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• Le chapitre 5 propose le moniteur in-situ pour la détection de la violation de la cale.

L'architecture et le mécanisme de fonctionnement du moniteur de retard proposé sont expliqués. Les résultats préliminaires sur le silicium de ce moniteur sont présentés à la fin de ce chapitre pour valider la solution de surveillance proposée.
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Depuis le premier circuit intégré monolithique développé en 1958 qui contenait 12 transistors jusqu'aux circuits intégrés actuels contenant des milliards de transistors, l'industrie des semi-conducteurs a connu une croissance massive en seulement soixante ans avec un chiffre d'affaires de 481 milliards de dollars [1]. L'invention du transistor par William Shockley, John Bardeen et Walter Brattain aux Bell Labs en 1948, puis celle du transistor à effet de champ métal-oxyde-semiconducteur en 1950 ont constitué une percée dans l'industrie des semi-conducteurs, qui est aujourd'hui un élément fondamental de tous les appareils électroniques tels que les téléphones mobiles, les articles vestimentaires, les véhicules électriques, etc. La mise à l'échelle de la technologie a été l'un des principaux moteurs de la demande croissante de performances supérieures à un coût réduit [2].

Cependant, deux défis importants à relever lors de la réduction d'échelle des noeuds technologiques sont une variabilité accrue et une consommation d'énergie plus élevée, comme l'indique la troisième loi de Moore [5]. Pour soutenir la miniaturisation et suivre le rythme des 200 milliards de dispositifs connectés en 2020, annoncés dans [6], il est évident que l'efficacité énergétique des systèmes électroniques doit être améliorée. Comme la consommation d'énergie dynamique et statique dépend de la tension d'alimentation (VDD), l'approche principale pour atteindre l'efficacité énergétique se concentre sur la réduction de la tension d'alimentation des technologies de réduction d'échelle.

L'une des principales préoccupations concernant la mise à l'échelle des noeuds technologiques est la variabilité croissante des dispositifs CMOS. La taille réduite des transistors CMOS, qui se rapproche de la taille atomique, exacerbe l'impact de la variabilité, des défauts transitoires et intermittents. La variabilité statique, également appelée variations de processus, la variabilité dynamique due à la VDD et aux fluctuations de température (PVT) et la variabilité temporelle due au vieillissement sont déjà signalées pour plusieurs technologies [8]. L'impact de la variabilité est encore plus important pour les conceptions de faible puissance dans lesquelles la valeur de la tension d'alimentation est proche de la tension de seuil du transistor. Pour les systèmes critiques pour la sécurité, comme les applications automobiles et l'avionique, on s'attend à ce que les performances élevées s'accompagnent de taux de défaillance très faibles, proches de zéro. Cependant, les technologies de pointe ne sont pas assez matures et le fait de répondre aux exigences strictes de performances élevées tout en respectant les normes de sécurité telles que la norme ISO 26262 est devenu une préoccupation essentielle pour les concepteurs.

Ainsi, dans les noeuds technologiques avancés, le vieillissement est devenu une source importante de variabilité, induisant une dégradation croissante dans le temps des performances d'un circuit donné, conduisant le circuit à des conditions irréversibles et peu fiables, pouvant entraîner des défaillances de synchronisation et même de fonctionnement. Cette dégradation dépend fortement de la manière dont le circuit a été utilisé pendant sa durée de vie, de l'historique de l'environnement de fonctionnement représenté par la VDD, des niveaux de courant, de la température et des applications fonctionnant sur le circuit (c'est-à-dire la charge de travail).

