-H+H* =Sit+H,

2.6.1.2 SON/METAL-GATE TECHNOLOGY

In the 1980s, the use of nitrogen in gate oxides begins, asofvegducing boron diffusion from
the gate into the channel and to improve low-field breakdovablpms. In ultra-thin oxides~«3 nm or
less), the silicon oxynitride (SiON) increases the digleconstant, reduces the direct-tunneling leakage
current and acts as a blocking barrier to impurities (simdehe silicon nitride passivating layer).

Although on relatively thick oxynitride~35 nm), promising results for negative bias stress were
found, the thinner oxides<(10 nm), used in current technology, with the addition ofagen to the
gate oxide have presented serious adverse effect on NBWetdw, the recovery of interface traps is
greater for SION, if the stress is removed. One reason ferativerse effect is that the SiON has a lower
activation energy~0.1 eV) compared to Si¥)X~0.2 eV) and also a shallower time dependerid. [
Other possible explanation is that oxynitride containsenwater B°]. Also, electrical measurements
have shown that the oxynitride exhibits a higher interfaagesdensity near the Si conduction band edge,
whereas pure Si©exhibits more states at mid-gap and close to the Si valenue édge §£°].

Finally, a list of proposals for reactants are presentedainteR.6, according to equatior2(3) [39].

Table 2.6: Microscopic reaction models for SION/metalegaichnology

Interface defect X Reaction

Si-H+Si>-N-Si-(NxO3_x)  Si-NH-Si  Si-H+Si>-N-Si+h™ =Si+Sit +Si-NH-Si
or H" +Sir-N-Si=Si,-NH"-Si

H,0+Si-Si-Ng Ho Si-Si-N3+H,0+h™ =Si-O-Si-NH"-N>+H
then Si-H+H=Sir+H>

2.6.1.3 HGH-K/METAL-GATE TECHNOLOGY

In recent years, there has been a great effort to integrgtedi€lectric constant (high-k) materials
and metal gates into FETS, in order to continue the scalirkfdfs for future technologies. The hafnium
oxide (HfO,) is one of the leading high-k candidates and several diftemgetals, such as W, Re, TiN,
TaN; are being explored for replacing poly silicon gatese NBTI is also a reliability issue in high-
k/metal-gate p-FETs. The dielectric consists of a stack wit interfacial oxide plus Hf@layer, and,
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under bias and temperature stress, measurements have ahanerease on threshold voltage and on
interfacial trap density induced by NBTI.

Investigations have shown that NBTI in high-k/metal-gatEET's is similar to that in conventional
SiOy/poly-Si p-FETs at elevated temperature]] Also, HfO, and SiON p-FETs have comparable
threshold variation at 10 years and high-k layers do notaedadditional NBTI degradation!{, 47].
Earlier conclusions have appointed the interfacial oxisléhe main cause of NBTI degradation and the
high-k layers do neither reduce nor increase the devicahiétiy.

2.6.2 ReEACTION-DIFFUSION MODEL

One of the most accepted model is the reaction-diffusioneh@D model), it was established by
Jeppson and Svensson in 19%7][ In this model, the threshold voltage shifi\¢,) is caused by a strong
increase of the density of Si-SjBurface traps. On Jeppson and Svensson work, a detailgdddttiee
increase of the number of surface traps in MOS structures afigative bias temperature stress (NBTI)
at temperatures (25-12%) and fields (400-700 MV/m) was done. A power law dependenite tive
stress time asY/* was characterized at low fields and at high fields it increéinearly with the stress
time. The first physical model, proposed by Jeppson and Seangxplains the surface-trap growth as
being diffusion controlled at low fields and tunneling ligdtat high fields.

Since then, the model has been continuously refined andildesthe degradation process (reaction)
of the chemical bonds Si-H or Si-O, and the transport mesharfdiffusion) of the hydrogen species
away from the interface. This generation process is destifi) 39 as

1. Reaction the degradation process as a reaction at the Sji/Biterface generating an interface
state (i) as well as releasing a mobile hydrogen related spebigki¢ described as
ON (1)
ot

= ke (No— Nit (1)) — kaNie (1) Nx (1) ; (2.4)

trap generation trap annealing

wherekg is the interface-trap generatiokr the annealing rate and &t= 0. The symbolNp
denotes the initial number of electrically inactive Si-Hls.

2. Diffusion: the transport mechanism is driven by the gradient of theispalensity concentration,
these species diffuse away from the interface toward theedgscribed by

ONit (t) JNy (X,t) é ONy (X,t) B Dx Eox

X ax T2 a T (25)
de (X,t) . dsz (X,t) Dxon de (X,t)
DX ae ax (2.6)
at the dielectric, and 1)
JNx X, t .
DXT = kpNx (2.7)

at oxide/poly-Si interface. Wher@x is the diffusivity of the hydrogen speciég, is the thermal
voltage,Eqx is the oxide electrical field arkp is the surface recombination velocity at oxide/poly-
Siinterface.

In order to obtain an analytical solution, an infinitely thizxide (i.e.tox > +/4Dxt), the conservation
rule

Ni (t) = / Ny dx 2.8)

and the case of a neutral diffusing specisH) are usually considered. This process can be illustrated
in Figure 2.4, which shows the initially passivated dangling bond andréeetion of non passivating
dangling bond at the Si/Sinterface, as well as the hydrogen species diffusion.
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Substrate Oxide Gate

Figure 2.4: Reaction and Diffusion mechanism: illustnatio
The general solution of the R-D model in stress phase aatespfive different regimes of time-
dependent interface trap generation. They are illustriat&igure2.5, and described as

1. Early phase Ni; andNy are small and, by equatiof.@), we found

% = KeNg = Nit = kg Not; (2'9)

2. Quasi-statical equilibrium: dN; /dt = 0, by equations4.4) and @.8), we found

keNo — krNitNH = 0= N = \/ %toi (2.10)

3. Hydrogen diffusion through the oxide: as analyzed by Jeppson and Svensson in 197]7 Jve

found
N = 1.164 / %Dﬁ/“tl/“; (2.11)

4. Hydrogen diffusion through the gate as analyzed by Alam and Mahapatra in 2095 \ve found

1 keNo J1/2.1/2.
Ni = \/ D : 2.12
t 2(% ) ke M t (2.12)

ke _tOX

5. Final equilibrium : when all Si-H bonds are brokeiN; /dt = 0 andN;; = Np.

For charged species, but again assuming infinite oxidenkgk the solution at hydrogen diffusion
through the oxide phase changes to

kFNO 1/4DXon 1 1/2
Ni = 1.16 D t1/2. 2.13
O e POV 2Dy @3
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logNit

logtime

Figure 2.5: The five different regimes of time-dependergriiace trap generation, as obtained from the
reaction-diffusion model.

whereDy is the diffusivity of the charged hydrogen species. Thedatgne exponent was never mea-
sured, but the majority of the measured results presenteagiponent very close to the time exponent
at uncharged case. Therefore, the notion of a charged elifiuas rejectedy"].

On the other hand, if the stress is removedt{ptthe R-D model predicts the recovery of broken
Si-H bonds with the number of traps generatidg (to)) and the density of interface hydrogex((tp)).

For a linear hydrogen profile,
1
Ni (to) = —————F—— 2.14
it ( 0) 2NH (to) /—DHtO ( )
and this traps are annealed at tilety. By equation 2.4), with ke = 0 (no more interface-trap gener-
ation), assuming that the original hydrogen front contsteediffuse, Alam and Mahapatra in 2004 [

found
&t

o

Vit

The interface trap species modeled by reaction and diffusave as a consequence the variation of
transistor parameters: threshold voltage, transcondcetesaturation current. For example, the NBTI
degradation is generally monitored through thresholdagatshift V). In this case, the transistor
degradation mainly results from the loss of passivated 86hds at the Si/Si@interface and thé&V;y
is normally approximated by

Nit (t +to) = Nit (to) | 1— (2.15)

BV = BV = TN (2.16)
Cinv
whereq is the electron charge af@lyy is the inversion layer capacitance.

Concluding, the R-D model successfully explains both thegydaw dependence of interface trap
generation and the mechanics of interface trap annealingthérmore, it offers no quantitative pre-
dictions regarding the field or temperature dependence. eMeny thekg, kg is field or temperature
dependent, as predicted by Alam and Mahapatra in 260)3He model covers the loss of passivated
Si-H bonds and not the most microscopic reactions founderitarature 9. Moreover, the precise
power-exponents also make the R-D model difficult to fit thesueed data, a wide variety of exponents
is observed.

The first reason of the wide range for power exponents is dubetalegradation recovery (under
NBTI stress) that takes place during the delay between stgppe stress for measurement and the
start of the next stress phase. The second is the assumptimnstant time-independent diffusion
coefficient for hydrogen diffusion in the oxide. Finallygttarge variety of hydrogen species are difficult
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to be analyzed separately, because the interfaces can trbaber reflective for different species, and
chemical reactions between them can change the hydrodesidif profile or velocity.

The [40] takes a survey of several works that have presented diffeteess conditions, measurement
methods and gate-oxide process. At this point for the NBHmgple, the threshold voltage shift is
estimated as/[]

AVih = AP?/3exp(BEox) (DH exp(%)t) ; (2.17)

whereA andB are function ofNp, P is the hole density at inversion lay&y, is the diffusion coefficient of
H», Eox is the oxide fieldEn is activation energy necessary to create the dangling dosdoltzmann’s
constant and is the temperature.

2.7 CONCLUSION

In Chapter2, we described, as best as we know, the sources and the tifghdslevice-characteristics
variations. The variations were separatedtasicor at time zero, andynamicor time dependent varia-
tion. Thestaticvariations are represented by integration process véitjaahd devices mismatch. The
dynamicvariations are represented by probabilistic events anateegeing.

As the dimensions shrink in advanced technologies, theslrecome more important, increasing
the device failure rate. Moreover, the reduced lifetime hexome a huge constraint for reliable devices
with the increased performance lost. In this way, the kndg#eof the physical mechanisms of variability
and ageing is essential to propose improved design metbgidslaiming more reliable devices.
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CHAPTER 3

STATE-OF-THE-ART OF DESIGNMETHODOLOGIES

3.1 INTRODUCTION

Technology scaling will continue to increase the numbewuottions per area and the complexity of
the devices. Such scaling has allowed the design of huger@gsin Chip (SoC) and integrated Systems
in a Package (SiP). Most of consumer-market applicationsatie an increasing performance for a low-
cost full integrated solution in a shrunken time-to-markitanaging these criteria implies the use of
electronic design automation (EDA) methodologies andstdatreasing the designer efficiency.

AMS/RF EDAs have changed the focus from the bottom-up designsistor-level optimizations to
behavioral system-level hierarchical design refinememidloThe systematic top-down design is only
possible using computer-aided design (CAD) tools. Howelz&A tool support for AMS/RF designs
has strongly been lagging behind the digital design. Thelsgnthesis, standard-cell-based place and
route, presented in digital design, are not possible foragh@ication driven AMS/RF devices, mostly
full-custom. As the AMS/RF IPs cannot be easily reused, #ggh methodology reuse and the design
background are the only retained design experiences. Mergategrating AMS/RF and digital circuits
on the same die creates additional problems of crosstallsigndl integrity, which require tool support
for modeling and analysis.

The use of nanometer CMOS technologies brings significaallesiges imposed to circuit design
methodologies. These challenges incluidg:

o the advent of no longer negligible leakage currents andnipact of power consumption;

¢ theincreasing variability of the technological processpaeters\;, doping level, widths, lengths,
and others);

¢ the reduction of the supply voltage without the pace oMhedropping the headroom for AMS/RF
circuits;

¢ the advent of novel materials, like high-k dielectrics, anudel devices, like FINFETs and CNT-
FETs;

e the increasing importance of well known degradation phesmanlike HCI, NBTI, and EM; and
the advent of degradation phenomena not observed befafe asuSDB and SM.

Thus, the advent of new EDA methodologies and tools, inalyidihe nanometer CMOS technology
challenges, is a need for AMS/RF design pace with the didéaign. In this chapter, we show the state-
of-the-art of design methodologies, the possible solgtiand the not solved challenges for AMS/RF
design in advanced CMOS technology.

3.2 Q.AsSICAL DESIGN METHODOLOGIES

IC’s design has three parts: architectural behavioralehedlidation, electrical schematic imple-
mentation, layout synthesis. Most of the basic techniqtegsssamong the different synthesis levels rely
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on powerful numerical optimization tools coupled to pemfiance estimation tools, see Figaré. Then,
performance and specification are showdown by the evatuafia cost function. If the optimal design
is found then the designer can move down the synthesis lievaltop-down approach, or move up the

synthesis level, in a bottom-up approach.
First
Design

Optimization

Performance
Estimation

Specifications

Optimal

Design

Figure 3.1: Classical desigh methodologies: the basimiqubs steps.

The Figure3.1shows the basic flow of the most EDA methodologies and toolanthe electric-
schematic synthesis level example, the sizes and biasialfjtodinsistors as the values of needed passive
components have to be determined in order to meet the cpetfibtrmance specification at some trade-
off cost. First, the optimization tool determines such gesialues, using trade-off criteria. Then, the
performance estimation tool, often a simulator, charaterthe optimal design candidate. Finally, the
evaluator judges if the achieved performance is enoughrdicgpto the specification. After some it-
erations and computational cost, the optimal design maybed. So that, the state-of-the-art EDA
methodologies and tools have the objective of:

e increasing the performance estimation accuracy;

reducing the optimization convergence time;

controlling the computational cost as the design compleritrease;

proposing new criteria trade-offs;

reusing the design experience improving itself.




27

In Subsectior8.2.1, we will discuss the advantages and disadvantages of tap-dod bottom-up
approaches. Subsecti@r®.2will describe the state-of-the-art optimization toolsd&ubsectior8.2.3
will present the state-of-the-art performance estimatimts.

3.2.1 ToP-DOWN AND BOTTOM-UP EDA APPROACHES

A top-down approachalso known as step-wise design, is essentially the brgalawn of a system to
gain insight into its compositional sub-system. In a topad@oint of view, the system is first formulated,
specifying performances and parameters but not detalfiamtin any low-level building block. After,
each building block is then detailed, sometimes in manytemfdil lower-level devices, until the entire
specification is reduced to base elements. A top-down meaéien specified in blocks, making easier to
manipulate the required mathematical behavioral. Howefrese blocks may fail to model and elucidate
physical mechanisms or be detailed enough to realistivaligate the behavioral model.

A bottom-up approacks the piecing together of low-level devices to give riseighHevel systems.
Thus, such approach builds toward larger and more completers\g by starting at the low-level and
maintaining precise control of physical structure. In adotup approach, the individual base devices of
the system are first designed in detail. These devices ar@tsembled together to form a larger building
block, which then in turn are linked, sometimes in many leyveitil the complete high-level system
design. However, this strategy may result in a mass of cedfysnterlaced devices and building blocks,
developed in isolation and subject to local optimizationopposed to meeting a global architecture
performance.

Starting from small device design building a product agian is the most intuitive engineering ap-
proach. The bottom-up approach has high design space gevieraarly phases, smaller time-to-market
only a few number of IC functions, higher observability ofrgrmeter variations, and higher costs on
design reuse. The top-down approach has a tactical buelingiesign space coverage, bigger time-to-
market but higher number of IC functions adapted, maskednpaier variations in the device perfor-
mance, and lower costs on design reuse. And, the designiretletop-down approach is responsible
on the speed-up of the time-to-market for new versions optbduct.

Moreover, manage the design complexity of the AMS/RF systertegrated on a SoC or SiP re-
quires designers to adopt more system-oriented EDA melbgiés and tools. Such system-oriented
EDA is only possible at the top-down approach, where thewhg phases can be identified: system
specification, architectural design, circuit design, wirtayout and system layout assembiy’]. The
advantages of adopting a top-down design methodology are:

e the possibility to perform system architectural evaluatemd better optimization before a high
cost circuit implementation;

e the anticipation and mitigation of risks and of problemifdcing building blocks, reducing the
number of design iterations;

e the use of hybrid system simulation to fast explore critjgaits in the early stage of the flow,
combining different model levels like behavioral, schemand extracted;

o the early development of test procedures in parallel wighilock design;

¢ the better overall system solution in huge and complex Sd&iRyrachieving the required time-to-
market.

The top-down solution requires however some investment the design team, especially high-level
modeling and setting up a sufficient model library for a taaggplication. Such a high-level point of view
may distance the designer of the physical implementatiarsuch a case, the feasibility or optimality
of a solution may depend on the low-level details like matgHimitations, circuit non-idealities, layout
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effects and others. Therefore, the high-level models nrmattidle such effects to the extent possible, but
it remains difficult in practice to anticipate or model evbigg accurately at higher levels.

At the end, there is no best design approach. A complex AMSAREem integrated on a SoC or
SiP shall be specified in top-down. However, the piecing ttogreof low-level devices will require a
bottom-up approach. Both approaches should be developearatiel, linking architectural needs and
low-level details. Therefore, accurate high-level moaets/ be obtained optimizing the local low-level
and the global high-level characteristics.

3.2.2 OPTIMIZATION ToOLS

Synthesis can be carried out by the following two differggr@aches: knowledge- and optimization-
based §4]. The basic idea of knowledge-based synthesis is to fotmulasign equations in such a way
that given the performance characteristics, the desiganpeters can be calculated. In optimization-
based synthesis, the problem is translated into functiommization problems that can be solved through
numerical methods.

The optimization synthesis is based on the introductionp®Eréormance evaluator within an iterative
optimization loop. The system is often modeled with a penfance function, capturing the behavior of
a circuit topology. The performance estimation will be dssed in Subsectiod.2.3 Techniques for
analog circuit optimization that appeared in literature ba broadly classified into two main categories:
deterministic optimization algorithms and stochastiacealgorithms.

The drawbacks of deterministic optimization algorithmes mrainly in the following three aspects:

e requiring a good starting point,
e an unsatisfactory local minimum may be reached in many casels
e often requiring continuity and differentiability of the @gotive function.

The application of deterministic optimization can guaegna local minimum likeGradient Descent
algorithm or a global minimum lik&eometric Programming.

Research efforts on stochastic search algorithms, edlgeSienulated AnnealingandEvolutionary
Algorithm , are been developed due to the ability and efficiency to finatiafactory solution in a fast
optimization convergence. However, this solution is oftenthe optimal neither the stochastic algorithm
gives information about how good is the found solution.

Thereafter, we will describe the most implemented optitivzealgorithms that are:

e Gradient Descent,

e Geometric Programming,
e Simulated Annealing, and
e Evolutionary Algorithm.

The advantages and disadvantages of each one will be prdseé¥nd also, the state-of-the-art applica-
tions of the optimization algorithms will be highlighted.

3.2.2.1 RADIENT DESCENTOPTIMIZATION

The gradient descent search is an optimization algorithfimding solutions at local minima that are
known to be near the starting point of the optimization. Saictalgorithm checks the slope of the cost
function to take an optimization decision.

The gradient descent starts with the attribution of the fiosttion to be optimized. Also, the max-
imum number of iterations is specified the in first step of tlgw@hm. Then, the slope of the cost
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function is calculated in the neighborhood of the startingnp If the slope is negative, it searches a
new point in this direction in order to minimize the cost ftian. If the slope is positive, such a point

is rejected. The algorithm continues to iterate until akkdfications are satisfied or the total number
of iterations exceeds the specified maximum number. Finakyops searching for the global optimum

solution and simply reports a local minimum found as an optmvalue pH5].

Because of this simplicity, it is a very fast optimizatiogalithm. However, it has a serious drawback
of easily becoming stuck at an undesirable local minimumis Tase occurs when it is not sure how much
near the starting point is to the optimum. The starting poirdice increases in complexity with the cost
function formulation and number of variables to be optirdiz& hus, the odds of specifying such an
initial condition approach zero ahead the complex realldvoroblems.

In 2008, J. Cong et al.5f] has unified a wide range of density smoothing techniqudsdalobal
smoothing and presented a highly efficient method for comguhe gradient of such smoothed densities
used in several well-known analytical placement algoritfithis method reduces the complexity of the
gradient computation used in analytical circuit placenapitimization. In 2010, theyd/] presented an
analytical 3D placement method using a gradient projectiethod to solve the constrained optimization
problem.

3.2.2.2 GOMETRIC PROGRAMMING OPTIMIZATION

A geometric program (GP) is a type of mathematical optinmzeproblem characterized by objective
and constraint functions that have a special form. Recel@leloped solution methods can solve even
large-scale GPs extremely efficient and relialilg] [ At the same time a number of practical problems,
particularly in circuit design, have been found to be edeivito (or well approximated by) GPs. Putting
these two together, we get effective solutions for the pralcproblems.

A basic part of solving the GP is determining the problem ifglity. Such feasibility means to
determine whether the design constraints are mutuallyistem$. Founding the feasible design space,
the GP starts the research of the optimal point. If the probteinfeasible, there is certainly no optimal
solution to the GP problem, since there is no point that fsagisll the constraints. To find the optimal
point, a trade-off analysis of the constraints is appliediszover the effect on the optimal value of the
problem [€]. This reflects the constraint variation idea that takesgla many practical problems. The
analysis result is a point on the optimal trade-off desigacsp With the feasible region and the optimal
trade-off of the design space, the GP rapidly convergesdamgiimal point by an objective criterion.
Moreover, assuming the given criterion the trade-offs ammediately pointed-out. The given set of
criteria indicates the optimal trade-off point for thisaulation.

The basic approach in GP modeling is to attempt to expresadiqal problem, such as a circuit
analysis or design problem, in GP format. One of the mostigatages of GP is the required monomial
and posynomial functions modeling the circuit performarmrause such modeling requires a convex
problem formulation and it is not often the case on circuifgrenance trade-offs. However, the bigger
advantage is the great efficiency and the fast solution agdiion. Moreover, the GP gives the feasibility
of the design and the trade-offs to be paid in order to achisw@ptimal.

In 2004, L. Vandenberghé ] presented techniques for improving the accuracy of GPdasalog
circuit design optimization. He proposed a simple methothke the modeling error into account in
GP optimization resulting in a robust design over the inheegrors in GP device models. In 2009, Y.
Xu et al. [60] introduced a regular analog/RF IC using metal-mask cordigjlity design methodology;
named Optimization with Recourse of Analog Circuits inahgdLayout Extraction (ORACLE). Such
methodology is a combination of reuse and shared-use byufating the synthesis problem as an op-
timization with recourse problem. Using a two-stage GP wdttourse approach, ORACLE solved for
both the globally optimal shared and application-specificables.
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3.2.2.3 SMULATED ANNEALING OPTIMIZATION

The simulated annealing (SA) algorithm was introduced trceme the limitations of the gradient
descent optimization. The concept of simulated annealitignization follows from the physical process
of cooling of metal during manufacture for maximum strenggtid minimum defects.