Dans un circuit numérique, la méthode classique pour compenser ces problèmes consiste à prévoir davantage de marges de sécurité en termes de temps ou de tension (appelées bandes de garde) lors de la phase de conception du circuit afin de garantir que le fonctionnement du circuit résiste aux variations susmentionnées. L'ajout de marges de temporisation pessimistes (ou de marges de tension équivalentes) pour garantir tous les points de fonctionnement dans les pires conditions n'est plus possible en raison de l'impact énorme sur les performances de conception, la puissance et la surface (PPA) avec une tendance à la hausse à mesure que la technologie progresse. Il est donc devenu important de trouver d'autres moyens pour compenser efficacement les variations de PPA. L'utilisation de retardateurs devient donc indispensable, car ils permettent de réduire les contraintes de performance et de tension d'alimentation imposées à la conception globale. En plus de la réduction de la marge de conception, le système de compensation de tension adaptative (AVS) ou le système de compensation de polarisation de corps adaptative (ABBS) déclenché par les moniteurs de violation de délai peut être utilisé pour adapter dynamiquement la tension et la polarisation du substrat en fonction des conditions de fonctionnement et des exigences de l'application [12]. Différentes approches, telles que les moniteurs de retard intégrés combinés à des tensions adaptatives et/ou des systèmes de polarisation corporelle, sont devenues populaires récemment [13]. Cette thèse vise à proposer des solutions de conception dans ce domaine, principalement pour améliorer la précision de la détection des variations du PVTA en utilisant des moniteurs de retard et proposer des techniques de compensation.

Motivations de la thèse

Voici les motivations de ce travail de thèse :

• Les solutions existantes pour les moniteurs de retard présentées dans [14][15][16][17][18][19][20] sont principalement divisées en deux catégories : les moniteurs situés à l'extérieur et les moniteurs situés à l'intérieur. Les solutions de pointe proposées pour les moniteurs externes sont des solutions de conception générique comme les oscillateurs en anneau ou les circuits de réplique accordables. Leur intention d'imiter uniquement la fréquence de fonctionnement maximale manque de corrélation avec la conception de référence en termes de type de cellules standard utilisées dans la conception de référence. Cependant, le manque de corrélation crée une pénalité importante en termes de suivi des variations de PVTA de la conception de référence, en particulier pour l'effet du vieillissement, car la dégradation due au vieillissement varie en fonction du type de cellule standard. Cette question est traitée au chapitre 2 en proposant un nouveau moniteur situé à l'extérieur.

• Pour le moniteur in situ, les travaux de pointe présentés dans [21][22][23][24] traitent de l'impact de la charge de travail, de la méthodologie d'insertion et de la sélection des chemins critiques, mais il manque l'étude de son impact sur le classement des chemins critiques dans différentes circonstances post-fabrication. Afin d'insérer efficacement des moniteurs in-situ capables de détecter les variations entre différents scénarios, il est important d'analyser le classement des chemins critiques dans différentes conditions environnementales. En outre, les travaux existants ne comportent pas d'analyse approfondie de l'impact de l'insertion des moniteurs in situ sur les performances, la puissance et la surface de travail. Étant donné que les moniteurs in situ sont insérés à la fin des trajectoires temporelles dans la conception, il est important d'évaluer leur impact sur les coûts globaux de la conception. Ces questions sont abordées au chapitre 3 avec les résultats de simulation et de mesure de deux circuits différents.

• Les systèmes de compensation adaptative existants présentés dans [25][26][27] se concentrent sur la compensation utilisant soit l'échelle de tension d'alimentation, soit l'adaptation de la polarisation du corps séparément, mais il manque la méthodologie permettant d'ajuster la compensation adaptative en fonction des exigences en termes de gain de performance, de consommation d'énergie dynamique et statique. Cette question est traitée au chapitre 4 en proposant un système de compensation combiné de la tension d'alimentation et du biais de corps où la plage d'adaptation de la tension d'alimentation et du biais de corps peut être ajustée en fonction des contraintes de conception.

• Les moniteurs in-situ présentés dans la littérature se concentrent sur la détection des violations du temps de préparation mais ne détectent pas les violations du temps d'attente. Avec l'augmentation des variations PVT et la popularité croissante de la compensation de tension adaptative, il est devenu important de vérifier que l'augmentation de la tension d'alimentation ne crée pas de violations de temps de maintien. Cette question est traitée au chapitre 5 en proposant le moniteur in-situ pour la détection des violations de temps de maintien.

Contributions de thèse

L'objectif de cette thèse est de proposer des solutions de conception pour améliorer la précision de la détection des variations du PVTA et d'étudier la robustesse des circuits numériques à l'aide de moniteurs in-situ. Un autre objectif est de proposer des techniques de compensation adaptative pilotées par les drapeaux des moniteurs in situ. De plus, le travail de recherche n'est pas seulement limité à la surveillance in-situ mais aussi au moniteur situé à l'extérieur pour la détection des variations du PVTA qui peut être mis en oeuvre avec un minimum d'effort sans avoir d'impact sur les étapes finales et surtout la fermeture temporelle de la conception.

Les principales contributions techniques de cette thèse sont indiquées ci-dessous :

• L'étude de la fiabilité et de la robustesse des circuits numériques utilisant des moniteurs in situ, en mettant l'accent sur la détection des phénomènes induits par le vieillissement, ainsi que la comparaison entre les données de simulation et les résultats sur le silicium, sera discutée. • Évaluer les avantages et les coûts de l'insertion de moniteurs in-situ en termes de Performance, Puissance et Surface (PPA) et comparaison de cette approche avec les approches standard consistant à ajouter des marges de garde pour atténuer les variations de PPA. • Examiner la précision des moniteurs de chronométrage externes existants par la collecte de données expérimentales et proposer de nouveaux moniteurs externes plus précis pour suivre les variations de l'ATVP. • Automatiser la conception et l'intégration des solutions de surveillance proposées afin de minimiser l'effort de mise en oeuvre sur le temps de conception et de vérification avec un impact presque nul sur la fermeture temporelle du plan de référence. • Développement et démonstration des systèmes de compensation de tension adaptative en boucle fermée et de polarisation du corps à l'aide de moniteurs in situ. • Déterminer le système de compensation adaptative optimal à partir des techniques de compensation proposées en fonction de contraintes de conception données.

Schéma de la thèse

• Le chapitre 1 présente les bases de la technologie des transistors et du FDSOI, car toutes les conceptions de cette thèse ont été mises en oeuvre en utilisant la technologie FDSOI. Comme cette thèse vise à proposer des solutions de conception pour compenser les variations du PVTA, les phénomènes de variations de processus, de tension, de température et de vieillissement sont expliqués en détail. Ensuite, l'approche traditionnelle de la gestion des variations du PVTA dans la méthodologie de conception des circuits numériques est décrite dans la dernière section du chapitre.

• Le chapitre 2 est consacré aux moniteurs de retard. Dans la première partie de ce chapitre, les moniteurs de pointe sont passés en revue pour deux catégories principales de moniteurs à retard en fonction de leur emplacement dans la conception : les moniteurs situés à l'extérieur et les moniteurs in-situ. Les avantages et les inconvénients sont analysés pour les moniteurs à retard existants. Dans la deuxième partie du chapitre, basée sur l'évaluation des moniteurs à retard existants, un nouveau moniteur situé à l'extérieur, appelé capteur de chemin critique (CPS), est proposé pour améliorer le suivi des variations de PVTA du modèle de référence. Les résultats obtenus sur le silicium sont également présentés dans ce chapitre afin de valider la solution de surveillance proposée. En outre, la comparaison des résultats du CPS avec l'un des moniteurs de pointe largement utilisés, appelé "Critical Path Replica" (CPR), est présentée en termes de précision du suivi des variations du PVTA du modèle de référence.

• Le chapitre 3 étudie la robustesse des circuits numériques utilisant des moniteurs in situ de deux circuits numériques différents sur la base des résultats sur silicium. Les moniteurs in situ situés à l'extrémité du chemin de synchronisation à l'intérieur de la conception permettent une détection plus précise des variations globales ainsi que locales par rapport aux moniteurs situés à l'extérieur. Cet avantage fait de l'ISM le candidat le plus approprié pour être utilisé dans tout système de compensation adaptative. Il est donc important d'analyser le classement des trajectoires critiques dans différentes circonstances. Cette analyse aidera à sélectionner les chemins critiques pour l'insertion des ISM. Avec le premier circuit numérique, nous avons tenté non seulement d'analyser le classement des chemins critiques à l'aide de l'ISM, mais aussi de comparer les effets du vieillissement sur le classement des chemins critiques par simulation ainsi qu'avec les résultats des mesures. Le deuxième circuit numérique présenté dans ce chapitre est utilisé pour l'évaluation des avantages et des coûts de l'insertion de l'ISM dans le circuit numérique. L'impact de l'insertion de l'ISM sur les performances, la surcharge en termes de surface et la puissance est analysé sur la base des résultats obtenus pour le silicium. En outre, la détection de l'effet du vieillissement à l'aide de moniteurs in situ est également comparée à l'approche standard qui consiste à atténuer la variation du vieillissement à l'aide de bibliothèques de vieillissement. Ces deux approches sont également évaluées en comparant les résultats de leurs mesures sur un démonstrateur en silicium en termes de performance, de puissance et de surface.