In this algorithm, the metal heating process is implemebtegicking a random number. And the
metal cooling process, named annealing, is implemented ¢nadient descent optimization. After a
number of heating and annealing iterations, some costitimotinima are found. Finally, the algorithm
stops searching for the global optimum solution by simpporéng the minimum of local minima found
as an optimum value. Thus, the global optimum is always fotme dispose of the enough number of
iteration, and often tending to infinity.

Unlike gradient descent algorithms, simulated annealmogides a statistical hill climbing capabil-
ity, and thus avoids, with high probability, being trappedn undesired local minima. However, the hill
climbing process needs to be controlled to save simulaiime.tin the simulation annealing technique,
two control parameters on the hill climbing process are khygesof the cost function and the temperature
(temp coefficient p5]:

Acost) | (3.1)

rand(0,1) < exp<?mp
whereAcostis the variation of the cost function, always less than z8wmthat, the right side of Equation
(3.1 is always less than one. Thus, the conditionesh pbeing high indicates that the probability of hill
climbing is high, and reducing the temperature of anneatiegprobability becomes lower. The second
condition to a less likely hill climbing is a highcost, as a result thAcostreduction works as a gradient
descent formulation.

In 1990, G. Gielen et al. 1] proposed an EDA tool based on a generalized formulatiorhef t
analog design problem. The EDA tool sizes all elements isfgahe performance constraints, thereby
optimizing a user-defined design objective. The globalmjattion method being applied on the analytic
circuit models is SA. In 2001, R. Gupta et a.2] had designed a 3-V 85-mW balanced fully integrated
Class-C power amplifier (PA). The PA was optimized using autdted-annealing-based custom CAD
tool, integrated, and tested. The CAD tool described6if] jvas designed to find such an optimum
matching network for integrated PAs.

3.2.2.4 B/OLUTIONARY ALGORITHMS OPTIMIZATION

Evolutionary Algorithms (EA) are stochastic search andiséia optimization methods whose mech-
anisms are analogous to biological evolutiai][ EAs differ from more traditional optimization tech-
niques in that they involve a search from a population oftsmhg, not from a single point. Each EAs
iteration involves a competitive selection that weeds adrsolutions. The solutions with highiness
are recombinedwith other solutions by swapping parts of a solution withthea Solutions are also
mutatedby making a small change to a single element of the soluti@toRibination and mutation are
used to generate new solutions that are biased towardsissgfithe space for which good solutions have
already been seen.

A generic implementation of a single-population EA is presd in Algorithm1. First, a random
population is initialized. For a single population and aegivgeneration, the objective fitness function
is evaluated. While the desired fitness is not found neithembaximum number of generation is not
achieved, EA performs the population evolution by natuealadic processes. These genetic processes
are: selection, recombination, mutation, migration, libgaand neighborhood. The genetic processes
aim to improve the average fithess of the population by giwniyiduals of a higher fithess a higher
probability to be recombined into the next generation. Theation implements the stochastic nature
of the EA optimization. The migration, the locality and theighborhood are genetic processes applied
among different populations in a multi-population EA coxte
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Algorithm 1 EA Pseudo-code implementation

initialize(population)

generation =0

optimal = evaluate(population)

while (optimal ¢ optimalCriteria)and (generation# maxGenerationglo
naturalSelection(population,optimal)
geneticRecombination(population)
geneticMutation(population)
generation +=1
optimal = evaluate(population)

end while

return population

A single-population EA is powerful and performs well on a widariety of problems. However,
better results can be obtained by introducing multiple spijations. Every subpopulation evolves over
a few generations isolated (like the single-population B&fpre one or more individuals are exchanged
between the subpopulation. The multi-population EA mottesevolution of a species in a way more
similar to nature than the single-population EA.

Several different types of evolutionary search methodswlewreloped independently and the same
advantages and disadvantages. These include:

e Genetic Programming, which evolve programs,

e Evolutionary Programming (EP), which focuses on optingzaontinuous functions without re-
combination,

e Evolutionary Strategies (ES), which focuses on optimiziogtinuous functions with recombina-
tion, and

e Genetic Algorithms (GA), which focuses on optimizing gexl@ombinatorial problems.

In [64], GA was implemented to design analog circuits, where thssit GA was modified with
respect to population size and the generation of valid itg8anly. Also, simple modifications were
introduced which reduce the computations required. 54},[a new EP algorithm, called competitive
co-evolutionary differential evolution (CODE), was praed to design analog ICs with practical user-
defined specifications. The base of CODE is the combinatidi&®fICE and MATLAB. The CODE tool
links circuit performances, evaluated through electrtid8PICE simulation, to the optimization system
in the MATLAB environment, for a given circuit topology. 155], an accurate method to determine the
device sizes in an analog IC based on GAs was presented. [latvalgorithm, a two-stage Operational
Transconductance Amplifier (OTA) was designed in CMOS QuiBprocess exemplifying both time and
frequency domains optimization.

3.2.3 HERFORMANCEESTIMATION TOOLS

An accurate synthesis begins with an accurate analysi$ tétcontinuous downscaling of CMOS
technology, to obtain a precise model and to control itsrpatars has become a highly challenging task.
Most of options for circuit performance estimation consisbuilding a model of a circuit performance
metric and then using this model to estimate the performaHosvever, one of the largest problems is
to find systematic methods to create accurate behavioraboraimodels. Moreover, such model shall
be adapted to the needed tools to automate the synthesesproc

An accurate solution can be pointed out by a circuit simaiativhich even today remains the cor-
nerstone of many circuit designs. In general purpose, th€BPBased simulator solves the nonlinear
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system obtained from the netlist of the circuit. Such a dirituturn is composed by modeled devices
given by the process design kit. So, the problem turns to hmwd @ind available are the device models.
AMS/RF device models are not often available in standard G\&dcess. Moreover, the largest disad-
vantage of the circuit simulation is the time needed to cetephe analysis. The simulation time grows
exponentially up with the accuracy needs, and thus the atcand fast analysis is not even feasible
with circuit simulation.

Thereafter, we describe the solutions at the state-o&thésr behavioral modeling and electric sim-
ulation. Foremost, these solutions do not solve the trdfd@mong accuracy, analysis time, and synthesis
automation. They are able to point solutions to some probledapting the trade-off to some application
need.

3.2.3.1 RERFORMANCEBEHAVIORAL MODELING

In order to systematically create analog behavioral modeésstate-of-the-art of behavioral model-
ing can be distinguished.{]:

e Fitting or Regression Approachwhich is parameterized mathematical model and values garam
ters selection to best approximate the simulated circhiaeral by minimizing the error between
the simulation and model results. The disadvantages anadirzdgood starting meta-model and
fit it with a small number of simulation points. However, oribe model is fitted the performance
can be directly estimated.

e Constructive Approach which is the physical inherent model by underlying circwsdription.
The advantage is the higher guarantee of the model fittingthleumodel building includes not at
all trivial simplifications from the electrical-simulatedodel.

e Model Order Reduction Approach which is a mathematical technique to generate a simplified
model for a given circuit by direct analysis and manipulataf its detailed description by the
eigenvalue and the eigenvector of the system matrix. Sudtem@roduce as output a similar
state-space model, but with a state vector of lower dimeasity. These reduced-order models
are very advantageous because they simulate much morewtfgcivhile approximating the exact
response, with less system equations and computatioratsffHowever, reducing the system
order is not often feasible, evident, or computationalfslexpensive than a direct simulation. The
reason is that AMS/RF circuits are usually nonlinear, tvagant, and/or distributed parameters
system.

In order to achieve a trade-off between accuracy and CPU 8ffieient approaches based on meta-
modeling techniques have been proposed. The meta-modbkadistinguished:

e Polynomial Function which is a mathematical polynomial representation oftetaioled from a
model order reduction in the forni{]

. _i/sq u. (3.2)

In a single-objective optimization problem,s one parameter ard is one performance. How-

ever, a multi-objective optimization problem will requiaematrix representation. Such a model
has an advantage to analyze the performance with simplitity easy to hand design or EDA

implementation. The disadvantage is the low accuracy fanallsorder model. The model is

only accurate when process variations are sufficiently Isnfath is hardly the case in nanometer
technologies.
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e Posynomial Functionwhich is a mathematical posynomial representation ofteainoeéd from a
model fitting or regression in the form()

t N
=Y ofTe™, (3.3)
kzl “ il:l

wherecy € Z™* anda;x € R. Using a posynomial function, the advantageous GP optiinizaan
be easily implemented and an exact solution achieved. Henvthe system can only be modeled
by a posynomial function if it has a convex formulation, whis not often the case.

e Symbolic Model which is the generation of interpretable mathematical esgions from a set
of templates, that relate the circuit performances to trstgadevariables. Such templates are au-
tomatically chosen by the optimization tool from polynomigosynomial and simple non-linear
functions. Thus, its main weakness is that it is limited te#r and weakly nonlinear circuits7).
The model strength comes from the automatically generatmhfitting of the model in a single
EA optimization tool.

¢ Kriging Model which is a framework to represent a circuit performance a®ehastic process
® () that is cast into a regression model as

() =Z(y)+BTF(Y)[14], (3.4)

wheref () is a vector of predefined regression functions Eﬁds the vector of unknown regres-
sion coefficients.Z (i) is a random process and used to capture the systematic utepaftthe
performance from the global regression portion. The Kggimmodel enables robust regression of
global trends of complex mapping between design parametetsesulting performances. More-
over, such a model provides an uncertainty level for eactigtien in the form of mean-square-
error [L6]. Thus, model and model error are optimized simultaneoirsly regression approach.
The disadvantage is the mathematical complexity of thehststec formulation of the model.

3.2.3.2 MERFORMANCEELECTRICAL SIMULATION

Advanced technologies and complex IC designs have turne®/ARF simulations in some days
or even weeks of engineering tasks. As a result, the needféstaaccurate and optimized simulation
solution that incorporates analog, RF, and AMS needs hasiemore pressing and widespread. This is
especially true in cutting-edge low-power, low-noise @tifrequency designs at 90nm and below. Thus,
the resulting simulation performance bottleneck has esirgly strained IC designers’ productivity and
their products’ time-to-market schedul&].

Ever since the emergence of commercial simulation toolsgretirly 1980s, simulation performance
has been the driving force for major simulation technologyedopments. Currently, the simulation tools
are developed to specialized applications providing teegad accurate results for a given circuit design.
These simulators can be distinguished:

e SPICE simulator is based on a precise brute-force transient and smallisagadysis. The advan-
tage is to be a general accurate circuit simulation, butstcan exponential-increasing simulation
time with the circuit complexity increase.

e Steady-State simulatoris a simulation technology that takes advantage of the knosrodic
steady-state nature of time-variant designs, like RF ascrelie-time circuits. Such simulator pro-
vides significant speed-up compared to SPICE analysis iegstine required accuracy. However,
the periodic circuit frequency shall be known a priori and thfference of frequency of circuit
clocks shall not be small. The steady-state simulation tiemels to the SPICE simulation, and
even bigger, if the difference of frequency of circuit cleakecreases.
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e FastSPICE simulator explores the hierarchical structure of full-chip designl gakes a divide-
and-conquer approach to ensure full-chip verification cardbne in a reasonable timeframe.
The advantageous speed-up SPICE simulation time is paidanitandatory top-down approach.
Moreover, the required analog small-signal analysis isamatlable which leaves a lack for a faster
SPICE simulator.

e AMS simulator encourages a top-down design methodology that mixes moygbiesi behavioral
models with full accuracy transistor blocks to speed-upgient analyses during both design and
verification. The co-simulation approach takes advantdgtifierent approaches to obtain fast
and accurate result for each circuit block. However, coinbithe results in a full-chip simulation
requires a common language to inter-communicate simuglaidris disadvantage limits the AMS
solutions to only few simulator tools, often not the fasteitlmer more accurate ones.

The most advanced simulation engines have different appesaand achieve better results in specific
applications. These features are presented below witinfbwrations extracted from the white papers of
the more important companies: Cadence, Mentor, Synopsgisylagma. Although we are able to point
the best engine for a specific application, the decisionsatrenly based on the technical capability. In
most cases, the engine choice is driven by license cosgroesi experience, PDK model availability,
and integration with other tools. Therefore, this thesil present results based on Cadence Virtuoso
and Mentor Graphics ELDO, because of the constraints ofrttegiation with other tools and the PDK
ageing model availability.

CADENCE VIRTUOSO ENGINE [68] using the simulator Spectre provides fast, accurate SHeGE
simulation for tough AMS/RF circuits. It is tightly integed with the Virtuoso custom design platform
and provides detailed transistor-level analysis in midtgiomains. Its architecture allows low memory
consumption and high-capacity analysis. The simulatdufea and benefits are presented below:

e Provides high-performance, high-capacity SPICE-leval@nand RF simulation with out-of-the-
box tuning for accuracy and convergence;

e Performs application-specific analysis of RF performanaesameters (spectral response, gain
compression, inter-modulation distortion, impedancecimnag, stability, isolation).

¢ Includes advanced statistical analysis (Smart, MonteC&Cmatch) to help design companies
improving the manufacturability and yield of ICs at advathg@ocess nodes without sacrificing
time-to-market;

e Ensures higher design quality using silicon-accuratendoycertified device models shared within
Virtuoso Multi-Mode Simulation.

Cadence Virtuoso Multi-Mode6P] simulator combines industry-leading simulation engitiks
AMS Designer, Spectre, UltraSim, and device models. Theativg is to deliver a complete design
and verification solution. Such simulation engine meetscti@nging simulation needs of designers as
they progress through the design cycle. The coverage goligifrom architecture exploration to analog
and RF block-level development and to final analog and migiphal full-chip verification.

Virtuoso Device Modeling (BSIMProPlus/RelProPlus)] automates HCI and NBTI stress and data
collection through simultaneous control of various handwaeasurements. The tool can stress multiple
devices at the same time. After, the extracted AgeMos modddesiit possible to have degradation
models based on the age calculated after the fresh simuldtre Virtuoso UltraSim Full-chip Simulator
can use these models directly. To run aged simulation whierotommercial simulators, such as the
Virtuoso Spectre Circuit Simulator, using a Cadence teldgyocalled RelXpert.
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MENTOR GRAPHICS ELDO ENGINE [71, 77 is the core component of a comprehensive suite of
AMS/RF tools. Moreover, Eldo offers a unique partitionircdheme allowing the use of different algo-
rithms on differing portions of design. It allows the userexible control of simulation accuracy using
a wide range of device model libraries, and gives a high aoyuyield in combination with high speed
and high performance.

The following is a list of the major product features of Eldo:

e Eldoisthe core technology allowing addressing RF simofatiEldo RF) and mixed-signal (Questa
ADMS, ADMS-ADIT);

e Simulation of very large circuits (up to around 300,000 siators) in time and frequency domains;

e Advanced options such as pole-zero, enhanced Monte Ca@laniBmatch, circuit optimization,
statistical analysis (Design of Experiments), and S ane@ian generalized transfer functions;

e Unique transient noise algorithm and reliability simwat{Eldo UDRM);

o Flexible netlist support, behavioral modeling with Vegié, and extensive device model libraries
(MOS, bipolar, MESFET transistor models such as the BSIMBVBSIM 4, MM11, Mextram,
HICUM, and PSP, and TSMC Model Interface);

e Integration into Cadence’s Analog Artist environment {grtink).

SYNOPSYSHSPICE ENGINE [73] uses a precision parallel technology which is a multi-doa@sient
simulation extension to HSPICE for both pre- and post-layduwomplex analog circuits such as PLLs,
ADCs, DACs, SERDES, and other full mixed-signal circuitsSPHCE addresses the traditional bottle-
neck in accelerating SPICE on multi-core CPUs with new dilgors that enable a larger percentage of
the simulation to be parallelized, with no compromise irdgol HSPICE accuracy.

Additionally, efficient memory management allows simwatiof post-layout circuits larger than
10 million elements. The HSPICE solution includes enhamoedergence algorithms, advanced analog
analysis features and foundry-qualified support for precesign kits (PDKs) that extend HSPICE gold-
standard accuracy to the verification of complex analog amxeédvsignal circuits. With HSPICE 2010,
design teams can accelerate verification of their analagyitsr across process variation corners, and
minimize the risk of missing project timelinesd]. The Synopsys HSPICE features can be distinguished:

Process and Interconnect Variation including models bethicg and interconnect variation;

Variation Block using powerful and flexible mechanism fofidieg process variation effects;

AC & DC Match using efficient statistical simulation for [dgarameter mismatch effects;

Smart Monte Carlo, the all-purpose statistical simulattoat runs several times faster than tradi-
tional Monte Carlo techniques;

MOSRA device reliability analysis simulating HCI and NBTédce ageing effects;

PLL and VCO simulation including the most accurate and &d9®- simulator.

MAGMA TITAN ENGINE [74] is well-known solution for leading the pack with regard te digital
IC design, analysis, implementation, and verification sohs. It's true to say, however, that (until
now) most engineers and industry observers do not tend & tfi Magma in the context of analog,
full-custom, and/or mixed-signal designs.

For the last few years, Magma has been developing technalodyexpertise. The result is Titan, a
truly unified, automated, full-chip, mixed-signal desigiusion. There is no question about the power
and value of this technology in the minds of users who havetmadpportunity to work with Titan.

The Magma Titan FineSim features can be distinguished:
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¢ Interface for full-chip circuit simulation, offering SPEzlevel accuracy for the analog portions of
the design and Fast SPICE-level accuracy for the digita sidhe design;

e Fast Monte Carlo is a revolutionary new alternative to tiadal Monte Carlo analysis, making
it possible to achieve much more accurate statistical aigaly a fraction of the time required by
traditional methods;

e Especial steady-state simulation for RF circuits and ag@Cl, NBTI) analysis are not available,
or the specific tools are not found in this state-of-the-esearch.

3.3 VARIABILITY -AWARE DESIGN METHODOLOGIES

In advanced technologies, the increase of process variaigmificantly impacts circuit yield. The
impact of variability on the design of large ICs is becomisgecially severe. Thus, the classical EDA
methodology and tool is not able to solve the design problemaer 100 nm technologies nodes.

In general, the first change in the classical design is theeance estimator. Most of the simulator
engines have variability simulation included. The apphesccan be distinguished between Corner-
Based and Monte Carlos simulation. The biggest disadvanéghe simulator-based in performance
estimation is the weak feedback for the optimizer tool. Thhe optimizer shall be based on an opti-
mal search without the information of the statistical cltggstics of the performance. Moreover, the
computational design cost can be too much expensive.

The second possible change in the classical design is tteagwajudge and the feedback of the
optimizer. The evaluator shall judge the performance memhits variance or standard-deviation as
well. The feedback advantage is obtained with the modetlimgl cost, which is higher including the
information of the statistical characteristics of the periance.

At the state-of-the-art, a single EDA consensus joiningaimlity-aware design and commercial
CADs was not found. Since 2000, S. Nassif pointed out thegddsr variability needsT5]. Nowadays,
G. Yu and P. Li proposed that the analog designs must be gaimot only for nominal performance
but also for robustness in order to maintain a reasonablé i€]. H. Onodera goes further proposing
that the EDA methodologies and tools shall tolerate, migigar even exploit the variability by proper
design techniquesLf]. In 2009, V. Wang et al. introduced a simplified model britgthe gap between
existing statistical methods and circuit desigi][ In next subsections, we address the details of each
state-of-the-art answer to EDA lacks in the increasingality of the advanced technologies.

3.3.1 WoORSTCORNER-BASED

In traditional variability-aware design methodologidse wariability has been considered in the ICs
process by guard-banding, using a corner-based approaghreB.2 illustrates all performanced)
samples in function of the parameters veci@j.(We see the guard-band linking the important corners
of ®. From allC; corners, there is a corner name&gpical situated at the center of the guard-band and
some worst corneC,, where® drops out of the specification. The corner-based methodistens
identifying these important corners and designing theudiro achieve the specification, even in the
worst case.

The worst case corner models are generated by offsettingetheted parameters by a fixed number
of its standard deviatioro(y). This selection guarantees a minimum circuit yield. Tipicalcorner is
generated from the measured data on a single golden waflee cEhterline process. Other four corners
often selected are the two analog and the two digital woist sgenarios. Thus, the worst-case corner
models provide designers a capability to predict the dssarbf the typical design and the pessimistic
scenarios.

The state-of-the-art worst-case methods take the statislistribution of the process parameters into
consideration and evaluate the worst-case scenario badbd probability density function (Figue2).
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Figure 3.2: Corner-based variability analysis: illugtrat

In[75], L. Silva et al. proposed a set of efficient branch-and-labbased techniques for automating the
computation of the exact worst-timing corners of combiadi and sequential circuit. This research
work pointed out difficulties to find the worst corner in a sfiecapplication. However, the corner-

based approach easily leads to overly pessimistic woss-dasign which will cost power and area

consumption.

3.3.2 MONTE CARLO SIMULATION
The Monte Carlo (MC) simulation avoids the pessimistic waesse, performing a direct yield esti-
mation of a given circuit. MC is an exhaustive method thaenésils, and in some cases may be the only
available option. It consists of several trials, each ofclitis a full-scale circuit simulation. On every
simulation, each process parameter is sampled from itskdigon, and then the circuit performance is
estimated. The procedure is repeated over thousandslsf &l the performance distribution is derived
from the statistics of the estimated performance amongitde.tWith a sufficient large number of trials,

the performance distribution can be predicted with a medm@rconfidence.
MC-based methodologies are inherently accurate as thefwawnly measure-fitted models. This

advantage leads to an accurate optimum for a given circelid yBased on a fully random choice of the
samples, the number of employed samples is crucial to aelsieepresentative statistic. However, the
simulation time directly depends on the number of sampksihg to a loss of efficiency for a large

number of samples.
In order to reduce the number of MC runs, the state-of-théas proposed variance reduction tech-

niques p]. The idea is reducing intentionally the accuracy of thelhmdtspeeding up the MC simulation
The most important methods derived from this idea are pteddnc].

e Latin Hypercube Sampling (LHS) method samples each dimension (process parameter) by parti
tioning its domain into equi-probable sub-ranges. Heniraptoves the uniformity of the samples

in one-dimensional projection.
e Quasi Monte Carlo (QMC) utilizes low-discrepancy sequences to provide uniforrmtiigher
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than 1-D projections. However, the convergence rate of tN&CQnethod is dependent on the
problem dimension, and it is found to be only asymptoticallperior to MC.

Another disadvantage on a MC-based method is the weak feledaan optimum search. There-
fore, the design optimization easily leads to exhaustiveloan search increasing the design-cycle cost
which consists of several analysis and redesign iterations

3.3.3 BEHAVIORAL MODELING

The circuit performance metrics are generally non-linegcfions. The performance’s probability
density function (PDF) cannot easily be computed. The airthefbehavioral modeling approach is
to estimate an interval that encloses the circuit-perfoigeavariability. Thus, the circuit-performance
distribution is estimated avoiding the MC exhaustive satioh. Moreover, this approach has a better
optimization feedback since the estimation accuracy campesed as a trade-off.