• Le chapitre 4 présente les systèmes de compensation de tension adaptative et de polarisation corporelle en boucle fermée à l'aide d'un moniteur In-Situ. Ces systèmes de compensation sont démontrés à l'aide de la simulation au niveau du circuit (simulation SPICE). La méthodologie et les algorithmes de simulation sont expliqués au début du chapitre. Le système de compensation de tension adaptative (AVS) et le système de compensation adaptative du biais corporel (ABBS) sont évalués de manière approfondie sur la base des critères de performance, de consommation dynamique et de consommation statique. En combinant les avantages de l'AVS et de l'ABBS, le système de compensation de tension adaptative plus le système de compensation du biais corporel (AV-BBS) est présenté. L'évaluation de la consommation d'énergie dynamique et statique de l'AV-BBS est présentée à l'aide de résultats de simulation. En fin de compte, la comparaison de toutes les techniques de compensation est effectuée et la solution optimale est dérivée en fonction des contraintes de conception.

Introduction

From the first monolithic integrated circuit developed in 1958 that contained 12 transistors to the present day integrated circuits containing billions of transistors, semiconductor industry has grown massively in just sixty years with a revenue of 481 billion dollars [1]. The invention of transistor by William Shockley, John Bardeen and Walter Brattain at the Bell Labs in 1948 and later the invention of Metal-Oxide-Semiconductor Field Effect Transistor in 1950 were a breakthrough in the semiconductor industry, which is now a fundamental building block in all electronic devices like mobile phones, wearables, electric vehicles, etc. Technology scaling has been a primary driver to realize the increasing demand for higher performance at reduced cost [2]. In 1965, Gorden Moore predicted that transistor count in an integrated circuit would double every two years [3]. The insight, known as Moore's Law, became the golden rule for the electronics industry and a springboard for innovation [4]. However, two significant challenges when scaling down technology nodes are increased variability and higher power consumption, as stated by the third Moore's law [5]. To sustain miniaturization and keep pace with 200 billion connected devices in 2020, announced in [6], it is obvious that the energy efficiency of electronic systems must be improved. As both dynamic and static power consumption depend on the supply voltage (VDD), the main approach to achieve power efficiency focus on reducing the supply voltage of scaling down technologies. The tradeoff between higher performance and power consumption has become significant with technology scaling as shown in figure 2 [7].

Figure 2 Tradeoff between performance and leakage power increasing with scaling of technology nodes [7] As mentioned before, a major concern with scaling technology nodes is the increasing variability in the CMOS devices. The reduced CMOS transistor' sizes getting closer to the atomic size, exacerbates the impact of variability, transient and intermittent faults. Static variability also called Process variations, dynamic variability due to VDD and Temperature fluctuations (PVT) and temporal variability due to aging are already reported for several technologies [8]. The impact of the variability is even higher for low power designs in which the supply voltage value is close to the threshold voltage of the transistor. As shown in the below figure 3, the automotive industry has also accelerated adoption of advanced technology nodes in recent years in order to achieve higher performance in electric vehicles and especially in autonomous driving technologies [9]. For safety-critical systems like automotive applications and avionics, the expectation is that high performances have to be accompanied by very low, close-to-zero failure rates. However, advance technologies are not mature enough and coping with stringent requirements for higher performance along with fulfilling the safety standards requirement like ISO 26262 has become a crucial concern for designers. [9] Figure 4 shows the reliability analysis performed by NASA and intel to understand the Time to Failure (TTF) and to further extract the device lifetime. Hence, in advanced technology nodes, aging has become an important source of variability, inducing an increasing degradation over time on the performances of a given circuit, leading the circuit to an irreversible and unreliable conditions, potentially resulting in timing and even functional failures. This degradation highly depends on how the circuit has been used during its lifetime, the history of the operating environment represented by the VDD, current levels, temperature and the applications running on the circuit (a.k.a workload).