Most noteworthy variability analyses are the responseasarinethods and models (RSM). RSMs
first generate a model of the circuit performances as a fomaif the process parameters around the
nominal design point. Then they use this model to estimateptrformance’s PDF. In this way, the
state-of-the-art of the variability-aware design metHod@s proposes different meta-model to estimate
the mean and the standard deviation of the circuit perfoomatistribution. Thus, the optimization
problem only doubles the number of the objective equationegto the desired performance a statistical
characteristic.

The crucial issue in RSM lies in creating an accurate modtl wiinimal computational cost. The
required minimum number of simulations can turn the behlalimodeling in a prohibitive approach, and
it is one of the bigger disadvantages. A proposed solutidnagiag the minimum number of simulations
is the design of experiments (DoE). According to the type efarmodel, the DoE theory can indicate
an efficient sampling strategy {].

In [16], G. Yu and P. Li demonstrated how an efficient iterative slednased optimization can be de-
veloped for extracting Pareto analog performance modateiminal case. The proposed methodology
uses Kriging model advantage representing the paramegestaghastic process. Thus, they applied an
iterative search based optimization to efficiently seeknogit performance trade-offs under yield con-
straints in a high-dimensional design parameter and psog@gtion spaces. Their experiments showed
that the proposed method can efficiently extract desireinapperformance trade-offs by avoiding ex-
cessive time consuming MC simulations and such a methodesdsis to well-controlled accuracy.

In [60], Y. Xu et al. proposed a robust GP optimization capturirg\éariability by an ellipsoidal un-
certainty expression. Formulating the optimization withpeoidal uncertainty, the statistical distribution
information of the circuit variability can be included. Thdemonstrate that competitive performance
can be achieved with guaranteed yield.

In[1€], V. Wang et al. proposed an accurate posynomial model fouitivariability that provides in-
sight into the sources of variability in a circuit designmaf view. Modeling random process variability
onto designer-controlled variables (size and bias), itallibw a variability-aware GP optimization. The
work trends are using this model for circuit optimizatiomlplems and noise analysis for more complex
analog blocks. Such a model has a great potential to find metieads of evaluating circuit performance
variability without the use of computationally expensive&Ehethods.

3.4 RELIABILITY -AWARE DESIGN METHODOLOGIES

Integrated circuit reliability simulation is not a new cept and a number of reliability models and
simulation methodologies have been developed during tee gecades’[s, 79, 13]. Most state-of-
the-art reliability simulation methods try to emulate tregchdation process of aged devices based on
the physical failure mechanisms and are based in Berkelégliigy Tools (BERT) concept. As the
technology advances under 90nm, the sources of ageingaseand the circuit lifetime shrinks. Since
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2003 [79)], reliability-aware design methodologies have been psedo Most of studies are interested in
model [L9] and simulate the ageing stres®)] 21] and the circuit lifetime 22]. Thus, they proposed a
new design flow (Figur&.3) including the ageing analysis into the classic designyfeg.1).

First
Design

Optimization

Performance
Estimation

Ageing
Specifications Evaluation Model
Final Fresh Device Ageq
Design Design Stress Device

Figure 3.3: The state-of-the-art of design in reliabilitgtimodology: ageing stress flow.

In the Figure3.3, we observe that after few optimization cycles a fresh agesdound. Using the
ageing model from the PDK, the devices inside the designteessed leading to aged devices. The aged
design has its performance estimated and evaluated, fawngpecifications in an external feedback.
If the aged design achieves the desired performance, weHmdirtal design. However, if the aged
design does not meet the specification, the design shall timinpd. The optimization step has not
enough information to increase the circuit reliability, teat it shall implement some exhaustive search
and probably do not converge in a reasonable time.

The reliability-aware design flow presented in FigGr8 has a complex feedback and it is often a
tricky algorithm for an EDA tool implementation. The probids always when the optimization stops:
optimal design or reliable design? What's more, the trafi@etween optimal and reliable is not clear.
Therefore, the designer cannot decide which is preferred.

Reformulating the reliability-aware design flow at the waaility-aware knowledge, the proposed
improvements change the performance estimator. In ordekéoreliability and variability into account,
the estimator should evaluate the fresh performance angkttiermance variation due to variability and
ageing. This solution shares the characteristics of a sitioal approach.

The advantage of this methodology is the accuracy of thdtsefuhe model is available and the
stress conditions are known. However, the imprecision stdeing the stress condition leads to wrong
conclusions or overdesign. Moreover, the simulation apgindeads to a random optimum search ahead
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the weak feedback inside the not clear trade-offs. Suchliéty simulation approach can be distin-
guished: Nominal Reliability Analysis, and Variabilityw&are Reliability Analysis §0]. Both will be
detailed in next subsections.

3.4.1 NOMINAL RELIABILITY ANALYSIS

The analog reliability analysis is a method to calculate dgeing of a circuit with fixed design
parameters, like an IC process corner. Most ageing degpadatave a dependence on the transistor
bias (presented in Secti@). First proposed in 1993 f], Berkeley Reliability Tools (BERT) simulates
changes in a circuit performance due to NBTI and HCI. It alswates the circuit failure probability
due to TDDB and EM. This tool was developed with the objediivprovide circuit reliability simulation
with little overhead to the design process.

The first attempt to evaluate the ageing degradation is zimgiythe circuit ageing due to its DC
operating point. The advantage is the fast simulation agerece; the disadvantage is the inherent small
accuracy. Furthermore, the stress conditions depend onirithgt operating cycle and so vary with
the time. In order to obtain accurate information about thme{varying stress at every circuit node, a
transient or a steady-state simulation is required. The am=epted ageing analysis is based in BERT
principles and is detailed in Algorithia This algorithm has a linear complexity O(n) with respedti®
number of transistors in the circuit. Currently, the ageamglysis is implemented in some commercial
solutions B(] and the ageing model is available in few PDKs.

Algorithm 2 Ageing degradation analysis.

Require: freshNetlist, stressPeriod

nodeWaveforms = transientSimulation(freshNetlistsstReriod)

agedNetlist = freshNetlist

for all transistore freshNetlistdo
agedTransistor = ageingAnalysis(transistor,nodeWawresp
agedNetlist = update(agedNetlist,agedTransistor)

end for

return agedNetlist

According to the phenomenon, the analysis runs a specifiehoberacterizing the ageing degrada-
tion into the transistor parameters. There are a lot of iffemodels described in the state-of-the-art.
Some of them are implemented for specific applications incdéed simulators. They often uses simpli-
fied equations and need a specific model fitting. Others azited in a behavioral language including
the transistor model and the ageing degradation desgriptio

What's more, the commercial tools have their own models aniy few foundries offers the ageing
characterization as an option in the process design kit (Ri2Kcription. Therefore, there is no standard
ageing model, and they are not often available in the desir@ld The common characteristics among
the models are summarized below for each ageing phenomenon.

3.4.1.1 HCI $SMULATION
The model estimates the NMOS or PMOS HCI ageing byAgeparameter defined as:

e NMOS

o WH,y \ Ips

A N mpdt 3.6
o= [ 5y () (36)

T Mh
Age— [ DS ('S—“b> dt, (3.5)

e PMOS
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TheT is the period of time of stress aMl is the device width.Isy,, Ips andlg are the substrate, the
drain and the gate currents, respectivélyandmare technology dependent parameters. Afterwards, the
amount of degradation suffered by the MOSFETSs is monitareghch model parameter (P) (for example
the threshold voltage, the channel mobility, etc.) and ggradation dynamics can be written as

AP(t) = K (Age-t)". (3.7)

So, such model equations use computationally simple an®iB®mpatible reliability models to
predict the degradation. Experimental evidence confirrasdbvice degradation may be represented as
a function ofAgeover a wide range of stress conditions and for channel lsndptvn to the submicron
region [/€].

3.4.1.2 NBTI SMULATION

The behavior of the NBTI degradation is monitored by theghatd voltage shift4Viy), represented
in Figure3.4. The AV, is induced by both permanent damage and recoverable dégradés soon
as the stress is stopped, the recoverable degradatioradesrim time. This degradation is activated by
temperature (T) and a high negative field and hence is dependehe bias\(gs).

The permanent damage is modeled using the equation

E
AVinp = ApeXp(YpVas) EXP <_ %) tetress (3.8)
The recoverable degradation is modeled by
Ear tgtress
AVinr = Ar eXp( ¥ Ves) exp T In{ 1+ 5 ) (3.9)
r
The recovered degradation is modeled by
_ Earr trecover/tstress
AVinrr = Arr €XP( Yir Vasrecove) EXP kT In{ 1+ T AVipr. (3.10)
v

In all AVt equations §.9), (3.9) and @.10 [21], A is the technology dependent pre-factgris the
voltage accelerator factog;, is the activation energy in each cases the physical time constari,is
Boltzmann’s constant anf is temperature. Finally, the total threshold voltage shkifnonitored by the
eqguation

AVih = AVthp+ AVihr — AVirr . (3-11)

This model is simple and BSIM compatible, but, to avoid &w underestimation, it is important
to use the on-the-fly stress and measurement technigligo[fit the NBTI degradation model.

3.4.1.3 TDDB $MULATION

Most of the simulators do not simulate post-breakdown tsémselectrical behavior. They often
evaluate the transistor gate electric field against the maxi technology allowed field, treating it as a
hard breakdown (HBD) rather than a soft breakdown (SBD). HBBBumes a circuit catastrophic failure.
In reality, the post-SBD circuit continues working with arfgemance loss. Thus, the HBD is of no
interest in this work, and the design for reliability shalduce the HBD probability. And often, the
design-kit has the relied information about the mean timfitare and guidelines to reduce the HBD
probability.

The statistics of SBD are described by the Weibull distidu{Eqg. ¢.1)). However, this equation
is used only to estimate the first SBD event. To estimate tke $BD, the electrical model presented in
Figure3.5[11] is usually employed, where tHeB;, SB; are the SBD low conductive paths modeled by
a=10 kQ resistance{”]. Despite the continuous breakdown characteristics, ¢hersd event cannot be
easily described and it is often considered as a HBD.
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Figure 3.4: Behavior monitor of the NBTI permanent and recalsle damage: illustratio®].
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Figure 3.5: Behavior of the post-SBD degradation: NMOSsitlation (PMOS is the analogous).

3.4.1.4 EM SMULATION

The EM is often checked at the circuit layout level, becaleEM involves all metal line con-
nections and their current densities. In fact, there is mty &M estimation and in most cases it does
not represent a constraint. However, RF circuits are pdaticcases because they often use inductors
and capacitors as a tuned circuit, and in most cases theyldrgez currents passing through the induc-
tors. These passive components are designed and softwargzepl, but the inherent low quality factor
becomes worse without a robust design, because of the Edbilélr degradation{Z].

Many layout techniques may be used to reduce the EM, but thtefid behavior is not often treated.
In order to estimate the post-EM performance, it is suggestenodel it as a quality factor reduction by
increasing the inductor series resistanig),(see Figure3.6. This idea does not increase the simulation
effort, as the passive components optimizers return a ldmpelel or an equivalent S-parameters model
which include the quality factor characteristic.

3.4.2 \ARIABILITY -AWARE RELIABILITY ANALYSIS

In fact, the ageing degradation is not totally independéitie|C process variability. Before ageing,
the circuit suffers from the process variability that isatistic variation. Then, the stress environment and
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Figure 3.6: Inductor lumped model: illustration.

the stress time are the agents of a deterministic varia#dtmough both are combined in this physical
happening order, the nominal reliability analysis doestakeé such an order into account.

In order to fill the nominal reliability analysis lack, thenability simulation, like MC simulation, can
be run after the degradation with the aged netlist. The gsit behind such argument is that statistic
and deterministic variations are naturally independemnpmena. Accurate results are achieved if the
ageing degradation is small enough, and that is the casenm@hd 65 nm CMOS technologies aiming
a lifetime less than 50 years. The huge advantage of thisadéshcombining PDK accurate models and
commercial tools in a single EDA methodology. The disadagaetis that the hypothesis cannot be true,
moreover under 32 nm CMOS.

The solution is to break the nominal reliability analysisgghgm and propose a variability-aware
reliability analysis. However, there is no commercial tooplementing this solution. In fact, random-
sampling techniques, like MC simulation, are accurateybg CPU intensive. Then implementing the
ageing degradation, the EDA algorithm will have a compiekigger than O(f) , which can rapidly
achieve a not feasible number of simulation points.

One solution for this problem is proposed in 2010 by E. Mariead G. Gielen. In(], they
demonstrated a deterministic, variability-aware religbimodeling and simulation method. In their
work, a DoE with a quasi-linear complexity algorithm is ugeduild an RSM of the time-dependent
circuit behavior. The simulation speed improvement is ugeweeral orders of magnitude with good
simulation accuracy. Another solution is proposed in 20$0Xb Pan and H. Graeb. In3fj], they
proposed an efficient method to predict the lifetime yieldmdlog circuits considering the joint effects of
manufacturing process variations and parameter lifetieggatiations. However, the analysis limitations
are:

¢ a simplified ageing degradation model, far away from the censial models;
¢ the model fitting availability for the commercial PDKs;

e a dedicated simulation until disconnected to the commici@ids.

3.4.3 (GONCLUSION

Regarding the state-of-the-art, there is no most accepletian. The reliability-aware remains in
the analysis only and mostly simulation based approach. clése disadvantage is the weak feedback
to the optimizer algorithm. The reason is that the ageingatkgion models are under research and the
state-of-the-art efforts are concentrated in accurateafitggland simulating.

This scenario leaves an opportunity to innovate proposingjiability-aware design methodology.
The research needs resides in increasing the optimizageatbhck by design equations to estimate the
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ageing degradation in early stages. These new equationddshe integrated in a multi-objective op-
timization algorithm. Similarly, it is done in the varialyl-aware design methodology as proposed in
[16, 60, 18). The huge challenge is proposing an accurate design mébhestimate the ageing degra-
dation in early stages and use this information to find théaph design space. The proposed method
shall have in mind not only the advanced CMOS technologigsalso the future IC technologies when
circuit reliability even worse is expected.
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CHAPTER4

RELIABLE RF FRONT-END: BOTTOM-UP DESIGN

In this chapter, we will present three applied examples ldivke-circuit design. Each example is
one of the building blocks described in the study case designder to propose a reliable RF front-end.
Such building blocks will be designed in transistor levehgsCMOS 65nm technology.

The first block of an RF front-end is the low-noise amplifiergghegating balun, wide-band low-
noise amplifier, and 1-Q mixer; the BLIXER was designed faflog a classical design flow step-by-step.
First of all, we collected the performance specificatiomfrine top-down design and the design space
characterization from the CMOS 65 nm technology. Then, wained the BLIXER model equations
using a constructive approach and the gradient for all dgségformances. Next, we obtained a BLIXER
design solution using a classical design optimization.

In this step, the bias voltage obtained imposes the tramsistmoderate inversion. This solution
reduces the power consumption in required minimum gain aaximum noise. After achieving the
optimal design we decided to evaluate the BLIXER failure foth variability and ageing. We found
that such a solution imposes less circuit stress which gaph less ageing. The trade-off presented in
design strategies will be discussed in ChagteNow, we discuss such a trade-off inside the BLIXER
design example presenting an increasing variability comgse.

In order to obtain a BLIXER failure evaluation, we develomedensitivity analysis and a variation
sharing. Thus, the BLIXER failure and design space will lsedssed aiming a reliable-BLIXER design.
Later, the transistor-level BLIXER was simulated and it6f@@nances estimated using a typical-corner
electric simulation, a nominal reliability simulation anadMonte Carlo simulation. We analyzed these
three results concluding that the ageing is negligible mgarison to the variability. We published these
analyses and discussions i1].

The second building block in the RF front-end is the digitahtrolled oscillator (DCO). The DCO
design has followed two different points of view. First d@gsis aiming a reliable-circuit synthesis and
the result is a full analysis comparable to the BLIXER. Wel@hied these analysis and discussions in
[28]. The second point of view is the answer to the question: hawehrhas the reliability increased
during the reliable-circuit synthesis? In order to ansviis simple question, we redesigned the DCO
using a classical design methodology. As a result, we coenardifferent points of view: if we choose
a reliable-circuit and if we do not take the reliability irdocount during the design flow. We published
theses analyses and discussions’iij.[

The conclusion of the DCO design clarifies the advantagestl@ndiisadvantages to analyze the
reliability in early stages and take measures to managecthesion [25]. Designing a classical and
a reliable DCO, we achieve a frequency degradation redudijoa value between 15 % and 30 %.
And also, the reliable-DCO has a circuit lifetime five timeader than the classical-DCO, if we fix the
maximum frequency range degradation at 2.0 %. Disadvastafyjthe method are the increase of the
phase noise and the reduction of the frequency range.

The third building block in the RF front-end is the progranieagain amplifier (PGA).The PGA
design is mostly composed of reconfigurable passive conmpeveth some few transistor-level con-
straints in the amplifiers. These few transistor-level t@mnsts are similar to the constraints found in the
BLIXER design. Thus, we explain why the PGA is naturallyable (in CMOS 65 nm) in terms of their
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amplifiers. The sensitivity analysis and the PGA failurel@xaon reveals that the amplifier-performance
variation is not big enough to imply in a PGA failure. Therefowe do not need to full design the PGA
to be sure that the transistor ageing in PGA is negligibleoingarison to the transistor variability. Fi-
nally, the PGA reliability is dependent on the reliability the control circuits, mostly digital circuits.
The reliability in digital circuits is out of the scope of shivork.

4.1 RELIABLE-BLIXER DESIGN

4.1.1 BLIXER SHEMATIC AND SPECIFICATION

The BLIXER topology is presented in Figufiel and its specifications in Tablel For the circuit
design, we used the transistor-level characterizatiorchwvvill be presented in Sectigh2 This charac-
terization consists in s andgmversus bias simulation for a fresh normalized NMOS (W g and
L =60 nm) and the CMOS 65 nm integrated process ageing siionilat

%EMS

Ve Reonp Leonp Reap
L i
TCBOND T Cpap

Figure 4.1: The BLIXER topology composed of a balun, a widelow noise amplifier (WBLNA),
and a mixer connected: illustration of the I-path (the Qhgatnot present as it is similar to the I-path)

[2].

Table 4.1: The BLIXER specifications for wireless applioas.

Operational Frequency 1 GHz - 5 GHz

Bandwidth > 100 MHz
Gain >10dB
NF <5.0dB
IP3 > 0.0dBm

S11 <-10dB
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4.1.2 BLIXER MODEL EQUATION

POWER CONSUMPTION The power consumption is the first important circuit chagastic to be eval-
uated; it is described using the equation

P=Vpp (|D1+|D2)- (4.1)
Then, we found the total derivative of such a characterasic
APQ'JVDD (A|D1+A|Dz) y (42)

which leads to a decreasing power consumption withg@geing degradation. Thus, the circuit degra-
dation does not lead to a worst characteristic as a poweuogotton decreasing is desirable. Although,
the power consumption is an easy way to evaluate the cirgaing degradation’].

GAIN The BLIXER gain is defined as:
m
G =7 (29mR +gmR.), (4.3)

where] is the passive mixer conversion gain and we assume an idéehimgimpedance. So, its total
derivative is

m

NG,

The BLIXER differential gain is54 = 2G. The gain degradation shall be estimated bygimeageing
degradation, shown in Figufe4(b)(in Chapter6.2). The circuit bandwidth is not controlled by transistor
parameter as it is

AG (2Agm R+ AgmpRy ). (4.4)

1

BW= -~
2R CL’

(4.5)

and it does not degrade with transistor ageing. Rheesistance might only suffer EM degradation,
but it will not be the case if the designer follows the PDK guigducing the EM probability. Thus,

only a gain variation could be interpreted as a BW variatidhis will have no impact on RF front-end

performance, because the base-band signal has a smalilviddn Furthermore, the PGA will be later
charged to control output signal swing and bandwidth whegm@mmed to a specific standard.

Noise FACTOR  The noise factorf = 10NF/19) is defined as:
(29mRL1)°—(9MR2)?) 5~ - 5 5
e S:r)msffp 2)) e2n1+(ngRL2)2e%2+ezn|_l+eanz+

((2gmRL1)%+(gmpR 2)%) 2.
gm Rs+1 nS

F=1+ (4.6)

n
4

Where% is the noise voltage of the componérind 7 is the passive mixer conversion gain degrading
the noise. This equation was obtained by the BLIXER noisdyarsaof the noise model presented in
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Figure4.2. The total derivative of the noise factor is

AF ~
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Figure 4.2: The BLIXER noise model: illustration.

INPUT IMPEDANCE MATCHING The BLIXER matching impedance is defined:

1-gmRs

= T gmiR,

whereR;s is the source resistance and its total derivative is

—2Rs

ASu% _—
(1+gmle)2

Agmy.

Thus, theS;1 is a performance with a large sensitivity to the ageing dimfian of thegm.

4.7

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)
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4.1.3 ReLIABLE-BLIXER DESIGN

Using the performance specification and the initial despacs, the optimization looks for the tran-
sistor parameters which lead to an optimum BLIXER perforoeanThus, the required circuit bias is
Vps= 0.4V andVgs= 0.44 V for both M1 and M2 transistors. The optimized sizes We= 64.0um,

W, =W5 = 200.0um, L = 60 nm. The passive components values Bre= 150Q, andC_ = 3 pF. The
components of the bond wire and pad modelingRggnp = 0.5 Q, Cgonp = 200 fF, Lgonp = 1 nH,
Rpap = 0.2Q, CpAD =200 ﬂ:, R, = 12.0 K), andCz =30 pF.

Regarding the design space (presented in Seéti®)na normalized drain current of 171dA, and a
normalized transconductance of 0.1 mS are expected. Hemcérst performance estimation gives us:
P=55mW,Gq = 14.7 dB,NF = 3.9 dB. The design space also indicates the ageing variatioeru®o
and the variability of 75% for the drain current and 55% fa transconductance. The bias choice has
reduced the HCI stress, because the overdrive voltage isamdathe NMOS transistors are in moderate
inversion. However, the bias choice has increased the bapoe of the transistor variability which could
be responsible for the BLIXER failure.

SENSITIVITY ANALYSIS The BLIXER sensitivity analysis has pointed the transisit® as the most
sensitive transistor. In power consumption sensitivitglgsis, we found

gpost —0.24, and (4.15)
SE& —0.75; (4.16)
(4.17)

which means that M2 consumes more and is more sensitive.irrsgasitivity analysis, we found

™ =0.39, and (4.18)
L™ =0.60; (4.19)
(4.20)

which is a similar result for M2 as presented in power congionpsensitivity analysis. In noise sensi-
tivity analysis, we found

S$™ =0.83, and (4.21)
ST =-134; (4.22)
(4.23)

thus it is clear the M2 noise cancellation role in the sevigitsignal. The M2 parameters variation will
decrease the noise cancellation.

FAILURE EVALUATION Considering only the nominal circuit characteristic, asslaal synthesis will
just optimize the circuit sizing. After that, the designkosld simulate the circuit variability and ageing.
Using a given specification of maximum ageing degradatiotheftransistor parameters and the total
derivatives (Equations4(4), (4.12 and @.14)), we propose to early estimate the circuit characteristic
variability and ageing.

Assuming the case of 1 % ageing degradation of the trangist@meters, we found the estimated
characteristic degradation aP/P =1 %,AG/G = 1 %,AS11/S11= 0.7 %, andAF/F = 0.5 %. Such
information shall be used on the design flow to improve theudfragainst ageing. Moreover, it leads
to how sensitive the chosen circuit schematics and techpakoe to ageing degradation. Hence, such
failure evaluation proves that the designed BLIXER is t#éa

Assuming the case of 75% for the drain current and 55% forrdnestonductance variability, we
found the estimated characteristic variation&B/P = 75 %,AG/G = 55 %,AS11/S11= 39.2 %, and
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AF/F = 27.7 %. Such information clarifies the importance of thedistor variability on the BLIXER
failure. Therefore, the BLIXER performance and failure @iddoe discussed in higher level evaluating
the impacts of the characteristics variation on the yietpireements.

4.1.4 BLIXER SMULATION RESULTS

First, the BLIXER design example was simulated obtainirggrtbminal characteristics for RF-input-
signal frequencies: 1.0 GHz, 2.4 GHz, and 5.0 GHz. The sitiomaesults of the typical circuit are
summarized in Tablé.2 and they are coherent with the RF front-end specification.

Table 4.2: The BLIXER simulation results: typical performea.

Frequency (GHz) 1.0 2.4 5.0
Power (mW) 555 | 5.56 | 5.59
Consumption

Differential Gain (dB)| 13.5 | 13.5| 14.3
NFmax (dB) 40 | 45 5.3

IP3 (dBm) 44 | 34 | -0.73

S11 (dB) -17.6| -15.4| -13.3

Subsequently, the BLIXER design example was simulatedrabtathe variability of the Gain (Fig-
ure 4.3(a) and NFRyax (Figure 4.3(b) characteristics. We present in Figufe3 the results of a 1000
points of Monte Carlo simulation of the fresh BLIXER for thé®dXGHz of input-signal frequency. The
simulated result shows that 96.4 % of the simulation rung l@a&in> 10.0 dB, and 92.1% of the simu-
lation runs have Nfax< 5.0 dB. Therefore, both characteristics did not lead to theXBR drop out of
the specifications despite the integrated process variatid mismatch.

200
2 € 300
T T
c c 200
%100 %
£ g%
@ 0 @ 0
8 10 12 14 3 4 5 6 7

Gain (dB) NF (dB)
(a) (b)

Figure 4.3: A 1000 points Monte Carlo simulation of the fr&&HXER (a) for the Gain and (b) for the
NFmnax Characteristics at 1.0 GHz of input-signal frequency.

In order to characterize the BLIXER ageing degradation,piiveer consumption (P) will be evalu-
ated. We propose to evaluate the power consumption by 100@spf Monte Carlo simulation of the
fresh BLIXER and the 30 years old stressed BLIXER. Firstlg abtained the model library for the 30
years aged BLIXER using the typical integrated processmpeters. Next, we did a 1000 points Monte
Carlo simulation of the fresh BLIXER (presented in Figdré(a) and of the 30 years aged BLIXER
using the aged model library (presented in Figdiré(b). The mode of the fresh BLIXER histogram
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is 4.2 mW. The mode of the 30 years aged BLIXER histogram isM. Then, we fitted a Poisson
distribution for 99.9% of confidence, described by the pbiliig density function

APeA

—r (4.24)

f(PA) =
and we foundAfresh = 5.8 MW andA,geq = 6.3 MW. As expected, the bias voltages chosen will lead
to an ageing degradation much lesser than 1 % checking thedsig.4(a)and6.4(b) (in Section6.2).
Therefore, the performance-ageing degradation of the BIRXs negligible.
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Figure 4.4: A 1000 points Monte Carlo simulation (a) of thesfr BLIXER and (b) of the 30 years aged
BLIXER power consumption using the obtained model library.

4.1.5 ReLIABLE-BLIXER DESIGN CONCLUSIONS

In this section, we proposed the reliable-BLIXER desigmgghe failure evaluation. In the bottom-
up approach the circuit design equations have been usedtaonan early estimation of the circuit
characteristics ageing. Using the CMOS 65 nm transistoinggeharacterization, the sensitive circuit
bias condition was identified. The HCI can be avoided redyuthie time in which the transistors are in
strong inversion, controlling thésp and theVgs. In order to increase the circuit reliability and also to
achieve the desired performance, the required circuitibiss = 0.4 V andVgs= 0.44 V.

The simulation results of the typical circuit are cohereiihvthe RF front-end specification. Despite
the integrated process variability and mismatch, we oleskiivat 96.4 % of the simulation runs have Gain
> 10.0 dB, and 92.1% of the simulation runs have k< 5.0 dB, and they did not lead the BLIXER
drop out of the specifications. Moreover, the BLIXER ageiegradation is negligible according to the
fitted Poisson distribution of the power consumption foi998.of confidence.

4.2 RELIABLE-DCO DESIGN

4.2.1 DCO S$HEMATIC AND SPECIFICATION

In order to illustrate the reliable-DCO design method, wesehto design a realistic DCO for RF
applications near 1 GHz. The 5-3 NOR interpolative DC@) was chosen because it has a large signal
at the transistor gates, resulting in HCI degradation. Asd,ave cannot control the PMOS transistor
NBTI stress time, as this time is correlated with the ostidlafrequency. The DCO, designed in CMOS
65 nm, has to generate a frequency clock between 600 MHz @anGHz. The Figuret.5 shows the
circuit schematic, wherd-t andVg as are the control words converted into bias voltages for NMO& a
PMOS respectively.
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Figure 4.5: The 5-3 NOR interpolative DCO schematid][

4.2.2 DCO RILURE EVALUATION

We proposed a reliability analysis at the transistor lewg¢?b]. The device behavior chosen to model
the HCI and the NBTI degradations in this analysis is thesistar drain current. Thus, we assume that

|DSaged: (l - CX) IDstresh (4-25)

whereAlps = alpsireshand a is the percentage dps degradation.a is evaluated between the fresh
circuit simulation and the aged circuit simulation &5][

o— Ipsaged— |DSfresh. (4.26)

I DSfresh

The [1] and [82] have shown similar models. In order to evaluate the cir@liability, Alps will feed the
transistor model shown in Figure6. This transistor model will replace its corresponding siator and
indicate the sensitivity of the devices.

O—ﬁm s o M2 Ios

Figure 4.6: NMOS and PMOS transistors reliability modeldoalysis purposef\(ps = dIpstresh-

The most important step consists in describing the typingirenment conditions, such as temper-
ature, signal swing and circuit frequency. In order to abtaiconsistent model, the circuit test bench
should represent these stress conditions. Thus, thetdilegriadation is measured by the chosen behavior
of the transistorlgs) under HCI and NBTI degradations.

As earlier the designer can simulate the cell performarebetter it is to evaluatalps degradation.
Moreover, such degradation represents the behavior warititat the circuit should be robust to. Thus,
a design methodology could predict how robust the circuging if a possible redesign can increase its
reliability. In order to achieve better results, the analys iterated with the design in a new reliable-
design flow (see Chaptéy.
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APPLICATION OF THE ANALYSIS MODEL In order to demonstrate the reliability analysis method,
we show the analysis of a DCO designed with the classical adetbgy and a reliable-DCO (design
presented in Subsectign2.3. Figure4.7(a)and4.7(b)show both DCOs stressed for 30 years of ageing
at 27°C for all digital control words, converted into analog vgis. Actually, the full validation of the
analysis model was presented #&].
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Figure 4.7: The DCO oscillation frequencfpic) simulated at 2?C during 30 years of degradation for
(a) the classical an¢b) reliable designed circuit. The result before the stresgpsasented by the solid
line, after the stress by a dashed line and the aged modeé&hagkx

4.2.3 ReELIABLE-DCO DESIGN

First of all, we will not consider the variability of the irgeation process technology, discussing only
ageing degradation. Thus, only the reliability could chetige circuit performance and so the result
will be the transistor-level considerations aiming a i@kaDCO. In this circuit, the minimum number
of stages is 3 and the maximuiN{a,) IS 5, so we have 4 effective stagéé:{;) in the feedback loop.
The oscillation frequency is

1

foge= ———— 4.27
0S¢ = SNer g ( )
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wherety is the NOR cell delay. We found 80 psty < 200 ps to be the cell delay, which can be described

as

= gm
We assume that the delay is the same for all cells for bothanskfall transitions of the signal. Approx-
imately,

tq (4.28)

2lps
m= ,
M= Vo

whereV,y is the overdrive voltage angs is the drain to source current. Therefofgscis a function of
Ips, as

(4.29)

Ips
fosc= ————, 4.30
os¢ Nef fCLVov ( )

and the current degradation will represent a loss in thdlason frequency. The oscillation frequency
degradation can be obtained by deriving the equatio®J. As presented in
Alps
NeffCLVov’
Afoschas a linear dependence willhys transistor behavior chosen in the reliability analysis.

As the frequency, the maximum power consumptiBpaQ is a function of the maximum current at
the load. ThusPnax, evaluated as

A fOSC = (431)

Pmax= NmaxVbp DS, (4.32)

is only limited bylps (assuming constaipp). Consequently, the maximum power consumption degra-
dation is
AI:’max: NmaxVDDAIDS- (4-33)

Another important performance parameter to be evaluatediilators is the phase noisk(()).
The f is the frequency distance between the carrier frequencyttendoise frequency. According to
[86], the L(f) is a function of the transistor bias curremgd in our design) and a constapt which
represents the transistor noise model, as

L(f) =10 |og|ﬁ. (4.34)
DS

Hence, the phase noise ageing degradation is
AL(f)=10log(1—0a), (4.35)

wherea was defined in equationrt (26).

During the design optimization, we naturally found that glmever consumption is reduced, if the
designer chooseéss = Veias— Vpp as low as possible. In this bias condition, the reliabilihalysis
shows lower NBTI degradation. Figure8illustrates the amount of NBTI degradation over years of
degradation for eactiss at 150°C of temperature stress (see Sectioafor more details). Clearly, the
circuit will present lower NBTI degradation fags >-0.7 V and will consume less power. Aiming to
cover the oscillation frequency span, the designer hasdosehbetween accepting the degradation pre-
sented in Figuré.8 or redesigning the DCO to be reliable. If the reliability aheé power consumption
constraints are chosen to be optimized, the designer vl @ overdesigned DCO to cover from 600
MHz to 1.2 GHz folVgas >0.5V (Vpp = 1.2 V) . Such an optimization will be the design for reliatyili
choice. On the other hand, the classical design methodaeldbghoose not to overdesign the DCO, and
hence the DCO will be exploited for 0.3 ¥ Vgjas<0.6 V.

The classical design indicates that the PMOS width shoul8i tir@es bigger than the NMOS width
(W) for the DCO clock with an equal duty cycle. Increasing takability, we propose to usésjas >0.5
V and to design the width as to W/2 for both NMOS in the Y pathrfted with Y andvct in the transistor
gate in Figure4.5. Comparing the classical design and the reliable desigiortg the dimensions of
the DCO are present in the Talle3.
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Figure 4.8: AVi,, degradation for the PMOS DCO transistors stressed by NBI5@fC.

Table 4.3: The dimensions of the designed DCG=(0.5 um).

W (um) | Wy andWet (um) | Wemos (Um)
5 5 15.0
DCO 4 4 12.0
3 3 9.0
Reliable 5 2.5 15.0
DCO 4 2.0 12.0
3 15 9.0

In order to reduce the phase noise, the sizes shall be imctedabled.4 confirms the phase noise
reduction as the NMOS width increases, but it also indictitesincrease of the oscillation frequency
degradation foffosc= 1 GHz and after 10 years of ageing. The reliable DCO has thkat®n frequency
degradation reduced by a value between 15 % and 30 %. As adffadbe phase noise presented an
average increase of 2.0 dBc/Hz. If such a phase noise ismablsofor a target RF standard, the reliable
DCO will be the better option. Both DCOs will be designed with = 5 um, aiming a phase noise
reduction.

4.2.4 DCO SMULATION REsuLTS

Combining the trends indicated by the reliability analysisth DCO circuits were sized. (= 0.5
um and the widths are presented in the liné\&f = 5 um of the Table4.3) to cover from 600 MHz to
1.2 GHz. The classical designed DCO (at 1 GHz) consumed 1\WGifrpower without stress and 1.37
mW after 10 years of stress degradation. The reliable DCQ @Hz) consumed 1.06 mW of power
without stress and the same power after 10 years of stresaddgmn (negligible ageing).

The reliability simulation reveals in the Figure9(a)and 4.9(b) the normalizedf,s. degradation
obtained from both DCOs stressed at X7 for different ageing times. The classical designed DCO
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Table 4.4: Phase Noisdq.= 1 GHz at 1 MHz off-set) versus thigsc andP ageing degradations at 10
years lifetime for each design and sizing.

Wi (um) | Afose/ fosc AP/P L(1.0 MHz)

@ 1 GHz and| @1 GHzand] @1 GHz

10 years (%)| 10 years (%)| (dBc/Hz)
5 1.90 2.2 -94.3
DCO 4 1.86 2.2 -93.4
3 1.90 2.2 -92.2
Reliable 5 1.6 0.4 -92.7
DCO 4 1.7 0.4 -91.7
3 1.3 2.1 -90.5

presented a bigger frequency range and bigger ageing digradip to 2.8 %. Moreover, the classical
designed DCO at 1 GHz results in 2.0 % of degradation limitiadifetime at 10 years. The reliable
DCO presented a lower frequency range but achieves a srdatigadation in most cases and 2.5 % at
worst. Therefore, the reliable DCO can be exploited more Btayears of lifetime in most part of the
frequency range. Its lifetime is 50 years at 1 GHz for 2.0 %egfrddation.

In order to present the strengths of the reliable DCO, we shido present the reliability simulation
in an accelerate environment at 1%D. The Figuret.10(a)and4.10(b)reveals a bigger NBTI stress. The
normalizedfysc degradation obtained for the classical designed DCO is thare3 % in most cases. On
the other hand, the reliable DCO has presentégdalegradation between 2 % and 3 % which represents
a reduction of 30 % of thd,s. degradation in most cases.

The DCO and the reliable DCO phase noise simulations, piegémthe Figurel.11, are very close
and only a specific RF standard choice can impose a limit tgolf@se noise constraint. The ageing
simulations performed at each circuit lifetime (also présd in the Figuret.11) didn’t present noise
performance degradation big enough to be considered adailu

The variability simulation was performed by 1000 points abie Carlo simulation for both DCO
programmed aff,sc = 1 GHz and stressed at 2T. First, they are simulated against only variability
and the results are presented in the Figdré®(a)and4.12(b) After that, they are simulated using the
ageing model (presented in Figuted) extracted from the nominal run for 10 years of stress (prese
in the Figurest.13(a)and4.13(b). All results demonstrate that the reliability has no digant impact
compared to the variability, and therefore it could be netgie in our example.

Finally, both DCOs can be characterized by the figure of ni@riRF oscillators, defined as

FoM = L(Af)—ZOIog%JrlOIogP/l mw [37]. (4.36)
The FoM of the fresh circuits was evaluated as -152.8 dB fercthssical designed DCO and -152.4 dB
for the reliable DCO. If we take into account the power congtiom (equation 4.33) and the phase
noise (equation4.35) degradation, the FoM for RF oscillators doesn't take i@bility degradation
into account. Both degradations compensate each otheuatieq ¢@.36), and therefore there is no need
to present the FoM for the aged circuits.

4.2.5 ReELIABLE-DCO DESIGN CONCLUSIONS

In this section, we validate a reliable-circuit synthesitimod using a DCO design. We have consid-
ered the reliability degradation caused by circuit agemg design criterion, as important as the classical
constraints (noise, signal range, power consumption amemia). For this purpose, we introduced the
physical phenomena context and how they could be avoidedn,Tive presented the reliable-DCO
design and validated its reliability analysis model.
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Figure 4.9: The\ fose/ fosc degradation at 27C for (a) the classical an¢b) the reliable designed DCO.

We checked that the reliability analysis gives us infororatio improve the method optimization,
designing a more reliable circuit. Designing a classical arreliable DCO, we achieve a frequency
degradation reduction by a value between 15 % and 30 %. Amg #ie reliable DCO has a circuit
lifetime five times longer than the classical DCO, if we fix theximum frequency range degradation at
2.0 %. Disadvantages of the method are the increase in tise ploése and the reduction of the frequency
range that could be neglected in a specific RF standard.
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Figure 4.10: Thé\ fyse/ foscdegradation at 158C for (a) the classical an¢b) the reliable designed DCO.
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Figure 4.11: The phase noise performance of the DCO and liableeDCO, simulated forfosc= 1
GHz.
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Figure 4.13: The DCQgc variability, simulated with the ageing model for 10 yearswéss affosc= 1
GHz by 1000 Monte Carlo runsga) The classical designed circuit presenteg-1.003 GHz andr =95.9
MHz, and(b) the reliable designed presentgd=0.967 GHz andr =92.7 MHz.
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4.3 RELIABLE-PGA DESIGN

4.3.1 PGA SHEMATIC AND SPECIFICATION

In this section, we will present why the PGA is naturally aaiele circuit using a similar analysis
and synthesis methodology applied at the reliable-BLIXERigh. The most common topology is a
multi-mode, multi-band active-RC filter and amplifiel].[ Figure4.14illustrates the design example of
an active-RC B-order Sallen-Key filter presented ifj]

VM o %J% - o
o - o Vin 4\/9}”

17‘%’

H

(@) (b)

Figure 4.14: The multi-mode, multi-band PGA schematicoimposed ofa) an active-RC Sallen-Key
filter and(b) a negative-feedback ampilifier.

Furthermore, it is clear that all active-RC filter and amelifivill only meet multi-mode, multi-band
specifications if it has reconfigurable passive componduisther possible solution is a multi-path filter
with a programmable path selection (not discussed herépglastull differential and balanced structure,
the reliability degradation will hit mostly the amplifiersidthe control circuits. If the control circuits
are digital gates aiming to reduce the area consumption, tthecircuit reliability should be increased
with digital techniques. These techniques are out of theesad this work. Hence, the amplifier is the
only analog block which we can propose some reliability éase.

The PGA specifications are summarized in Tabeand according to the state-of-the-art these per-
formances are achievable. For the circuit design, we usedréimsistor-level characterization which
will be presented in SectioB.2. This characterization consists ings andgm versus bias simulation
for fresh normalized transistors (W =tim and L = 60 nm; p type and n type) and the CMOS 65 nm
integrated process ageing simulation.

Table 4.5: The PGA specifications for wireless applications

Bandwidth | < 25 MHz (programmable)
Gain >20dB
NF <10.0dB
IP3 >10.0dBm

4.3.2 PGA MoDEL EQUATION
The transfer function of an active-RC filter and an amplifies the form:

N(s).

H(s) = K@' (4.37)
whereK is the DC gain,N(s) and D(s) are the rational polynomial which implements tH&-&rder
Sallen-Key filter in the example. Assuming th&tN(s), D(s) are function of passive components and
reconfigurable, the only source of performance variatiothésamplifier. Furthermore, the amplifier
performance variation may not represent a PGA failure,ef RGA could be reprogrammed reducing
the variation consequences. However, the amplifier pediog® variation may impose PGA limitations
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and it is the center of the failure estimation. The amplifiey berformances are: finite DC gain, finite
gain-bandwidth product, linearity and noise.

FINITE DC GAIN The Equation 4.37) assumes an ideal amplifier, which means an infinity DC gain.
However, the transfer function in the case of a non-idealldiepsuffers from an error as

Hreal(S) = Hideal(S)€. (4.38)
The errore for a simple case of the schematics illustrated in Figufigl(b)is known to be
Gpc
A , 4.39
Gpc+1 ( )

whereGpc is the amplifier finite DC gain. The basic amplifier of the Figrl5could be decomposed in
smaller amplifiers stages: differential pair amplifier anchenon source amplifier. The DC gain equation
is written as

Gpc = gmR2gmuR 3, (4.40)

wheregm, andgm, are the transconductance of the amplifier transisirsandR, 3 are the equivalent
active charges of the amplifier transistor.

IJMZ MZLI
M T

M1

Vip_|EM1 Pp/m_

Vhias |JM5 — M3

Figure 4.15: Basic operational amplifier: illustration.

A constraints imposed tGpc is to be greater than 1000 V/V, becaussvill be lower than 0.1 %
in this case. However, the error Equatich39) is for only one amplifier, and a handy rule of thumb
leads us to an error af in the case of 3 amplifiers (e.g. two of them do the active-Ri€rfds Figure
4.14(a)and the last one the programmable gain as Figuté(b)). Thus, the worst case of error will be
increased, becoming approximately 0.3 %.

FINITE GAIN-BANDWIDTH PRODUCT The finite gain-bandwidth product (GBW) introduces an un-
desired pole on the transfer function. Actually, amplifiairgis frequency dependent and the Equation
(4.39 shall be rewritten taking the GBW into account. The egdor a simple case of the schematics
illustrated in Figuret.14(b)will become

O (4.41)
SewS+Gpc+1
whereGpc is the finite DC gain defined in Equatiod.£0. TheGBWi s
GBW~ It (4.42)

Ceom p’
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whereCeompis the compensation capacitance in Figérga Thus, the undesired pole will be

1
S—— G%C Tl GBW. (4.43)

DC

Normally, this pole is far away of the poles df(s) becoming non dominant. As a handy rule of thumb,
if such a pole is greater than four times the frequency of tireidant one, the undesired pole will be
negligible. However, the worst case of error for the PGA andkample will increase the strength of the
undesired pole, because such a pole will turns in three pidesd at same frequency.

LINEARITY The PGA linearity depends on the active-RC filter passivepmmnts, and the amplifier
DC gain. We suppose that the passive components do not fufferageing and despite the variability
the control circuits may correct the mismatch variationbe Bmplifier DC gain is responsible for the
virtual ground quality, and the finite DC gain problem wa®atty discussed. Furthermore, the state-of-
the-art of PGAs 4] indicates a linearity bigger than 20 dBm, and so it will beva}s bigger than the
specified 10 dBm of linearity. Therefore, the linearity sldownot be a design constraint.