Figure 3 Acceleration of adopting technology scaling in Automotive industry

In a digital circuit, the conventional method to compensate for such problems is to provide more safety timing or voltage margins (called guard bands) in the circuit design phase to ensure circuit operation withstand above mentioned variations. Adding pessimistic timing margins (or equivalent voltage margins) to guarantee all operating points under worst case conditions is not feasible anymore due to the huge impact on design Performance, Power and Area (PPA) with an upward trend as technology moves further. Therefore, it has become important to find other means to compensate PVTA variations efficiently. Therefore, the usage of delay monitors become a must, as they allow decreasing the performance and the supply voltages constraints imposed on the overall design. In addition to the reduction of design margin, adaptive voltage compensation Scheme (AVS) or Adaptive Body-Bias Compensation Scheme (ABBS) triggered by the delay violation monitors may be used to adapt dynamically the voltage and substrate bias according to the operating conditions and the application requirement [12]. Different approaches such as embedded delay monitors combined with adaptive voltages and/or body-bias schemes became popular recently [13]. This thesis aims at proposing design solutions in this domain, mainly to improve the accuracy of PVTA variations detection by using delay monitors and propose compensation techniques.

Thesis Motivations

Below are the motivations of this thesis work:

• The existing solutions for delay monitors presented in [14][15][16][17][18][19][20] are mainly divided into two categories: externally situated monitors and internally situated monitors. The state-of-the-art solutions proposed for externally situated monitors are generic design solutions like ring oscillator or tunable replica circuits. Their intention of mimicking only maximum operating frequency lack their correlation with the reference design in terms of the type of the standard cells used in the reference design. However, the lack of correlation creates a significant penalty in terms of tracking PVTA variations of the reference design especially for the aging effect as the degradation due to aging varies based on the type of the standard cell. This issue is addressed in chapter 2 by proposing a novel externally situated monitor.

the ranking of critical paths under different environmental conditions. Moreover, the existing work lacks thorough analysis of the impact of in-situ monitors insertion on performance, power and area overhead. As in-situ monitors are inserted at the end of timing paths in the design, it is important to assess its impact on the overall design costs. These issues are addressed in chapter 3 with simulation and measurement results of two different circuits.

• The existing adaptive compensation schemes presented in [25][26][27] focuses on the compensation using either supply voltage scaling or body-bias adaptation separately but lacks the methodology where the adaptive compensation can be adjusted based on the requirements in terms of performance gain, dynamic power consumption as well as static power consumption. This issue is addressed in chapter 4 by proposing a combined adaptive voltage and body-bias compensation scheme where the range of adaptation of supply voltage and body-bias that can be adjusted based on the design constraints. 

Thesis Contributions

The goal of this thesis is to propose design solutions to improve the accuracy of PVTA variations detection and investigate robustness of digital circuits using in-situ monitors. Another goal is to propose adaptive compensation techniques driven by in situ monitor flags. Moreover, the research work is not only limited to in-situ monitoring but also to the externally situated monitor for detection of PVTA variations which can be implemented with minimum effort without impacting the back-end steps and especially the timing closure of the design.

The main technical contributions of this thesis are stated below:

• Investigation of the reliability and robustness of digital circuits using In-Situ Monitors with emphasis on aging induced phenomena detection along with comparison between simulation data and silicon results will be discussed. • Evaluate the benefits and costs of insertion of in-situ monitors in terms of Performance, Power and Area (PPA) and comparison of this approach with the standard approaches consisting in adding guard-margins to mitigate PVTA variations. • Review the accuracy of existing externally situated timing monitors through experimental data collection, and a proposal of novel externally situated monitors with an improved accuracy in tracking PVTA variations. • To automate the design and integration of the proposed monitoring solutions in order to minimize the implementation effort on design and verification time with almost zero impact on timing closure of the reference design. • Development and demonstration of the closed-loop adaptive voltage and body-bias compensation schemes using In-Situ Monitors.

• To derive the optimal adaptive compensation scheme from the proposed compensation techniques based on a given design constraints.

Thesis Outline

• Chapter 1 introduces the fundamentals of the transistor and FDSOI technology as all the designs in this thesis have been implemented using FDSOI technology. Since this thesis is aimed to propose the design solutions to compensate PVTA variations, the phenomena of process, voltage, temperature and aging variations are explained in detail. Afterwards, traditional approach of handling PVTA variations in the digital circuit design methodology is described in the last section of the chapter.