NoIse The PGA noise depends on the passive components (the negidtads), and the amplifier
noise. We suppose that the passive component noise candzmedscbntrolling the size of the resistances
and capacitances. The input referred noise of the amplfier i

i2 i2
VB =2 o2 (4.44)
n gnﬁ gn.%
calculated using the small signal analysis explained aa®azbook B8] at the basic amplifier of the
Figure4.15 And thus, the PGA noise will mostly be influenced by the fastplifier noise.

4.3.3 ReLIABLE-PGA DESIGN

The reliable-PGA design can be devised into two parts: thkers&ey transfer function, resulting
in the passive-components design values; and the ampldi&gd in transistor level. The Sallen-Key
transfer function is a solved optimization problem and it not be discussed in this work as mentioned
before. The amplifier design in transistor level has thequarénce specifications summarized in Table
4.6

Table 4.6: The amplifier specifications for PGA application.

Gain-Bandwidth ProduciGBW) > 1GHz
Gain > 60 dB
V2 <4510 V2/Hz
IP3 >10.0 dBm

The design of an amplifier with these specifications is notwva cleallenge and we decided to re-
search the state-of-the-art of miller-amplifiers. In ordeachieve the specifications of the Talilé, we
found that Miller-amplifiers shall be designed in weak or m@de inversion aiming low-power and high
gain. Regarding the Figurés2-6.8 (see Sectiol.2) obtained in the transistor level characterization, we
observe that the required bias will impose severe constrrtransistor variability and almost negligi-
ble ageing degradation. Therefore, we decided to analyzétlure conditions of the amplifier only in
terms of transistor variability.
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4.3.4 PGA RARILURE ANALYSIS

FINITE DC GAIN  Using the minimum finite DC gain specified in Talgles, we found the sensitivity
of the worst case of erra® to the DC gain as

S;DC —0.003. (4.45)

This too low sensitivity means that even a big amounGgg variation; the worst case error will suffer
from a negligible variation. According to Equatiof.40), Gpc is a function of transistogmand so the
worst case is if thé\Gpc/Gpc =50 % (see Figuré.8). Using such conditions dbpc andAGpc, we
estimate theAe3/e3 = 15 %. Therefore, the finite DC gain variation is not capablénthice a PGA
failure by variability effect.

FINITE GAIN-BANDWIDTH PrRODUCT The finite gain-bandwidth product variation will change the
position of the undesired pole combined with the finite DGhgairiation. Analyzing the undesired pole
variation, we found the sensitivity

e = -9.9104, andFBY = 1; (4.46)

using the performances specified in Tablé. The finite DC gain sensitivity is small and so negligible
facing the gain-bandwidth product sensitivity. AccordiegEquation 4.42), GBW is function ofgm
and so the worst case is if t&BW/GBW =50 % (see Figuré.8). Using such conditions ¢6BW and
AGBW, we estimate thés/s= 50 %. Therefore, thAGBW failure specification is directly connected
to thegmyvariability and yield requirements.

LINEARITY The linearity of the PGA is dominated by the passive comptmemhich are reconfig-
urable, and thus the linearity failure may be mitigated veithew gain programming. The amplifier is
dependent of the differential pagm linearity. According to the discussion developed in théatdé-
BLIXER design, we know that thgm linearity will increase with the ageing stress. Regardimggm
variability, such variation may impose a linearity redanoti Therefore, the amplifier linearity failure is
only dependent of thgmvariability and, moreover its impacts on the PGA's lingaghall be negligible.
That's why we did not do a complete analysis of the PGA' liftga

NoIse The noise of the PGA is a function of the passive componerdgtaamplifier input referred
noise (presented in Equation.44)). In order to estimate the noise variation, it is requirecbeplete
design of the PGA. Using previous results and the failurdysisabased on the transistor level character-
ization, we decided to do not design the PGA and its amplifierfact, the PGA's noise variation caused
by the transistor-parameter variation will follow the satrends presented in the reliable-BLIXER de-
sign.

4.3.5 ReLIABLE-PGA DESIGN CONCLUSIONS

In this section, we analyzed the PGA and the required elerieritesign a reliable-PGA. Regarding
the design constraints, the reliability analysis and sssifimethodology are able to point that the PGA
is naturally immune to the ageing as the BLIXER was presenitlds, the circuit variability will be the
most important agent of performance variation compariegaleing and the variability characterization
proposed in Sectiofi.2. Hence, the PGA reliability is directly controlled by thdia®ility of the control
circuits. Such circuits are digital circuits implemented the gain programming reconfiguration and the
reliability of digital circuits is out of the scope of this wo
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CHAPTERDS

RELIABLE RF FRONT-END: TOP-DOWN DESIGN

In this chapter, we will present the design of a reliable R¥nfirend using a top-down approach.
During Sectionl.2, we discussed the architecture topology and its speciitsitiNow, the architecture
will be modeled and analyzed using the top-down design @ngand sensitivity analysis.

We propose a lower-level characterization obtained dwliegjgn characterization at the bottom-up
approach. The building block failure hypothetically defineill indicate the architecture failure when
combined faults occur. This example will reveal possiblétfmasking and verify the sensitivity analysis.

Later, the RF front-end architecture will be designed wiité teliability analysis and synthesis im-
provements. Then, the building-blocks specifications wdlpresented using two different reliability
improvement strategies. Using the building-blocks spestifons, the architecture will be simulated at
behavioral level. The simulation results will be discussed the architecture performance variation
analyzed.

5.1 RF FRRONT-END MODELING

Circuit modeling is the process of representing real-woniduit behavior using sets of mathematical
equations. Modeling can be described in many levels; the mgsortant among them are electrical
modeling and behavioral or mathematical modeling.

Electrical model requires physical knowledge of the eleimémat comprise the real system, their
constitutive relations, and the theoretical rules desugittheir interactions. Moreover, the electrical
model shall represent fitted measurements, variabilityagaing. These types of modeling are appro-
priate for transistor level simulation, and they have adraft between accuracy and simulation time.

Behavioral model, also called black box model, does notirequrior knowledge of the physics.
Its internal structure connects only input and output id@dlies. The parameters of behavioral models
identify the specified or estimated block characteristitisthe block specification is simulated it is
possible to validate a higher-level characteristic. Ifatrees from estimated block characteristics, the
measurement techniques and the quality of data affect theaxy of the models. The behavioral model
objective is often to speed-up the simulation time, moreaf/i is used with electrical model in a mixed
simulation.

At this point, we are concentrating efforts in behavioraldaling to speed up the reliability analysis
and synthesis using a top-down approach. Thus, we will densiariability and ageing as causes of RF
front-end failure.

5.1.1 BeEHAVIORAL MODELING

Most of building-block behavioral modelg{] are available for the implementation of an RF front-
end architecture. Each block has a typical set of charattariwhich should be enough to represent the
circuit-level behavior. However, the available models dbdispose the set of characteristics needed by
the implementation of the reliable RF front-end architegtu~or this purpose, we present some details
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to implement each building-block behavioral model. Thé¥arilogA codes are available in Appendix
A.

BLIXER Aggregating balun, wide-band low-noise amplifiendd-Q mixer; the output current assign-
ment of the block is represented as

1 dv(ip)  V(Ip)—EV(cos
I(Ip)_C‘-’cRout dt * Rout ’ G-

wherel(Ip) is the I-plus output current. The other output equationssarelar. The gain and the
linearity characteristics are defined by the circuit gaid B8, and they are implemented in a conditional
statement:

if (absy (RF))< \/50:13) then
Vre = 1V (RF) — 3V (RF)?
else if(V(RF) < 0) then

VRE = —2—:3,1 3C—C13
else

Vre = &1 =
end if

TheV (RF) is the voltage of the node input RF node andyain of the outputf harmonic. The noise
performance is defined by the circuit noise factor (F) andrtpat resistanceR;,). It is implemented by
a white noise source with the power density equation

, . 4kT(F-1
noiseDensity= # (5.2)
Rin
where thek is the Boltzmann constant, and thes the temperature in Kelvin.
DCO The in-phase sinusoidal output signal assignment dD®® is

Rout

and the circuit has four outputs delivering the in- and ofijmrsl-phase for sine and cosine waves which
are clocks signals delayed by 98pacing. The noise performance is defined by the amplitusteni
noise and the circuit phase noidg {)) by the equations

kp = 10"0iseF100710 noiseF|ooris in dB (5.4)
V2
amplitudeT hermalNoiseDensity%pkb (5.5)
A=10-N/10_, (5.6)
kw = % the circuit phase white noise modelling (5.7)
[
ki = \/Tckw the circuit phase flicker noise modeling (5.8)
freqNoise= whiteNoise(V,Z,, ) + flickerNoise(VZ, k7, 1) (5.9)
V2 .
phaseNoise- 271/ freqNoise @ (5.10)
Vamp
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PGA For the PGA together with the low-pass filter, the I-plugpoit signal assignment of the block is

1 dV(Ip) +V(Ip)_\/|0ut
Ryt dt Rout ’

wherew is the low-pass filter cut-off frequency in rad/s. The gaid #me linearity characteristics are
defined by the circuit gain and IP3, and they are similarly eted in the BLIXER output assignment
(Equation 6.1)) and the conditional statement presented before. The peisormance is defined by the
circuit NF, and it is similarly modeled in the BLIXER noise &afion £.2).

I(Ip) < + (5.11)

5.1.2 MODEL EQUATIONS

Among frequency, bandwidth, power consumption, noisegdiity and gain characteristics; we will
focus on gain, noise, and linearity. Since frequency andlatih are often controlled by a reliable
reference, and the circuit degradation does not imply a evpsver consumption as its reduction is
desirable. Moreover, the power consumption decrease casdgeas a measure of the degradation in
the architectural level, as we presentedin][ Thus, the equation of the power consumption is also
important for the circuit analysis and will also be presdnte

PoweER CONSUMPTION The total power consumption is a sum of all building-blockvpo consump-
tions, as presented in

P = RsLixer+ Poco+ Prca (5.12)

and its total derivative is
AP = APs| i xer+ APbco + APpga (5.13)

We have presented i §] that a relationship exists betwe&® of thei building block and all others
building block characteristics. Thus, the measure of thegop@onsumption degradation can be used as
an estimation for all other characteristics degradations.

GAIN The architecture gain is
G = GpLixerALO Gpraa, (5.14)

whereGgxer @andGpga are the gain of the BLIXER and of the PGA, and

V|
Ao=—2. (5.15)
VLO

In Equation 6.15), V| o is the simulated DCO amplitude (degraded or not)‘é{rgiis the expected DCO
amplitude (not degraded). The total derivative of the gairiggmance is

AG = ALo GpcaAGBLIXERT GeLIXERGPGAAAL O + GrLIXERALOAGPGA: (5.16)

NoISe The architecture noise is measured bytHe= 10logF, and the total noise factor (F) is

Frea—1  Nyo(f)
GaLixer¥o Ns

whereNs = 4kT R; is the noise of the input source and

Ps/10)—3
Nio(f) = Llouf)/l%o. (5.18)
2
<3113L|>2<ER+1)

Fot (f) = FLxERT [89], (5.17)
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In Equation 6.18), Sy1, xcr IS the BLIXER S-parameter. The total derivativefed; is

AFpga
ARt (T) =AFBLIXERT 55—
GaLixerAfo

2(Fpga—1
- %AGBLIXER
BLIXERLO

10(P/204LN/10-3) 2 (Frga— 1)
+ 2 a2 5 | Ao
AKT (%) GaLixerNo

10((P/20+(L(1)/10-3) A

— S TIN3 ASllBUXER
AT (%)

10<(Ps/10)+(L(f)/lo)*3)A|_oIn(lO)

40T (Souges™ ) ’

(5.19)

AL(f).

LINEARITY The architecture linearity is measured by the input reteiméerception point between the
first and the third harmonic (IP3, in mili-Watts in the followg equations), so itis

1
IP3= . . [89]. (5.20)

1 (1—SngL,XER> GaLixerALoRs

P3sxer 4IP3pcARInpg A
The total derivative ofP3 is
AIP3 =
1
>AIP3pLIXER

I P32 1 AEOG%LIXERRS<318L|XER_1>

BLIXER| TP3gxer 4IP3pcARInpg A
ALOG%LIXERRS (S.l.leUXER - 1) AA
LO

IP3BLIXER AP3pcARINpGA

2
21P3pcARinsa < 1 AEOGéuxERRS(%BUXERQ)
AZoGeLixerRs (S, e — 1)

2| P3 . 1 AEOGEUXERRS(%lBUXER_l)
PGARIneG B AP3pGARpGA

IP3sLIXER
2 2 2
. 'A‘LOGBLD(ERRS (SlJBUXER - l) AIP3
2 PGA
A2oGBLxerR (S xer L) )

2 1 _
AP35 aRInecA <|P3BLI><ER 4IP3pcARInpGA

5AGBLIXER (5.21)

2 2
ALOGBL|XERRSS]-18LIXER
AL oGRLixerRs (ST -1
2|P3PGARianA< 1 _ ( 1BLIXER >

ZASHBUXER'

IP3BLIXER 4IP3pcARINpGA

5.2 BUILDING-BLOCK FAILURE ESTIMATION

The bottom-up design has presented the main blocks chessicee with reliability improvements.
As presented in Sectidn2, the reliable-architecture shall agree with the multiderd wireless applica-
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tion specification §]. Thus, we resume reliable-circuit characteristics fer iain blocks: the BLIXER,
the DCO, and the PGA. The BLIXER has:

e alimited 14 dB of maximum gainGgixeR) ,

an output bandwidthBWa 1xer) limited to 100 MHz (single pole filter model),
e a 3.5 dB of minimum noise figurdN(FsL xeR),
e a 1.1 dBm of 3rd harmonic interception poihPBsxeR),
e a-15 dB of minimum and -10 dB of maximum input matching impeaagS, 1, ), and
¢ the mismatch between | and Q channels will not be modeledsnark.
The DCO has
e a0.25 V of output amplitude/bco),
e a-120 dBc/Hz of phase noise for 1 MHz (L(1 MHZz)) with cornegduency at 40 kHz, and
e a5 GHz of operational frequencydco).
We assume that an ideal PLL will control the oscillator in @&éxrequency point. The PGA has:
e a 20 dB programmable gaiGpca) by 2 bits,
e a 25 MHz of bandwidthBWbga, single pole filter model),
e 210 dB ofNFpga and
e a 10 dBm oflP3pga.

Using the architecture model equations presented in Stibséc1.2 we estimate the reliable RF
front-end characteristics as:

e G=34.1dB,

NF=6.87 dB@5 MHz,

fRF = 5.0 GHz,

fLo =5.004 GHz,

e fir =4 MHz,

e |P3=1.12 dBm, and
e S5;=-15.0dB.

The RF front-end architecture failure was estimated udiegdegradation of the building block char-
acteristics (see Chapté) and the architecture model equations (see Subsestinf). The calculated
architecture characteristics degradation is:

e A Gain =-3 dB,
e ANF=1.0dB,
e AIP3=-1.0dBm, and

e AS11=5dB.
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5.2.1 TFAILURE DEFINITION

The building block failure margins are a function of the ssrime and environment conditions, and
they depend on the schematic used in the level below (ttandével). In order to simplify the analysis,
we arbitrarily choose the failure margins in order to conepiéie building block sensitivities calculated
analytically and a building-block failure simulation. TB&IXER block failure is defined by:

e AGgLxer=-3dB,
e ANFg xer=1dB,
e AIP3gLixer=1dBm, and
o ASj1, .= 5dB.
The DCO block failure is defined by:
e ANAp=-0.3
e AL(1IMHz) = 10 dBc/Hz, and
e Afpco= 0 (by aideal PLL).
The PGA block failure is defined by:
e AGpga=-3dB,
e ANFpga=5dB, and
e AIP3pga=1dBm.

These defined failures are bigger than the maximum allowetdwgrchitecture failure specification.
So, we expect that such performances fall out of the speftitfita These exaggerated variations are,
however, a true building-block failure. For example, if angifier gain drops of 3 dB then it is inter-
preted as a cut-off frequency point and as the attenuatind. bBhat is how these failures were defined,;
we looked for values which are always considered as a bgidiack failure.

5.2.2 SENSITIVITY ANALYSIS

Using the model equations, we evaluate the sensitivity baihitecture characteristics for all
building-block characteristics. The calculations werealigped in symbolic mathematic software solv-
ing the equation

. Q 0D;
ng = EJW
and the model Equations.(L2-(5.21). After that, the sensitivities were estimated with theigiespace
presented in Sectioh 2, and the hypothesis:

(5.22)

e T=27°C
e Rs=50Q

e P,=—-60dBm

Si1gxer MiNIMuM

Rinpea = 100 KQ
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PoweR CONSUMPTION The power consumption variation is not often consideredbalpm once the
most common is a power consumption reduction after ageiggpdation. Anyway, the power consump-
tion sensitivities reveal important information about tiecuit degradation. The power consumption
sensitivities are

PaLixER
LIXER ' 5.23
SE;B PeLixer+ Poco+ Prca ( )
Poco
Co — 24
$D PsLixer+ Poco+ Prca’ and (5-24)
Prca
CA = . 5.25
SE;P PeLixer+ Poco+ Prca (5.25)

Thus, the most sensitive building-block will be the blockigbhhas the bigger power consumption.
In [4], the PGA and the low-pass filter are presented as the refy®ms the most part of the power
consumption budget. Therefore, I@GA shall be the biggest; and a failure in the PGA shall be the most
important to the architecture reliability.

GAIN In the gain model equation, the equal sensitivity of the daiirall parameters is evident. Thus,
the gain sensitivities are

%BLIXER —1, (5.26)
Si° =1, and (5.27)
Sgren —1. (5.28)

Hence, it is not possible to predict the most important failonto the architecture reliability, but we can
expect that the PGA can always correct the signal swing edfer ADC. Thus, a failure in PGA will
result in losing this degree of freedom.

NoISE The noise sensitivity calculation leads to complex syntbetjuations, but estimating the sen-
sitivity values becomes easier to evaluate the variatiors@eguences. The noise sensitivities are

SRUXER 0,79, (5.29)
grer —0.141, (5.30)
SEBLXER — _ (.25, (5.31)
o =-017, (5.32)
SHeUXER — _ 0,0049, and (5.33)
g =—222 (5.34)

The almost zero influence of the input matching is clear, ih#te sense of thafllB“XER value. The
sensitivity absolute value measures the influence magnitddr exampleSZe-*=* and S° will result
in @ more important variation. The sensitivity signal reganats the sense of the variation, for example,
asGgxerandA o decreasing, the negative signal represent a resultard mmigease, and thus a noise
performance degradation. Furthermor&gxer andA, o decreasing is often the case in ageing stress.
The $PGA is not so small and the PGA noise degradation may result imcmtecture failure. More-
over, the BLIXER failure is ariFg xgr increase and &g xer decreasing. Such combined gain and
noise variations result in the noise degradation at highueacy signals (near BW). However, the com-
bination of A o decreasing antl(f) increasing in a DCO failure result in the noise degradatidowa
frequency signals (near zero if direct conversion). Thareefif one of the both failures occurs the
consequence may not be big enough to result in an archie@ilure. But, both failures occurring
simultaneously and one of them with a failure in the PGA shala catastrophic failure.
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LINEARITY The transistor ageing results in linearity increasing,aibse the transistors will work in
a more linear region. This variation may be not consideregupicial, so that the sensitivity analysis
might not point important information for performance \aion. The linearity sensitivities are

gP%euxer —1.17, (5.35)
SPXER = —9,5.1074, (5.36)
59 =-95.104, (5.37)

P3rca —4.7.107%, and (5.38)
Sheuxer —g1.1077. (5.39)

Regarding the sensitivity analysis values, we concludettfeaBLIXER is the most responsible for the
IP3 variation, asSpae"*=® is the biggest sensitivity found. Comparing to previoussiderations, the
BLIXER is also the less linear building-block, and thus theX@ER variability will be the most cause
of losing architecture linearity.

5.2.3 ANALYSIS RESULTS

The RF front-end architecture, modeled in VerilogA, waswdated in SpectreRF (CADENCE sim-
ulator) for fresh-circuit test and degraded test cases. kpgse to investigate the architecture per-
formance degradation for eight test cases, composed byaesc no failure, each block failure, the
combinations of two blocks failure, and the failure of athtks together. The test cases are summarized
in the Table5.1

Table 5.1: Failure test cases applied to the RF archite¢iigeire1.2).

Case PGA DCO BLIXER
failure failure failure

no failure no no no
test 1 no no yes
test 2 no yes no
test 3 no yes yes
test 4 yes no no
test 5 yes no yes
test 6 yes yes no
test 7 yes yes yes

The architecture gain degradation is shown in the Figutavith the no failure case in solid line, the
BLIXER failure case with dashed line, the DCO failure casthwiotted line, and the PGA failure case
with square marks. The failures obtained from the combamati blocks are shown with the combination
of failure representations (eg. the BLIXER and PGA failuaesrepresented with dashed line and square
marks). The test cases were referred in the Talle

The PGA failure has caused bigger gain degradation in tesiscahere it takes place than the other
test cases without PGA failure. Thus, the PGA block failuae tihe biggest impact on gain degradation.
Moreover, we lost the advantages introduced by this bugldiltock, as natural anti-aliasing filter and
signal swing adaptation. A failure of a single block will mefpresent a gain under the specification,
but it would be considered as a bandwidth reduction. In theses, the architecture bandwidth will
be under 10 MHz and depending the standard application,uiddee under the specification or not.
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Figure 5.1: The architecture gain degradation: no fail@seadn solid line, the BLIXER failure case in
dashed line, the DCO failure case in dotted line, and the PIiivé case with square marks.

The combination of BLIXER and DCO failures also reduces than ginder the specification, as any
combination of failures with PGA failure.

The architecture NF degradation is presented in the Figureiith the no failure case in solid line,
the BLIXER failure case with dashed line, the DCO failureecasth dotted line, and the PGA failure
case with square markers. The failures obtained from thebgwtions of blocks are shown with the
combination of failure representations (eg. the BLIXER &@lA failures are represented with dashed
line and square marks). The test cases were referred in bie 3a.
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Figure 5.2: The architecture NF degradation: no failureedassolid line, the BLIXER failure case in
dashed line, the DCO failure case in dotted line, and the Piivé case with square marks.

The BLIXER failure has caused bigger noise degradation shdases, where it takes place, than
the other test cases without BLIXER failure. Moreover, érh is another failure combined, the noise
degradation is increased as predicted in the Equatalgy The result presented in the Figube2
also confirms the dominant sensitivity of the architectuiéF by the DCO in lower frequency signals.
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Thus, the architecture NF reliability is also a big constrén single failures test cases, if low-frequency
performance is required. However, only the test 7 (all agdblock failures) is able to overcome the
maximum NF barrier of 5 dB for high-frequency signals. Thilrg building-block noise characteristic
limitations are not big enough to represent an architedaihgre in these high-frequency signal cases.

The architecture IP3 degradation is presented in the TaBlfor all test cases. The results present
the BLIXER failure as the most sensitive block, increasmgliP3= 1 dBm. Moreover, the IP3 increase
does not characterize an architecture failure as a biggeaiity is desired. One trade-off not discussed
in face of IP3 increase is the signal swing decrease. Therefioe signal-to-noise and distortion ratio
(SNDR) of the architecture will not increase with the lingaincrease. What's more, we analyzed a
noise increasing and thus the SNDR shall decrease when itdangwblocks fail.

Table 5.2: IP3 results of the failure test cases appliededrth architecture (Figure.2).

Case IP3 (dBm)
no failure 1.125

test 1 2.127
test 2 1.126
test 3 2.127
test 4 1.125
test5 2.127
test 6 1.126
test 7 2.127

5.3 RELIABLE-ARCHITECTUREDESIGN

The RF front-end architecture characteristics and estichgilure are shared among the building-
block characteristics specifications. Using a reliablesy@thesis method, we would like to optimize the
building-block performance improving the architecturéatality. According to a reliable-architecture
design strategy, we may propose a building-block charnatiterariation exploring the architecture per-
formance limits.

Table 5.3 summarizes the first-design optimization for buildingdiocharacteristics and it also
presents the estimation of the RF front-end architectuegatiteristics. These obtained values were
influenced by the previous lower-level design. Thus, thegtegalues represent a design knowledge
reuse and not a new optimization EDA run. Actually, thesedielgvel information is not unknown if the
architecture designer decides to use a known state-adsth@rchitecture topology and standard circuit
schematics. Hence, these results (TabB are a start point for the reliable-architecture synthesis

Table 5.3: Optimized building-block performance and Rifrend performance estimation for the typ-
ical lower level characterization.

BLIXER PGA DCO Architecture
G=14dB G=20dB Vio=0.25V G=34.1dB
NF=3.5dB NF=10dB L(1MHz) = NF=
-120dBc/Hz | 6.87 dB@5 MHz
fRF =5.0GHz f|_o =5.004 GHz f||: =4 MHz
IP3=1.1dBm| IP3=10.0 dBm IP3=1.12 dBm
Rn=53Q S1=-15.0dB
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The model equations presented in Subsechidn?2are able to early estimate the architecture char-
acteristics and their variation using a gradient formalati This formulation is suitable if the involved
variables are deterministic. Moreover, the gradient fdation is accurate only if the variation is lower
than 10 %. Thus, the architecture variability degradatiannot be estimated with this formulation. A
better estimator shall be the variance, if we can assumehdaharacteristics are statistical independent

variables, as it is
n

03, = (A®))* ~ Zl (A®;;)?, (5.40)

whereA® is the estimated characteristic variation. T; is the estimated contribution of the lower-
level characteristic of the building blo¢knto A®j, as the equation

o0D;
AP = 5—1,UiAw" (5.41)
wherey; is the characteristic of the building block

Regarding the existent architecture-characteristicetian, we shall include these variations as de-
sign margins. In order to optimize the required margins flarghitecture characteristics, we may better
share the estimated failure variation among the buildimglblcharacteristics. The reliability improve-
ment proposed is thus sharing the estimated failure as grdesirgin.

First, we shall define sharing weights being the reliabiltprovement sharing strategy. Sharing the
estimated failure, we can give the bigger variation budgettfe characteristic with a lower sensitivity
device. Thus, if this characteristic fails, the influencetomarchitecture characteristic will be as smaller
as possible. The opposite strategy is to give the biggeatian budget for the characteristic with a
higher sensitivity device. Thus, we can be less severe Wélspecification of the high-sensitive devices
and more severe with the low-sensitive devices. In thitesisa we assume that if a low-sensitive device
fails the influence into the architecture characteristidshe negligible.

Regarding the variability-aware criterion, if we choosegivge the bigger variation budget for a
lower sensitivity device, theB7%'*Er, S0, andSE3e are the smaller sensitivities (shown in Equation
(5.39). They will impose the biggeAGg xer AAL 0, andAIP3pga according to the allowedlP3
for the architecture. However, these big variations wikimome the allowedANF for the architecture,
regarding the noise sensitivity analysis in Equati®s{). Thus,AlP3g 1 xerWill be imposed by théP3
failure and shall be tiny, buklP3pga shall be bigger.

What’s more, théANF budget will impose th&Gg| |xer, AAL o Variations once the gain sensitivity is
equal to one for all parameters (see Equat®ad). TheAS, 1, ., 9iven by the noise sensitivity analysis
will be too big as the variation given by the linearity anaysherefore the estimated architect&®;;
will impose the matching variation limit. Th&L(f), AFgxer andAFpga Will be tiny, once they have
the bigger noise sensitivity (see Equati@n3d)). Hence, the\G variation will be transferred tAGpga.

This strategy favors the PGA characteristics variation praposes more severe constraints for
BLIXER and DCO characteristics variation. The advantagéhf strategy is that PGA performance
variation can be negligible exploring the circuit versgtiand control. Thus, if the PGA fails then it is
easier to manage this failure than a BLIXER or DCO failure, t®e larger performance variation can
be used to relax the constraints on the control circuits. dib&dvantage is requiring a reliable-BLIXER
and a reliable-DCO, and thus this strategy may impose somerEpnsumption or die area trade-offs.

Regarding the nominal reliability criterion, the discussabout the variation share does not change.
The difference between variability-aware and nominakbislity is only how the variation is mathemati-
cally treated. The variability-aware supposes that théopmances are statistical variablés)( = xay
andx depends on the desired yield, assuming a Gaussian digtrihuand the nominal reliability sup-
poses that the performances degrade only with the time. ,Tthasvariability-aware will conduct to
two different scenarios which are: aiming building-blodkacacteristics as close as possible to the RF
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front-end architecture standard specifications, and irgjathe building-block characteristic constraints
to an overdesigned RF front-end architecture. Avoidingaber design, the architecture designer shall
propose the shared variance in the first scenario for thaitilesigners. In our casg= 1 is proposed

in variation sharing representing a 68.2 % of yield, but aalysis with more standard deviations (e.g.
x = 3 representing 99.6 % of yield) could be desired. Tabfesummarizes the optimized building-block
characteristics limits for the first scenario and estim#tesrchitecture characteristics in this design sce-
nario.

Table 5.4: Optimized building-block characteristics ariel fRont-end characteristics estimation for the
strategy criterion to give the bigger variation budget fémaer sensitivity device.

BLIXER PGA DCO Architecture
G=139dB G=16.8dB Vio=0.24V G =30.6dB
NF =3.51dB NF=10dB L(1MHz) = NF=

-120 dBc/Hz | 6.65 dB@5 MHz
fRF =5.0GHz f|_o =5.004 GHz f||: =4 MHz
IP3=1.09 dBm| IP3 =10.05 dBm IP3=1.09 dBm

Rn=61Q S1=-10.0dB

Regarding the variability-aware criterion, if we choosgitee the bigger variation budget for a higher
sensitivity device, the sensitivity analysis will lead tgnsmetric results for each case. The linearity
sensitivity analysis (shown in Equation.89) will impose a biggeAIP3g ;xerand a smalleAIP3pga.
The noise sensitivity analysis (shown in Equatibr8f)) willimpose a biggeAN g jxgrandAL( f) and
a smalleANFpga. Both sensitivity analysis will conduct to a negligildhé&; 1, ,, ., AGeLIxEr @NAAA 0,
but the gain sensitivity analysis (shown in Equatiér2@) will be responsible for th&Gpga variation.

This strategy is more severe only with the PGA gain variatiuri it relaxes the BLIXER and DCO
characteristics variation constraints. Thus, the BLIXERId be less linear and have more noise, as the
DCO could have a worse phase noise caused by variabilitygegid@adegradation, without exceeding the
architecture performance specification. Thus, the PGA ligdarity is mandatory and cannot decrease.
However, designing a high linear PGA imposes less constiraipower consumption and die area than
a high linear BLIXER. Furthermore, a relaxed BLIXER and DClaracteristics simplify the power
consumption and die area trade-off.

Regarding the nominal reliability criterion, the sensitivanalysis conducts to a similar variation
share. Thus, the choice between variability-aware and malneliability also remains in treat or not
the parameters as statistical variables. There are twaasosno be evaluated as explained before.
One of such scenarios leads to overdesigning the architeetud the other to design building-block
characteristics as close as possible to the RF front-emitecture standard specification. Therefore, the
architecture designer should propose the shared variartbe ioptimized-performance scenario for the
circuit designers knowing the desired yield (in this wotks 1 representing 68.2 % of yield). Tak#e5
summarizes the optimized building-block characterisliizsts for the first scenario and estimates the
architecture characteristics in this design scenario.

5.4 RELIABLE-ARCHITECTURE SIMULATION RESULTS

The state-of-the-art presented in Chaptend 3 indicates that some ageing phenomena are still
under discussion and the post-event behavior are stilgbstudied. CADENCE simulator and ELDO
simulator have only HCI and NBTI post-event models and thalable PDK for CMOS 65 nm only
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Table 5.5: Optimized building-block characteristics ariel fRont-end characteristics estimation for the
strategy criterion to give the bigger variation budget ftigher sensitivity device.

BLIXER PGA DCO Architecture
G=13.9dB G=16.8dB Vio=0.25V G=30.8dB
NF =3.84 dB NF=10dB L(1MHz) = NF=

-119.5dBc/Hz | 7.26 dB@5 MHz
fRF =5.0GHz f|_o =5.004 GHz f||: =4 MHz
IP3=0.16 dBm| IP3 =10.05 dBm IP3=0.16 dBm

Rn=53Q S;=-14.8dB

supports the ELDO models. The available PDK for CMOS 65 nnsdué have the option of an ageing
simulation for each Monte Carlo simulation point. Thus, wearmot simulate the variability-aware relia-
bility analysis in commercial tools. Actually, a variabjliaware reliability analysis is still a new subject
in the state-of-the-art and first discussions were puldish¢s0] and [34].

We believe that in the near future, ageing simulation todlshe part of the design process in the
same way that the variability simulation tools already ditee ageing, as the variability, could be placed
in early stages and could be connected with the designiarémning a reliable architecture. In order
to fill the lacks of the commercial tools and the available PBKCMOS 65 nm, we will present the
simulation results of the RF front-end behavioral impletagan. Hence, we keep pace with the required
variability-aware reliability analysis, considering iability and ageing as the causes of parameter and
characteristics variation.

The RF front-end architecture behavioral model was implaatein VerilogA and was presented in
Subsectiorb.1.1 The RF front-end architecture was simulated in SpectréBADENCE simulation)
for the typical lower-level characteristics and the optet building-block characteristics obtained with
reliable-architecture design (presented in Talllesand5.5). For simulation purposes, we chose the
oscillation frequencyf o = 5.004 GHz and the low-IF frequenciz = 4 MHz. In this way, we made
the hypothesis that all building blocks were characteriretthis frequency condition and it will not be
degraded, because it is often controlled by a reliable frqu reference. The simulation supposes the
RF input signal around 5 GHz and the base-band output wilfteral thefr.

Architecture gain degradation is shown in the Figou®& The classical designed RF front-end (classic
design) using the typical building blocks characterisiaépresented in solid line. The first reliable
design strategy (strategy 1) using Tabld optimized building blocks characteristics is represerited
dashed line. The second reliable design strategy (str&pgging Tables.5 optimized building blocks
characteristics is represented in dashed-dotted line. aftfatecture gain was a little underestimated
in comparison to TableS.4 and5.5) about 0.5 dB. The simulated gain result (in Figbré) does not
compromise the RF front-end architecture specification thedoroposed strategies reduce the design
margin about 1 dB. Such a design margin reduction leads t@poansumption reduction, avoiding an
overdesign. However, the gain performance crosses the 3ionitRinder 25 MHz required bandwidth.
Hence, if a high gain is desired, the PGA gain limitation walult in a bandwidth limitation.

Architecture noise degradation is shown in the Fidgure The classical designed RF front-end (clas-
sic design) using the typical building blocks charactarist represented in solid line. The first reliable
design strategy (strategy 1) using Tabld optimized building blocks characteristics is represerited
dashed line. The second reliable design strategy (str&pgging Tables.5 optimized building blocks
characteristics is represented in dashed-dotted lineNH¥er the typical building blocks characteristics
is 6.9 dB at 5 MHz. The NF for design strategy of Tablé is 6.8 dB at 5 MHz. The NF for design
strategy of Tablé&.5is 7.3 dB at 5 MHz. This result was predicted using the amalgtialysis in the
design methodology. We observe that the NF at lower fregasns dependent on RF input power and
DCO phase noise characteristic. Thus, the DCO phase naisition will degrade the NF at lower
frequencies and could be considered a noise performandation.
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Figure 5.3: The architecture gain degradation resultstyghieal building blocks characteristics in solid
line, the design strategy of Talle4in dashed line, and the design strategy of Tabfen dashed-dotted
line.

Architecture linearity degradation is evaluated usinglBsimulation result. The IP3 for the typical
building blocks characteristics is 1.12 dBm. The IP3 fordheign strategy of Tabke4is 1.64 dBm. The
IP3 for the design strategy of Takilebis 0.187 dBm. This result was predicted using the analyiatyais
in the design methodology. We observe that the linearitysdwe impose performance limitation. This
result shows no linearity performance failure. However,oheify the influence of théP3g xR, and
thus the BLIXER could impose linearity limitations.

Architecture matching impedance was not simulated, becthis result will not be different from
the estimated during the design. Moreover, $ie= S;1 ,.r assumed has been characterized for the
simulation frequency conditions. Using a behavioral mptied analysis concludes that the architecture
matching impedance failure is conditioned to the BLIXERh#ecture matching impedance limitation.
Such a limitation can only be estimated with a transisteellenodel.

5.5 RELIABLE-ARCHITECTUREDESIGN CONCLUSION

In this chapter, we discussed the design of a reliable RR-#nd, and the variation sharing strate-
gies to avoid the overdesign. There are two important sfiegehighlighted using the sensitivity analysis
results. The choice between both criteria is driven onlyHgydtatistical or deterministic characteristics
of the parameter variation. Thus, the architecture degigh propose a feasible building-block charac-
teristics specification, according the building blocksigle®xperience and also avoiding the architecture
overdesign.

Tables5.4and5.5present the building-block performance limits for a relés@rchitecture. The strat-
egy difference between both designs is to give the biggeatian budget for the smaller or the bigger
sensitive characteristic. Both designs are in the validhtespace given by the lower-level characteriza-
tion, but each one imposes different building-block degsignstraints. The results of this chapter were
obtained assuming a yield coverage of 68.2 %. In order teceasw the yield coverage to 99.6 % the
architecture shall assume ag3analysis. It shall be represent&® = 304, and therefore the required
characteristics variation shall be three times smallar thefore.
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Figure 5.4: The architecture noise degradation resuléstygpical building blocks characteristics in solid
line, the design strategy of Talde4 in dashed line, and the design strategy of Tabten dashed-dotted
line.
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CHAPTER®G

AMS/RF DESIGN FLOW FOR CIRCUIT RELIABILITY

6.1 INTRODUCTION

During the reliable RF front-end design, we notice some comsteps in the AMS/RF design flow.
At this point of the work, we can organize these steps in a rgeéeVMS/RF design flow for circuit
reliability improvement linking bottom-up and top-downsitgns. Thus, we propose the design flow
illustrated in Figure6.1l. After a general description of the design flow, next sectiaill present in
details the modifications proposed in order to take the bydilia into account during classical design
methodologies. In this work, we do not implement a tool desti@ting the proposed design flow in
an Electronic Design Automation (EDA) methodology. An EDgok for circuit reliability is not our
objective in this work, but we provide the proposed modifara details for an implementation as a
future work.

The first element of the design is often defining the maximumioimum desired performance and
proposing them as the circuit specifications. The secomdegieof the design is obtaining a description
of the design space. This means associate the design offladias and sizing for transistor level
or some state-of-the-art for building block characterggtiwith the device characteristics. The design
options will be referred agy and the device characteristics @s Which is the best set ap for an
optimum®? This question is answered in Figusel, when the classical design methodology estimate
@ for a set ofy described in the design space using an estimation modedr &iat, the optimizer tool
evaluates only if the estimateablis the optimum.

Which is the best set af leading to reliable design? To answer this question, weqs® failure
evaluation which can define if the design is reliable or natgia new element: the design space varia-
tion. Actually, the set ofy may change due to variability and ageing. Thus, the optirdumay not give
a desired yield or reliability, not described in the claabtesign methodology. How the circuit reliabil-
ity could be improved, if the design does not pass the fadwaduation? The answer of this question is
modeling the® variation A®P) as a function of they variation AY) and optimizing the design in terms
of such variations.

The sensitivity analysis was used in bottom-up and top-ddesign approaches to identify the less
reliable component of the device. The sensitivity analgsiges us for each component how much its
characteristics variation influences the system chaiatitar variation and in which direction. In vari-
ability formulation, the direction information is suppsesl as the characteristics are a probabilistic dis-
tribution often described by its mean and its standard dievia In ageing formulation, the direction
information is very important to show if a reduction Ay leads to a reduction IA® in the case of a
minimum desired characteristic for example. Thus, thectiva information shall be compared with the
ageing trend for eaclp case finding the worst case &b, which leads to a fail in terms of maximum or
minimum desired characteristic.

Knowing the variation of the characteristicSyf andA®), it is necessary to propose a new specifi-
cation with some security margin and avoid the design spderevtheAd is bigger than the margin.
This opens the discussion of variation sharing stratedieking the estimated® as the initial security
margin, the objective is proposing a setaf for a newA® always smaller than the initial margin. This
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Figure 6.1: AMS/RF design flow for circuit reliability: degi steps illustration.

problem will be formulated as a sharing problem and solvethbyGames’ Theory. The sharing prob-
lem solution can be an optimum or points of equilibrium. Asfwg a solution, the designer takes some
trade-offs among variability, ageing and the classicdlguarance (e.g. die area, power consumption and
speed).

The found solution idA® will be traduced in a new reliable specification where theuwtrcharacter-
istic is also optimum after some variability and ageing. Tdwnd solution inAy will be traduced in a
design space reduction where the expedigds always smaller than such solution. The reliable design
specifications will feedback the optimizer with a cohergr@csfication in terms of variability and ageing.
Moreover, the reduced design space will lead the optimzehbose a solution avoiding the variability
and the ageing over the specified margin. Variability andregmformations conduct the optimizer to
converge to a new optimum design which has a higher religbili

The optimization convergence will be now dependent of twagdens: the model of the character-
istics variation and the variation sharing strategy. Dgitime RF front-end design stages, we adopted a
linear model based in the first derivative of the performagstémation model. In this case, we assumed
that the statistical variables are independent for the catee variability. We also assume that the age-
ing variations are smaller than 10 % as the region of convesgyef the linear model. Using the design
experience of reliable design, we can finally address padace, variability and ageing trade-offs. We
will limit this discussion to the technology CMOS 65 nm, demwating these trade-offs with a ring
oscillator characterization at Secti6rv.
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6.2 QRcuUIT DESIGN SPACE

The first step to characterize the IC technology is extrgdtiformation about the design space. The
design space in a bottom-up approach (transistor levelnmbkaw the sizing and the bias change the
drain current Ips) and the transconductancgnf). Moreover, the design space shall identify ageing-
stress conditions and variability influences on the twodtansistor characteristictg andgm). Thus,
we are using the gm/ID methodology(] as the base of the bottom-up design approach. The gm/ID
methodology is a powerful sizing tool for low-voltage argfoMOS circuits. Moreover, most of methods
using the design space as a criterion, characterize thgrdgisace with the basis proposed in the gm/ID
methodology.

In our work, we characterized the CMOS 65 nm technology leetart designing the circuit. This
characterization is simulation expensive, but once dithtould not be necessary again. Hence, this high
cost is not representative after some designs using suckcthaology. The first information extracted
from the PDK is thelps and gm design space for a normalized transistor. We simulate a NMQ5
a PMOS transistor fovps andVgs bias varying from 0 td/pp and for a size of W = um and L =
60 nm. The Figure§.2 and6.3 show the technology simulated-characterization for NM@& BMOS
respectively.

In the top-down approach, the circuit design space chaizat®n can be obtained by a study of the
state-of-the-art. The results will be very similar but irstbase the target characteristics will be: die area,
power consumption, gain, frequency and bandwidth, noise liaearity. Thus, the design space in the
top-down approach is strongly dependent on the applicatimhthe target architecture. The bottom-up
design experience acquired in this work was used as thedep-design space, which is described in
Chapterd.

In this way, the design reuse will be the start point of theabdé¢ architecture design. If that expe-
rience is not available, the design space should be satisfitadhe published-research information of
the building blocks often used in the target applicationug;hin both cases the designer could repro-
duce similar graphs like we present in transistor level. dibsign space characterization is additional
information to the performance estimation model guidirg dptimization.

In the bottom-up approach, the proposed reliable design dlsw regards the ageing trendslp§
andgm composing a design space variation for a normalized tremsig hus, the ageing constraints
impose a more complete characterization includinglgzeand gm degradations at the required circuit
lifetime. The aged transistor was stressed by 30 yearslfopalandVss bias varying from 0 to IVpp
for a size of W = 1Jum and L = 60 nm. Moreover, the PMOS transistor was stresseSi0&iC putting in
evidence the NBTI degradation. The Figuteéand6.5show the aged NMOS and PMOS (respectively)
degradation under HCI and NBTI stress. The Figiu@completes the PMOS characterization showing
the threshold voltage degradation due to NBTI only.

The information inside Figure§.4, 6.5 and 6.6 means that bias and sizing cannot be taken only
optimizing the transistotps andgm The required bias and sizing now shall inclufiigs and Agm
failure specification. Hence, the transistor ageing impas®v constraints reducing the design space if
a failure specification is given. In a reliable-circuit dyasis point of view, the EDA optimization tool
shall point the optimal transistdss andgmincluding the reduced design space imposed by the retiabili
criterion.

For a top-down approach, it is expected in near future mdogrimation in the state-of-the-art about
the building blocks reliability. However, in this work wesasned some failure conditions for each
building block in order to fill this lack. The failure hypotsis shall be coherent variations which are
always considered as a block failure, like -3 dB in gain cbingstics. In order to have a complete design
space characterization, the building blocks shall be etatlicomparing different topologies. Hence, the
top-down design space will divide the suitable buildingdi®topologies from the state-of-the-art for a
desired reliability.

Moreover, the technology variability is increasing, anshibuld be taken into account. In bottom-up
approach, the variability-aware design requires a chanaeation including thdps and gm variability.
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Thus, the information extracted from the PDK shall belthegandgmmean and the design space should
include theolps andagminformations. The Figure8.7 and6.8 present the percentage of tbés and
ogmoverlps andgmmean, respectively. The NMOS results are presented in kodéicand the PMOS
results in dashed line.