• Chapter 2 is dedicated to the delay monitors. In the first part of this chapter, the state-of-theart monitors are reviewed for two main categories of the delay monitors based on their location in the design: externally situated monitors and in-situ monitors. The advantages and shortcomings are analyzed for existing delay monitors. In the second part of the chapter, based on the evaluation of the existing delay monitors, a novel externally situated monitor, called as Critical Path Sensor (CPS) is proposed to improve the tracking of PVTA variations of the reference design. The silicon results are also demonstrated in this chapter to validate the proposed monitoring solution. Furthermore, the comparison of silicon results of CPS with one of the widely used state-of-the-art monitors called as Critical Path Replica (CPR) is presented in terms of accuracy of tracking PVTA variations of the reference design.

• Chapter 3 investigates the robustness of digital circuits using In-Situ Monitors of two different digital circuits based on silicon results. In-Situ Monitors located at the end of timing path inside the design provides more accurate detection of global as well as local variations compared to externally situated monitors. This advantage makes ISM the most suitable candidate to be used in any adaptive compensation scheme. Therefore, it is important to analyze the ranking of critical paths under different circumstances. This analysis will help in selection of critical paths for the ISMs insertion. With the first digital circuit our attempt was to not only to analyze critical path rankings using ISM but also to compare the effects of aging on critical path rankings by simulation as well as with measurement results. The second digital circuit presented in this chapter is used for evaluation of benefits and costs of insertion of ISM in the digital circuit. The impact of ISM insertion on performance, overhead in terms of area and power is analyzed based on silicon results. Furthermore, detection of aging effect using in-situ monitors are also compared with the standard approach of mitigating the aging variation using aging libraries. These two approaches are also evaluated by comparing their measurements results on silicon demonstrator in terms of performance, power and area.

• Chapter 4 demonstrates the closed loop adaptive voltage and body-bias compensation schemes using In-Situ monitor. These compensation schemes are demonstrated using the circuit level simulation (SPICE simulation). The simulation methodology and algorithms are explained in the beginning of the chapter. Adaptive Voltage compensation Scheme (AVS) and Adaptive Body-Bias compensation Scheme (ABBS) are evaluated thoroughly based on the performance, dynamic power consumption and static power consumption criteria. By combining the advantages of AVS and ABBS, Adaptive Voltage plus Body-Bias compensation Scheme (AV-BBS) is presented. The evaluation of dynamic and static power consumption of AV-BBS is presented using simulation results. In the end, the comparison of all compensation techniques is performed, and the optimal solution is derived based on the design constraints.

• Chapter 5 proposes the in-situ monitor for detection of hold violation. The architecture and operating mechanism of the proposed delay monitor is explained. The preliminary silicon results of this monitor are presented in the end of this chapter to validate the proposed monitoring solution.

technolologies," in 2017 IEEE SOI-3D-Subthreshold Micro-electronics Technology Unied Conference (S3S), 2017, pp. 1-5. 

MOS Transistor and its operation

Metal-Oxide-Semiconductor is the fundamental element of all the digital circuits. It belongs to FET (Field Effect Transistor) category which indicates that the transistor operation is controlled by the electric fields. Based on a positive or negative electric field, the transistor is divided into two categories: PMOS and NMOS. Figure 1.1 shows the basic representation of an n-type MOS with the four terminals of the transistor: Gate (G), Drain (D), Source (S) and bulk (B). The gate is made from metal or Polycrystalline silicon and a thin insulator made from SiO2 lies between gate and silicon well. Drain and source are two heavily doped n + regions in case of NMOS and p + in case of PMOS. The well is lightly doped with p-type material in NMOS and n-type material in PMOS. Thus, this structure is like a capacitor with one plate as a substrate.