In the top-down approach, the variability will appear in #i@andard deviation of the building blocks
often characterized using Monte Carlo simulations. Thezeaet of known solutions to improve build-
ing blocks variability. The most applied is the double bakuhand full differential topologies combined
with strong layout techniques. Such solutions are resptngr reducing the IC process variation con-
sequences, but they do not solve the mismatch variatiomidrcase, a higher circuit yield will be traded
by increasing die area and power consumption.

The research of design space in the top-down approach seggesaracterization of different build-
ing blocks in terms of performance, variability and ageinihe reliable building blocks will have a
smaller characteristics variation and will present soraderoffs often in die area and power consump-
tion. In the state-of-the-art, the smaller variation isaitd with reconfigurable circuits, redundant
paths, and error correction techniques mostly in digitahdim. We will not present a complete research
of design space for a top-down approach as it is out of theesobthis work.
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(b)

Figure 6.2: The technology simulated-characterizatioméomalized NMOS (W = um and L = 60 nm)
biased from 0.1 V to 1.1 V for thips (a) and thegm (b).
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(b)

Figure 6.3: The technology simulated-characterizatiomémalized PMOS (W = um and L = 60 nm)
biased from -0.1 V to -1.1 V for this (a) and thegm(b). The PMOS bias voltage is represented using
its absolute value helping the comparison between NMOS a@Presults.
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6.3 FAILURE EVALUATION

During a classical design, the optimization aims the st ofhich leads tab optimum. This means
find the @y, = Pspecand consider tha® does not change with variability and ageing. However, the
sub-nanometer technologies has proven an increasingildyi@nd ageing (see Chapt&). The truth
is the optimum® will fail the specification if it does not include a reasorebtargin to take its variation
into account. Actually, the design experience has led tdfi@m @verdesigned margin comprehensible in
transistor level, but not exploitable in architecture pytiation. This point of view highlights the need of
an early estimation of the failure and feedback mechanigmducting the optimizer to an also reliable
design.

To estimate the failure, the state-of-the-art has propweagdbility and ageing models. Most of them
are electrical simulation based estimation, and then treeg@t suitable for an optimization (as explained
in Chapter3). One advantage of the simulation based estimation is theracy, often paid with long
time analysis which gives us so little information about hee/can achieve a better performance. Some
new modeling proposals aim a behavioral model of the vana#is similar as possible to the same
characteristics model. Thus, the optimization effort fae tharacteristic variation will be similar to the
own characteristics and both could be integrated in a sioglienizer. However, this way out presumes
that some circuits are designed and all variation data chiuttie estimation model. Actually, these
researches have mostly presented their behavioral modetiba predictive IC technology variability
and ageing models.

Both solutions are not suitable for a time-to-market rééatesign, because so many efforts should
be done to achieve the required information. Thus, we p@pmsinovate with an early estimation of the
failure, reducing the accuracy and the convergence retpaesign a reliable circuit at time-to-market.
Moreover, we explore the top-down design proposing an asing reliability for architectures, which
was not mentioned before.

During the reliable RF front-end design, we faced small mgeiegradations always under 10 %,
high amount of IC process variability and lower mismatchataon. The solution is often to design full
differential, and balanced circuits reducing the influeat#C process variability to always under 10 %
variability due to mismatch variation. If we can considdnalriables statistically independent, we can
estimate the variation of a function using its derivative #me formulation of the variance of a quantity.
If we consider nominal reliability degradation, which meareglect the variability; we can estimate the
variation of the function using its derivative and the tatativative formulation.

Using the behavioral model estimator, the device chariatitey ®;Vj € [1,m] are modeled by a
function

CDJ = f(‘l’lw--y‘l’n)- (61)

where ¢;Vi € [1,n] are the lower-level characteristics. If the lower-levehidtteristics changes with
ageing or variability, the degraded device charactessti@stimated by

q)J-dr-:graded: f (L)U]- :I: Awla LS L)Un :I:AL,Un) 1 (62)

whereAy;Vi € [1,n] are the lower-level characteristics variation. Now, weuassA®;; as contribution
of the Ay at the characteristic variatio®(). The variance ofp;Vj € [1,m] can be estimated by

n

05, = (A®))* ~ _;(Acbi,-)?; (6.3)

if we assume that the degradatidg; represents less than 10% of the paramgferalue and the set of
(yvi € [1,n]) are not correlated variables. In the case of nominal riéilight is possible to estimate the
A®; with a linear estimator defined by

n
ADj ~ Y Adyj; (6.4)
2
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if we assume that the degradatidgy; represents less than 10% of the paramgferalue. In both cases,
A®d;j is the contribution oAy into the®; variation, defined as

AD;j = L] Ags, (6.5)

wherey here is the solution obtained during optimization step.
Now, the failure estimation can redefine the device charatts as

q)jdegraded: cDjtyp :IZACDJ (66)

If the design is reliable, the®;, .., is better than the maximum or minimum specified performance.
The PGA is a design example of an optimum and reliable cirbeitause we decided to use a full differ-
ential PGA reducing the variability. Moreover, the PGA aggis negligible because the optimum design
point is in a region of the space of negligible ageing degradaWhat’s more, the combination of both
variations could be always adjusted by the digital contraduits with the reconfigurable components
inside the PGA. However, some circuits can be vulnerabléhswacteristics variation. There are many
circuits where the imposed characteristics are sourceaihggtress and full differential solutions may
be not suitable. For these circuits, the failure evaluatidihindicate that the optimum design is not
reliable. Hence, its reliability should be improved.

6.4 RELIABILITY IMPROVEMENT

In order to increase the circuit reliability, we should spethe desired characteristics taking into
account its variations, and so solving the Equati®i)(as

(Dtyp — (Dspecj: Aq), (67)

whereA® is the estimated variation. The reliability improvementd e achieved if the failure esti-
mation is able to guide the optimization to a region of lessati@mn. Moreover, the optimization will
need a coherer® optimum agreeing with the estimated failure. The riyy,, from the solution of the
Equation 6.6) is the reliability improved design proposal.

How can we lead the optimization finally to a reliable desigh§&suming we have no information
about the circuit characteristics, the better option isket

AD;
Ay = anj Vi e [1,n]. (6.8)

oy
This means share the failure equally among the failures, and estimat&y; being the minimum in
of Ayij. Then, the optimization should look for a new optimum indige space whergj; variations are
always lesser than the estimateghi. This simple solution will guarantee that the new desigrcspas
only reliable solutions. However, the equallp share is not often the best response.

The best response ik sharing shall be reusing the design experience by the defirtf a sharing
weightsW, Vi € [1,n]. Hence, thed® sharing can be described aSharing Problemand solved using
Games Theor}21]. The Sharing Problensolution will be discussed during Sectiérb. Finally, the re-
liable design space will be obtained using a better estitage and a reliable solution will be evidently
chosen.

6.5 SHARING STRATEGIES

The variation sharing is an interactive decision processclivcan be modeled and analyzed using
a set of mathematical tools called Game Thecrij.[ In variation sharing decision, we identify three
primary components:
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1. asetofysVi € [1,n], which are the lower-level circuit characteristics vagyimder variability and
ageing influence;

2. a sharing strategy space composed byyheriority in variation sharing defined by the set of
positive sharing weightéf; ;

3. aset of utility functions deciding how muchAgsVi € [1,n], and defined by

Ay = mjin|A¢’ij |, (6.9)

where the variation allowed t; under thed; criterion is

AD;,
Agj =~ (6.10)

o

andA®;; is the influence oAy in A®; depending the adopted strategy.

In a general variation sharing, the decision strategy isnofthoosing a characteristic= k, giving
it the highest priority. Then, it shares a bigger variatioritis characteristigy. Next, it also shares a
smaller variation taj;Vi € [1,n— 1] for each®;;. Thus, the; shall be defined in a way that the highest
priority characteristic {k) has

W = miaWj- (6.11)
The influence oAy in A®; is calculated by the Equation

Wi

Aq)” = AcDijmaXW . (612)
J

The A®y; is the maxAd;; and is estimated under variability and ageing. If the desigterion
|

is aNominal Reliability Analysis (see Subsectiofi.4.1), then we obtain a linear estimation solving
Equation 6.4) as
AD;
W; -
YW

AD,j = (6.13)

If the design criterion is &ariability-Aware Reliability Analysis (see Subsectiod.4.2), then we obtain
a linear estimation solving Equatiof.8) as

ADyj = (6.14)

The A®; is the estimated variation during the failure evaluaticgpstf the reliable design flow (see
Section6.3).

The best available strategy for any characteriktie [1,n] is the strategy that maximizeésys un-
der the belief that alh characteristics do the same as well. This set of best steatégrms a Nash
equilibrium [97]. Hence, the variation sharing decision at this equilibriwill always impose a smaller
variation in®; than the first estimation d®; during failure evaluation. Moreover, this variation shari
decision converges to an optimal sharing reducing the redumargin. The reliable design proposal in
the proposed design flow presented in Figauewill be specifying this margin for a condition where the
performance after variation is always better than the §pation.
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SHARING STRATEGIES EXAMPLES ldentify the best strategy is proposing the best sharingripyiin
the variation sharing weights. The simple solution and mtineal solution is the equal share, where
W = 1/nVi € [1,n]. This solution was presented in Equati@nd]. The best response should be reusing
the design experience and proposing cohéfg¢ntAs any design decision, the; definition will impose
trade-offs among the classical performance, variabilityf ageing.

In order to better explain the variation sharing decision,exemplify the reliable-circuit design in
terms of a two-stage transistor-level amplifier. We evawatly two amplifier’s characteristics: gain and
noise; being a function of both stages transconductance, as

G=g(gmy,gmp), and (6.15)
N =n(gmy,gm). (6.16)

The two sharing strategies for the gain variation are:
e giving the priority togm; (SG) using

Wsg = [0.6,0.4] (6.17)

e giving the priority togn, (SG) using

Wsg, = [0.4,0.6] (6.18)

The two sharing strategies for the noise variation are:
e giving the priority togmy, (SN,) using
Wen = [0.9,0.7] (6.19)
e giving the priority tognmp, (SN) using
Wep, = [0.1,0.9] (6.20)
The Equatiorf.9 solution is represented by the ordered gaigny, Agnp). AssumingAG =1 and

AN = 1, we can calculate the characteristics variation usingaigui 6.10), (6.12) and ©6.13. Finally,
we can represent the results of the variation sharing dec&rategies using the Taldel.

Table 6.1: Variation sharing payoff defined bygmy,Agny), using the strategies in terms of gain and
noise.

SG, SG
SN | (0.60.1) | (0.4,0.1)
SN | (0.1,0.4)| (0.1.0.6)

The describedharing Problemhas two possible equilibria. The equilibrium assumes soadet
offs in the reliable-architecture design, which means:

e a strict design irgmp relaxing thegny design §G, andSN,), or

e a strict design irgm, relaxing thegnmy, design 6G andSN).




97

Thus, the best compromise shall be severe designing atgitdock naturally reliable and relax the
design of the less reliable building block. However, pohre teliability of the building blocks means
design the reliable block going down to the transistorllesizing and bias. Moreover, the number of
characteristics is often bigger than the two presented;tla@sk characteristics often present some de-
pendency.

Define thew; is not a simple task. Such decision will involve a lot of ietion among the lower-
level designers and the higher-level designers. Actudllyg, ®;Vj < [1,m] are the circuit-characteristics
like: die area, power consumption, gain, frequency and Wwatit, noise and linearity. Hence, this task
will need a team effort finding all thé/; which may be an over time-to-market solution, and so the best
response cannot be used in early design steps.

In order to propose a better solution than the equal vaniafaring, without a strong design expe-
rience definingV, we applied a first order sensitivity analysis in our desigangples (see Subsection
5.2.2. Actually, the first order sensitivity analysis give us #iatgle sharing weights if the variations
are smaller than 10 % anddf; defined by the model Equatiof.() is accurate enough. Therefore, the
sensitivity analysis result leads us to a beiteeven in a first design experience.

6.6 SENSITIVITY ANALYSIS

A higher-level characteristic sensitivity to a lower-leebaracteristic is defined in a first order ap-
proximation as
W 0®;
S, = ST (6.21)
The component sensitivity contains the information of howchits variation influences the system
variation. What's more, this information is normalized ftbe appropriate design poin®(,y;) under
analysis.

The sensitive analysis has been proposed for AMS/RF cidasitgn a simple and strong tool to es-
timate the circuit characteristics variation trends. Bareple, Y Cheng and R. Fujib[] proposed in
1992 a sensitivity analysis computation using circuit edata in symbolic format. Usually, the sensitiv-
ity analysis is applied in optimal placement of poles anadgen the transfer function in filter design.
The general idea is identifying the weak components reptedeby a high sensitivity and proposing
improvements for these components. In this way, a smalfesitbaty is often achieved for such compo-
nents.

There are two informations inside the valueﬁ The first information is the sign cﬁf,’; Such
sign indicates the direction of th; variation in comparlson to gy variation. If a reduction m,U, will
reducedj, so the sign of the sensitivity is positive. If an increasing); will reduce ®;, so the sign of
the sensitivity is negative. The second information is tregnitude ofﬁij. Such magnitude measures
how much thed; is influenced byy;.

Thus, the magnitude of the sensitive can be used as the fashghvariation weights. During the
reliable RF front-end design, we proposed Mg definition to solve variation sharing in two strategies:

e giving preference to a Iow#Sﬁ‘_‘ to have a higheA®;;, so that
oo TS
T

e giving preference to a high#ﬁﬂj ‘ to have a higheA®;;, so that

€ [1,njandvj € [1,m]; or (6.22)

W = L“S“ﬁ Vi € [1,njandvj € [1,m]. (6.23)
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For each strategy, we decided for some criteria taking sanstrints.

The sign of%‘j is not an important information in a variability-aware dgsi becausery; will
influenceo®; in both senses. Actually, a variability-aware design wélfide a worst-condition ah® =
Xo® in the direction of the minimum or maximum performance sfieaiion. For example, if it is
required a 99.73 % of yield then= 3 in the case of a gaussian distribution.

However, the signal oﬂﬁj is very important in a reliability-aware design. With tﬁ_ sign, we are
able to eliminate thel; ageing which do not influence in a worgg characteristic. In the reliable RF
front-end for example, we used this information not to iasesthe circuit reliability in terms of power
consumption. Actually, we always found decreasing powesumption and a positive sign f%‘j, and
so such degradation will not lead to a worse power consum@ipected to be bigger than the typical
power consumption. We also removed the linearity from trerapanalysis, because the aged transistor
is more linear and the sensitivity analysis sign is positive

6.7 VARIABILITY AND AGEING TRADE-OFF

Designing a reliable circuit, we faced a compromise betviberoptimal characteristic and its vari-
ation. The convergence of the proposed design flow is depetiethe continuous reliability improve-
ments and design space reduction. In lower-level designzahvergence is conditioned to the existence
of an optimal characteristic in the design space where Hresigtor suffers less stress than some maxi-
mum stress. Such maximum stress causes the maximum chistactariation allowed for the required
lifetime and so the reliability specification. However, thés no guarantee that a solution exists. Thus,
severe reliability requirements may lead to a deadlocknduttie reliability improvement iteration.

Using specific optimization tools, it is often possible toye the existence of this solution or detect
the unfeasibility during some iteration point. One ideadsting the existence of a solution before
optimizing. If such a solution does not exist, the optimizan identify why the solution is not feasible.
Another way is proposing an always feasible optimizatiangias an example the posynomial modeling
and the geometric programming. If such a solution does nist,eke model cannot be build and the
unfeasibility is detected. More details in optimizatiowl&) which are able to detect if a such solution is
feasible or not, are presented in Subsec8dh?2

Indeed, detect the deadlock caused by a severe reliakalifyirement is not difficult. The problem
is the deadlock diagnosis which means understand why thareegent is severe. Thus, we would be
always able to propose a coherent specification for the n#deerformance, variability and ageing.
This means prefer a more reliable technology or a more teliaicuit topology when the achievable
performance is suitable for the requirements. Therefbergtare two new questions to be answered:

1. How reliable are the known circuit topologies and araititees?
2. How reliable are the sub-nanometer IC technologies?

A complete reliability study of circuit topologies and aitefctures should be conducted using an
automatic reliability analysis and design tool. Such a sfamuld implement the center of the proposed
flow, which is the iterative failure evaluation and religtyiimprovement. For this future work, we con-
tribute to presenting the physical phenomena influenceeilgctrical circuit characteristics. The design
experience demonstrated during the RF front-end designediadility improvement may influence these
future works.

The objective in future reliability works could be quaniifg and increasing the reliability of circuit
topologies and architectures. A state-of-the-art surdnacompares performance trade-offs among the
existent topologies positioning some device solution farget application. The innovation proposed in
this work will make possible such a survey comparing alsadtiability among the existent topologies.
Thus, some device solution will be suitable for a targetgrenince and reliability requirements.

A complete reliability study of the sub-nanometer IC tedbg@s should be conducted comparing
the design space variation. Such a research should présewircuit-characteristics variation under
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a stress environment coherent with the circuit operatiomditimns. For this work, we contribute to

presenting the variation of the design space under the mduef variability and ageing. The usage of
the characterization experience during the RF front-ergigdeprovides the required informations for
the deadlock diagnosis.

The objective in future works also could be quantifying tlewide-characteristic variation in the
operation environment conditions during the IC technolegglution. An IC technology survey often
compares the achieved performance and the expected parfoeramong different IC technologies. The
innovation proposed in this work suggests the performamegadiation as an element of comparison.
Thus, such an IC technology will be suitable for a target i@ppibn only if the performance and its
degradation attend the application and reliability reguients.

During this work, we faced these two questions at same timiehairings us to a different question
similar to both. How reliable could be the circuits in CMOS i technology? The results achieved
in this work indicate variability and ageing compromisesathiable-circuit design. We often observed a
small ageing and a big IC process variability. Thus, thegiesolution was applying full differential and
balanced circuits, bringing the circuit variability to aalher mismatch variation. However, we cannot be
sure if some reliable-circuit design is feasible in CMOS 6% Therefore, the answer of this question is
the key of the deadlock diagnosis avoiding the unfeasihhelitions in a reliable-circuit design in CMOS
65 nm.

In order to answer this question, we decide to charactehgevariability and ageing trade-off in
CMOS 65 nm. For this purposes, we take a ring oscillator camg@dy thirteen inverter gates (the small-
est inverter gate in CMOS 65 nm) which is a standard chaiaatem circuit in CMOS IC technologies.
Understanding the variability and ageing conditions inrg roscillator, we can analyze the variability
and ageing trends for a reliable-circuit design in CMOS 65 Mihat's more, such a characterization
generalizes the results obtained in bottom-up and top-diseign. Therefore, such a characterization
may be employed in determining the variation sharing weight

The most important characteristics of an IC technology diearea, power consumption and speed.
Using the smallest inverter gate, we assume a die area naatilom which imposes the most severe
trade-off between power consumption and speed. If thegisinncreased, we can often relax such a
trade-off. The power consumption is reduced by a voltagecgolipp) reduction. In this sense, the IC
technology evolution has been proposing smaller and smélle as close as possible to the threshold
voltage ¥n). The technology speed is often measured by the gate deltegyriiig oscillation frequency
is the inverse of the ring delay. Thus, the mean delay of agriev gate is calculated dividing the ring
delay by the number of the gates in the ring.

The Figure6.9 exemplifies the power consumption and speed trade-offgukim mean power con-
sumption and mean delay of an inverter gate of the ring asoill As expected, we should increase the
power consumption to increase the speed. So that, the aptidesign should be achievifigejay < 0.2
ns andP < 1 uW for each gate. Thus, we present the existent performaade-tff in CMOS 65 nm.
This result is satisfactory to conduct to an optimal circésign, but it is not sure if this circuit will be
reliable.

Regarding Figur&.10, we obtain the required bias characteristics O Vpp < 0.7, aimingTgejay <
0.2 ns andP < 1 uW. Choosing a smaWpp close tov,, the CMOS 65 nm provides the maximum speed
with a minimum power consumption. However, this compromigléimpose a small signal swing and
noise margin which influence the other performance needMBSIRF circuits. A classical design will
see only this trade-off and make an optimal design in thesestevhich still cannot guarantee a reliable
design.

The CMOS 65 nm variability will influence these trade-offsesguling the power consumption and the
speed around the nominal performance. The worst case issdiearnncreasing the power consumption
and decreasing the speed. This event is driven by lowel-tdaacteristics, which is in this example
theVpp. Thus, we simulated the ring oscillator for differéfgp from nearVi, to the nominal voltage
source plus 10 %. For each source condition, we simulated@ f0ints Monte Carlo simulation and
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Figure 6.9: Power consumption and speed trade-off illtistrausing the mean power consumption and
mean delay of an inverter gate of the ring oscillator.

extracted the mean and the standard deviation for eachatbasic @ and Tgeiay). Through the ratio
standard deviation over mean, we can analyze how much expegse the variability is in the variation
of the performance trade-off. The Figusell presents the expected variability influencing the power
consumption and speed trade-off.

It is evident that choosing a smahp implies in a huge amount of IC process parameter variability
The expected variability influence for®< Vpp < 0.7 shall be near 30 %, and the characteristic variation
may represent a circuit failure. This information answeesquestion why full differential and balanced
topologies are required, reducing the variability to valueder 10 %. These topologies double the circuit
area and increase the power consumption trying a varialsgincellation. Actually, only the mismatch
variability cannot be ideally cancelled and the result \wéla smaller variability. However, this solution
is not always available, and the cost in area and power cqosumcould be bigger than specification.
Therefore, the solution is increasing ¥, increasing the power consumption and keeping the same die
area. This solution does not agree with the first optimalgiesbnsiderations, which were not reliable
enough in terms of variability.

In order to evaluate the ring oscillator ageing, we simuldtes 30 years aged ring oscillator for all
Vpp conditions described in the variability characterization27°C and 150C temperature stress. The
aged characteristics were represented using the raticeadlibolute ageing degradation and the fresh
characteristics. Understanding the ageing phenomenaamwexpect that increasingp means bigger
stress conditions. Such stress leads to an increased atggradation as presented in FigaGré2.

We observe that the ageing is a little more representativenWbp is near\t,, because the bias
current is small. For the CMOS 65 nm technology, we also elesan ageing influence approximately
to 1 % at 2?C and to 3.5 % at 15. This result highlights the always bigger variability iegion than
the ageing variation. What's more, this result explains wWieydesigned amplifiers (BLIXER and PGA
amplifiers) have presented a negligible ageing. Actudily,ageing degradation can be neglected facing
the more than ten times bigger variability in CMOS 65 nm.

Looking for a reliable design, we have exploiteUs increasing, reducing the variability. However,
this reliable solution at the beginning of the circuit ogiEna time naturally reduces the circuit lifetime.
The expected ageing fafpp between 0.9 and 1.1 times the nominal source voltage implies ap-
proximately 3 % at 27C and to 5 % at 150C. Under this condition, the ageing degradation is no longer
negligible and it is expected that the combination of HCI &RITI degradation leads to less reliable
circuits.
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Figure 6.10: Mean power consumption and mean delay of amt@vgate of the ring oscillator as a
function of theVpp.

Therefore, the compromise for a reliable design should ex@gerformance variation at 10 % as
the best case and at 50 % as the worst case according thellitsrtednds. Moreover, the performance
variation will increase at 1 % as the best case and at 5 % asdist @ase according the 30 years lifetime
ageing trends. The combination of the variability and theirag trade-offs will induce an important
amount of performance variation turning an optimal desiga design out of the specifications. That is
why a reliable-circuit design flow is important to assure ptirnal variation margin and the characteris-
tics, according to the specification of performance analodity.
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CHAPTER7

CONCLUSIONS

During this thesis, we proposed a new design flow for AMS/REuiis with the aim to improve
the circuit’s reliability. We have exemplified this flow by sdgning a reliable RF front-end. Our major
objective has been successfully achieved; while improviregdesign of AMS/RF front-end circuits
based on the investigation of new trade-offs imposed bysiséor variability and ageing degradation.
Understanding such degradation, we proposed some sharatggses, optimizing the design margins
and taking into account this trade-off.

This research has described the physic of the ageing pheroanel the required design conditions to
avoid the transistor variability and ageing. The sourcedegfradation (variability and ageing) and their
trends in future sub-nanometer technologies have beetifiddn The classical design methodologies
comparing the requirements imposed by the device varialaifid ageing have been described.

Reliability-aware design methodology is still under resband, as best as we know, there is no most
accepted solution. The reliability-awareness has rerddamanalysis only and mostly simulation-based
approach. The reason is that the ageing degradation maeedsilaunder research and the state-of-the-
art efforts are concentrated in accurate modeling and aiionol

This scenario leaves an opportunity to innovate proposingjiability-aware design methodology.
The research expectations reside in increasing the opatiioiz feedback with design equations to es-
timate the ageing degradation in early stages. These neatieqs should be integrated to a multi-
objective optimization algorithm. Similar methods haveménplemented in the variability-aware de-
sigh methodology as proposed ing[ 60, 18]. The huge challenge is to propose an accurate design
method in order to estimate the ageing degradation in etatyes and to use this information for the
optimum design space search. The proposed method showdrhanind not only the advanced CMOS
technologies, but also the future IC technologies, whezuits with even worst reliability are expected.

In this work, we have innovated by proposing AMS/RF circeliability improvements during the
design of the multi-standard RF front-end using a bottomapproach. First, the reliable-BLIXER
design with a failure evaluation has been proposed. In tli®ineup approach, the circuit’'s design
equations have been used to obtain an early estimation aggiag of the circuit’s characteristics. Using
the CMOS 65 nm transistor ageing characterization, theitdensrcuit bias condition was identified.
The HCI was avoided by reducing the time in which the transssare in strong inversion, controlling
theVsp and theVgs. The simulation results of the typical circuit have satisfiee multi-standard RF
front-end specifications.

The validation of a reliable-circuit synthesis method gsenDCO design has been conducted. We
have considered the reliability degradation, caused byiticait ageing, a design criterion as important
as the classical ones (noise, signal range, power consumatid die area). We have presented the
reliable-DCO design and validated its reliability anatysiodel. We have checked that the reliability
analysis gives us information to improve the optimizatioatinod, designing a more reliable circuit.
Designing a classical and a reliable DCO, a reduction of thguency degradation, by a value between
15 % and 30 %, has been observed. And also, the reliable DC@rhasnted a circuit lifetime five
times longer than the classical DCO, if we fix the maximum ey range degradation at 2.0 %. The
disadvantages of our method are the phase noise increasieeainelquency range reduction.
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The PGA and the required elements to design a reliable-P&A baen analyzed. Regarding the
design constraints, the reliability analysis and synthesethodology have been able to point that the
PGA is naturally immune to the ageing as the BLIXER. Thus,dineuit variability would be the most
important agent of performance variation. Hence, the PGiAlnity has been directly controlled by the
reliability of the control circuits. Such circuits are dalicircuits implemented for the gain programming
reconfiguration and the reliability of digital circuits isitoof the scope of this work.

Furthermore, we have innovated by proposing architecelighility improvements during the design
of the RF front-end using a top-down approach. In this casehave discussed the design of a reliable
architecture for RF front-end and the variation sharingtstries to avoid an overdesign. Two important
strategies have been highlighted using the sensitivityyaisaresults. Thus, the architecture design
should propose a feasible building-block characterisfmscification, according to the building blocks
design experience and also avoiding the architecture esa. Table$.4 and5.5 have presented the
building-block performance limits for a reliable archii@e. For a reliable RF front-end architecture,
the strategy difference between both designs was to giveigfyer variation budget to the smaller or to
the bigger sensitive characteristic. Both designs werbeanvalid design space given by the lower-level
characterization, but each one has imposed differentibgildiock design constraints. Hence, we have
highlighted a new trade-off among architecture gain, narse reliability.

Therefore, we have innovated linking top-down and bottgnapproaches in a general method which
has been the proposition of a new AMS/RF design flow increasie circuit reliability. The design
of reliable circuits has highlighted a new trade-off amowygidal performance specification, the yield
requirements and the circuit lifetime. Such a trade-offy nreliable design, would be expecting a perfor-
mance variation at 10 % as the best case and at 50 % as the aseshccording the variability trends.
Moreover, the performance variation would increase at 1 %@best case and at 5 % as the worst case
according to the 30 years lifetime ageing trends. The coatigin of the variability and the ageing will
induce an important amount of performance variation t@gran optimal design in a design out of the
specifications. That is why a reliable-circuit design flowngportant to assure optimal characteristics
and an optimal variation margin, according to the specificadf performance and reliability.

By demonstrating the trade-off imposed by transistor Y@itg and ageing in CMOS 65 nm, we have
been able to predict such trends in nanometer technologfesould observe a reducing in the transis-
tor size and the increasing of the gate electric field whickeHad to increase the stress conditions.
Becoming the device characteristic variations more ingrartsuch variations would lead to a smaller
circuit-lifetime. Hence, such a smaller lifetime has highted the importance to design AMS/RF cir-
cuits for reliability. Using the design flow proposed in therk, we could analyze and manage the
circuit characteristic variations due to variability argeang. Thus, reliability improvements could be
proposed in early stages. Hence, such a design flow for tireliability should optimize the circuit
performance and also improve the circuit lifetime.
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7.2 HRJTURE PERSPECTIVES

In this work, we have found many challenges to propose vifitigaware and reliability-aware de-
sigh methodologies. Thus, we could point some researcip@eiges in: new analysis tools, new design
models, and new synthesis methods; linking variability ageing. Both are agents of one single conse-
guence which is circuit characteristics variation and $aldity degradation.

This work could be continued with the implementation of atoenatic reliability analysis and design
tool in agreement with the commercial tools. Such a tool Ehouplement the center of the proposed
design flow, which is the iterative failure evaluation anlightality improvement. For this future work, we
have contributed by presenting the physical phenomenaeimtki into electrical circuit characteristics.
The design experience demonstrated during the RF frondeadin and reliability improvement might
influence these future works. Furthermore, we have cornétibhy presenting the variation of the design
space under the influence of variability and ageing. The eigdghe characterization experience in
the RF front-end design has provided the required informnatio propose a feasible and more reliable
circuit.

By considering the variability and ageing trade-off, wedawroduced the discussion of two main
questions:

1. How reliable are the known circuit topologies and araititees?
2. How reliable are the sub-nanometer IC technologies?

First, the objective in future reliability works could beaqifying and increasing the reliability of
circuit topologies and architectures. A state-of-thesamvey often compares performance trade-offs
among the existent topologies positioning some devicdisaldior a target application. The innovation
proposed in this work would make possible such a survey cdangpalso the reliability among the exis-
tent topologies. Thus, some device solution would be dlagsas suitable or not for a target performance
and reliability requirements.

Finally, a complete reliability study of different sub-mameter IC technologies should be conducted
comparing the design space variation. Such a researchdspiadent the circuit-characteristics variation
under a stress environment coherent with the circuit ojperabnditions. An IC technology survey often
compares the achieved performance and the expected parfoeramong different IC technologies. The
innovation proposed in this work has suggested the perfocmdegradation as an element of compari-
son. Thus, such IC technology would be suitable for a tanggli@tion only if the performance and its
degradation have attended the application specificatidireliability requirements.
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APPENDIXA

VERILOGA BEHAVIORAL MODEL

A.1 BLIXER

//Verilog-AMS HDL for "RFreliability", "BLIXER" "veriloga"

‘include "constants.vams"
‘include "disciplines.vams"

module BLIXER (RF, Ip, In,Qp, Qn, sinA,sinB,cosA,cosB,vdd);

input sinA;
output Qn ;
output In ;
input cosB ;
input cosA ;
inout RF;
output Qp ;
output Ip ;
input sinB ;
inout wvdd;

electrical RF;
electrical Ip;
electrical In;
electrical Qp;
electrical Qn;
electrical sinl;
electrical sinB;
electrical cosA;
electrical cosB;
electrical vdd;

parameter real power = 1.4; //Power consumption in mW

parameter real gain = 30; // Gain from input to one output, in dB.
parameter real epsilon = 0; // Gain mismatch in percent.
parameter real match = 0O; // Balanced gain mismatch in percent.

parameter real I_ip3 = 0; // Input referred 3rd order intercept for I-output.in dBm
parameter real Q_ip3 = 0; // Input referred 3rd order intercept for Q-output.in dBm

parameter real rin = 50 from (0:inf); // Input resistance in Ohms.
parameter real rout = 300 from (0:inf); // Output resistance in Ohms.

parameter real fp = 100e6 from (0:inf); // Pole of the 1st order filter.
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parameter real nf = 4 from [0:inf]; // Noise figure in dB.
parameter real msin = 0.25 from [0:inf]; //Sin wave amplitude

real I_a, Q_a, I_b, Q_b, I_ip, Q_ip, I_vrfoutmax;

real Q_vrfoutmax, I_vrfinmax, Q_vrfinmax, I_vrfout, Q_vrfout; //Non-linearity model variables
real noise_current_squared, rnf; //Noise model variables

real vrf,vsin,vsinB,vcos,vcosB; // They are the respective node voltage

real Wp;

analog begin

// Convert the input parameters from engineering units to implementation units.
@(initial_step) begin

//Compute the I path gain of the first harmonic

I_a = pow(10,gain/20)*(1+epsilon/200);

//Compute the I path interception point (1mW normalization)
I_ip = sqrt(pow(10,I_ip3/10-3)*2*rin);

//Compute the I path gain of the third harmonic
I_b=1I_a/(I_ip*I_ip)*4.0/3.0;

// Compute the I path critical point.

I_vrfinmax = sqrt(I_a/(3.0%I_b));

I_vrfoutmax = (2.0%I_a/3.0)*I_vrfinmax;

//Compute the Q path gain of the first harmonic

Q_a = pow(10,gain/20)*(1-epsilon/200);

//Compute the Q path interception point (1mW normalization)
Q_ip = sqrt(pow(10,Q_ip3/10-3)*2*rin);

//Compute the Q path gain of the third harmonic

Q_b = Q_a/(Q_ip*Q_ip)*4.0/3.0;

// Compute the Q path critical point.

Q_vrfinmax = sqrt(Q_a/(3.0*Q_b));

Q_vrfoutmax = (2*xQ_a/3)*Q_vrfinmax;

//Compute the noise factor

rnf = pow(10,nf/10.0);

noise_current_squared = 4.0%(rnf-1)*‘P_K*$temperature/rin;
//Compute the pole of the 1st order filter

Wp = 2% ‘M_PIxfp;

end

// Assign the input voltage to the variables: vrf,vsin,vsinB,vcos,vcosB
vrf = V(RF);
vsin= V(sinA);
vsinB= V(sinB);
vcos= V(cosA);
vcosB= V(cosB);

// Apply the third order nonlinearity. Clamp the output for extreme inputs.
if ( abs(vrf) < I_vrfimmax ) I_vrfout = (I_a - I_b¥vrf*vrf)x*vrf;
else if (vrf < 0) I_vrfout = -I_vrfoutmax;
else I_vrfout = I_vrfoutmax;
if ( abs(vrf) < Q_vrfinmax ) Q_vrfout = (Q_a - Q_bxvrfxvrf)*vrf;
else if (vrf < 0) Q_vrfout = -Q_vrfoutmax;
else Q_vrfout = Q_vrfoutmax;




111

//Input assignment

I(RF) <+ V(RF)/rin;

I(RF) <+ white_noise(noise_current_squared, "BLIXER");

//1st order filter Balanced output assignment

//Non balanced eq

//I(I) <+ ddt(V(I)/(Wp*rout))+(-2*xI_vrfout*vcos + V(I))/rout;

//Positive

I(Ip) <+ ddt(V(Ip)/(Wp*rout))+(-I_vrfout*(l+match/200)*vcos/msin + V(Ip))/rout;
//Negative

I(In) <+ ddt(V(In)/(Wp*rout))+(-I_vrfout*(l-match/200)*vcosB/msin + V(In))/rout;
//T(Q)<+ ddt (V(Q)/ (Wp*rout) ) +(2*Q_vrfout*vsin + V(Q))/rout;

//Positive

I(Qp) <+ ddt(v(Qp)/(Wp*rout))+(Q_vrfout*(1l+match/200)*vsin/msin + V(Qp))/rout;
//Negative

I(Qn) <+ ddt(V(Qn)/(Wp*rout))+(Q_vrfout* (1-match/200)*vsinB/msin + V(Qn))/rout;
//Power consumption assignment

I(vdd) <+ 0.001xpower/V(vdd) ;

end
endmodule
A.2 DCO

//Verilog-AMS HDL for "RFreliability", "DCO" "veriloga"

‘include "constants.vams"
‘include "disciplines.vams"

‘define db20_real(x) pow(10, (x)/20)
‘define dbl0_real(x) pow(10, (x)/10)

module DCO(sinA,sinB,cosA,cosB,vdd);
inout vdd;

inout sinl;
inout sinB;
inout cosA;
inout cosB;
electrical vdd;
electrical sinA;
electrical sinB;
electrical cosA;
electrical cosB;

parameter real power = 1.4; //Power consumption in mW

parameter real amp = 1 ;// amp: LO amp when matched(V) default: 1 V
parameter real flo = 1e+09;// flo: LO frequency (Hz) default: 1 GHz
parameter real rout = 50 ;// rout: output impedance (Ohm) default: 50 Ohm
parameter real offset = 0;//offset: DC voltage offset at the output
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parameter
parameter
parameter
parameter
//parameter string freqName="L0" ;

// fundname: the name of the fundamental frequency default: LO

real noiseFloor = -180 ;// noiseFloor: the noise floor (dBc/Hz) default:-180 dBc/Hz
real f1 = 1e6 ;// f1: frequency point for Lfl (Hz) default: 1MHz

real Lfl1 = -100 ;// Lfl: phase noise at f1(dBc/Hz) default: -100 dBc/Hz

real fc = 0 ;// if fc is not set to nonzero, then the flicker noise is ignored.

electrical gnd;
electrical int;
//electrical intSin;
ground gnd;

real
real
real
real

vCc;
kw,
kb;
yi;

kf; // coefficients of white and flicker noise
// white noise coeff for the noise floor

analog begin

@(initial_step ) begin

kb = ‘dbl10_real(noiseFloor);

if(fc == 0) begin // no flicker noise
‘db10_real (Lf1)-kb;

yl
kw
kf =

f1x
0;

sqrt(y1);

end else begin

yl

kw

kf
end

end

‘db
sqr
sqr

10_real(Lf1)-kb;
t(y1/(1/(£1xf1)+fc/ (£1x£1x£1)));
t(fc) *xkw;

//V(intSin)<+I(intSin)*50;

// form the integral of noise

I(int) <+ white_noise(amp*amp*kwxkw, "DCOtermal");
I(int) <+ flicker_noise(amp*amp*kf*kf, 1, "DCOflicker");
I(int) <+ 1/(2*x‘M_PI)*ddt(V(int));

ve = sqrt(2.0)*V(int)/amp;

I(sinA)
I(sinB)
I(cosA)
I(cosB)

<+
<+
<+
<+

(V(sinA)-offset)/rout;
(V(sinB)-offset)/rout;
(V(cosA)-offset)/rout;
(V(cosB)-offset) /rout;

// insert the phase noise into the real signal

I(sinA)
I(sinB)
I(cosA)
I(cosB)

<+
<+
<+
<+

—amp*sin (2* ‘M_PI*flo*$abstime + vc);
-amp*sin (2% ‘M_PIxflo*($abstime+0.5/flo)+vc);
—amp*cos (2x ‘M_PI*flo*$abstime+vc) ;

-amp*cos (2% ‘M_PI*flo*($abstime+0.5/flo)+vc);

// insert the white noise floor
I(sinA) <+ white_noise(amp*amp#*kb/2, "DCO");
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I(sinB) <+ white_noise(amp*amp*kb/2, "DCO");
I(cosA) <+ white_noise(amp*amp*kb/2, "DCO");
I(cosB) <+ white_noise(amp*amp*kb/2, "DC0");
//Power consumption assignment

I(vdd) <+ 0.001xpower/V(vdd) ;

end
endmodule
A.3 PGA

//Verilog-AMS HDL for "
//reliability", "PGA" "veriloga"

‘include "constants.vams"
‘include "disciplines.vams"

module PGA (inIp, inIn,inQp, inQn, Ip, In,Qp, Qn, vdd);
input inIp;
output Qn ;
output In ;
input inIn ;
input inQp ;
output Qp ;
output Ip ;
input inQn ;
inout vdd;

electrical Ip;
electrical In;
electrical Qp;
electrical Qn;
electrical inlp;
electrical inIn;
electrical inQp;
electrical inQn;
electrical vdd;

parameter real power = 1.4; //Power consumption in mW

parameter real gain = 30; // Gain from input to one output, in dB.

parameter real epsilon = 0; // Gain mismatch in percent.

parameter real I_ip3 = 0; // Input referred 3rd order intercept for I-output.in dBm
parameter real Q_ip3 = 0; // Input referred 3rd order intercept for Q-output.in dBm
parameter real rin = 50 from (0:inf); // Input resistance in Ohms.

parameter real rout = 50 from (0:inf); // Output resistance in Ohms.

parameter real fp = 25e6 from (0:inf); // Pole of the 1st order filter.

parameter real nf = 4 from [0:inf]; // Noise figure in dB.

real I_a, Q_a, I_b, Q_b, I_ip, Q_ip, I_voutmax;
//Non-linearity model variables
real Q_voutmax, I_vinmax, Q_vinmax, I_vpout,I_vnout, Q_vpout, Q_vnout;
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real noise_current_squared, rnf; //Noise model variables
real vinIp, vinIn, vinQp, vinQn; // They are the respective node voltage
real Wp;

analog begin
// Convert the input parameters from engineering units to implementation units.
@(initial_step) begin
//Compute the I path gain of the first harmonic
I_a = pow(10,gain/20)*(1+epsilon/200);
//Compute the I path interception point (1mW normalization)
I_ip = sqrt(pow(10,I_ip3/10-3)*2%rin);
//Compute the I path gain of the third harmonic
I_b=1I_a/(I_ip*I_ip)*4.0/3.0;
// Compute the I path critical point.
I_vinmax = sqrt(I_a/(3.0%I_b));
I_voutmax = (2.0*I_a/3.0)*I_vinmax;
//Compute the Q path gain of the first harmonic
Q_a = pow(10,gain/20)*(1-epsilon/200);
//Compute the Q path interception point (1mW normalization)
Q_ip = sqrt(pow(10,Q_ip3/10-3)*2xrin);
//Compute the Q path gain of the third harmonic
Q_b = Q_a/(Q_ip*Q_ip)*4.0/3.0;
// Compute the Q path critical point.
Q_vinmax = sqrt(Q_a/(3.0*Q_b));
Q_voutmax = (2*Q_a/3)*Q_vinmax;
//Compute the noise factor
rnf = pow(10,nf/10.0);
noise_current_squared = 4.0*(rnf-1)*‘P_K*$temperature/rin;
//Compute the pole of the 1st order filter
Wp = 2% ‘M_PIxfp;
end
// Assign the input voltage to the variables: vrf,vsin,vsinB,vcos,vcosB

vinIp= V(inIp);
vinIn= V(inIn);
vinQp= V(inQp);
vinQn= V(inQn);

// Apply the third order nonlinearity. Clamp the output for extreme inputs.
if ( abs(vinIp) < I_vinmax ) I_vpout = (I_a - I_b*vinIp*vinIp)*vinIp;
else if (vinIp < 0) I_vpout = -I_voutmax;
else I_vpout = I_voutmax;
if ( abs(vinIn) < I_vinmax ) I_vnout = (I_a - I_b*vinIn*vinIn)*vinIn;
else if (vinIn < 0) I_vnout = -I_voutmax;
else I_vnout = I_voutmax;
if ( abs(vinQp) < Q_vinmax ) Q_vpout = (Q_a - Q_b*vinQp*vinQp)*vinQp;
else if (vinQp < 0) Q_vpout = -Q_voutmax;
else (Q_vpout = Q_voutmax;
if ( abs(vinQn) < Q_vinmax ) Q_vnout = (Q_a - Q_b*vinQn*vinQn)*vinQn;
else if (vinQn < 0) Q_vnout = -Q_voutmax;
else Q_vnout = Q_voutmax;
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//Input assignment

I(inIp) <+ V(inIp)/rin;
I(inIn) <+ V(inIn)/rin;
I(inQp) <+ V(inQp)/rin;
I(inQn) <+ V(inQn)/rin;

I(inIp) <+ white_noise(noise_current_squared, "PGA");
I(inIn) <+ white_noise(noise_current_squared, "PGA");
I(inQp) <+ white_noise(noise_current_squared, "PGA");
I(inQn) <+ white_noise(noise_current_squared, "PGA");
//1st order filter Balanced output assignment

I(Ip) <+ ddt(V(Ip)/(Wp*rout))+(-I_vpout + V(Ip))/rout; //Positive
I(In) <+ ddt(V(In)/(Wpxrout))+(-I_vnout + V(In))/rout; //Negative

I(Qp) <+ ddt(v(Qp)/(Wp*rout))+(Q_vpout + V(Qp))/rout; //Positive
I(Qn) <+ ddt(V(Qn)/(Wp*rout))+(Q_vnout + V(Qn))/rout; //Negative

//Power consumption assignment
I(vdd) <+ 0.001xpower/V(vdd) ;

end
endmodule
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