In the case of NMOS, when a positive voltage is applied on gate, holes from p-type substrate beneath the gate are repelled and create the depletion region. As the gate voltage increases, electrons from bulk get attracted by heavy electric field and forms the conducting path between drain and source which is called "channel". The voltage at which this channel is formed is known as Threshold voltage (Vth) and it plays a very important role in transistor characteristics. OFF state of Transistor: When VGS< Vth, the vertical electric field is weak and thus no channel is formed between source and drain. Thus, irrespective of voltage applied between source and drain, current cannot pass i.e. transistor is in OFF state. During the off state of a transistor, it should behave as an infinite resistance and current should ideally be zero. But leakage currents such as gate leakage from gate to body, subthreshold conduction between source, drain and junction leakage from source to body and drain to body flow from a transistor. In subthreshold conduction, the current can be expressed by the equation [4]:

𝐼 𝑑 = 𝐼 𝑠 𝑒 𝑉 𝐺𝑆 𝑛𝑉 𝑇 (1 -𝑒 - 𝑉 𝐷𝑆 𝑉 𝑇 )
Where Is is empirical parameter, the thermal voltage VT = 𝑘𝑇 𝑞 and slope factor n is:

𝑛 = 1 + 𝐶 𝑑𝑒𝑝
𝐶 𝑜𝑥 Where Cdep = capacitance of depletion layer and Cox = capacitance of oxide layer.

ON state of Transistor: When VGS> Vth, the vertical electric field is strong enough to form a channel between source and drain. When a voltage applied between drain and source i.e. VDS > 0, the longitudinal electric field forces the electrons to move from its original position and thus current starts flowing in the channel i.e. transistor is in ON state. On state of transistor is divided in two regions: linear region and saturation region. When VDS< (VGS -Vth), the transistor operates in linear region and the current Id is [4]:

𝐼 𝑑 = 𝜇 𝑛 𝐶 𝑜𝑥 𝑊 𝐿 [(𝑉 𝐺𝑆 -𝑉 𝑡ℎ )𝑉 𝐷𝑆 - 1 2 𝑉 𝐷𝑆 2 ]
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Where µn is the charge-carrier effective mobility, W is gate width and L is gate length.

When VDS = (VGS -Vth) called as VDsat, the channel gets pinched near the drain region and when VDS is increased more than VDsat, the current remains constant in the saturation region. The saturation current IDsat is [4]:

𝐼 𝑑 = 𝜇 𝑛 𝐶 𝑜𝑥 2 𝑊 𝐿 [𝑉 𝐺𝑆 -𝑉 𝑡ℎ ] 2 (1 + 𝜆𝑉 𝐷𝑆 )
Where 𝜆 is the channel-length modulation parameter. The ON and OFF state of transistor is shown in Several key parameters that impact operating characteristics of a transistor are gate length, oxide thickness, supply voltage range, choice of materials and semiconductor chip fabrication process. The current flowing through the transistor in ON state determines the speed of the transistor while current flowing in off state determines the static power consumption of the transistor. The transistor performance is often evaluated by Ion/Ioff ratio to compare different devices or the same device from different technology nodes. Figure 1.3 shows two important factors of Ioff i.e. leakage current.

Transition to FDSOI Technology

To fulfill the increasing demand for higher-performance and low-power devices, the transistors have been continuously scaled down according to Moore's Law [5]. But, the process of scaling down causes increase of leakage power and the gate loses control on the channel due to short channel effects like DIBL (Drain Induced Barrier Lowering). Thus, new device structures like FDSOI and FINFET are introduced to increase the performance of the transistor with lower leakage power. The main objective is to increase the gate-to-channel capacitance i.e. better control of gate over the channel and decrease drain-to-channel capacitance. FINFET is a 3D structure where the channel is wrapped by gate giving more electrostatic control to the gate. FDSOI maintains the planar structure of the transistor which reduces the manufacturing cost. It has buried oxide layer lying between body and substrate which reduces the parasitic capacitance between source and drain resulting in drastically reducing performance-degrading leakage currents. In this thesis, 28nm FDSOI technology from STMicroelectronics has been used for all the implementation of the design. The FDSOI technology has been explained in detail below.

FDSOI Technology

Fully-Depleted-Silicon-On-Insulator (FDSOI) technology was introduced with the motivation to maintain the planar structure of the transistor allowing scaling of technology node without limiting performance and increased leakage power. The early development of Silicon-On-Insulator can be traced back to the 1960s and 1970s. The primary innovation lies in addition of the thin buried-oxide layer, called BOX layer on top of the base silicon. Then, a very thin layer of silicon film on top of BOX implements the channel which is called as ultra-thin body (UTB). Because of this thinness of the channel, there is no need of doping the channel and thus it is called as fully-depleted. The combination is these two is called as 'Ultra-thin-body and buried oxide Fully depleted SOI' or UTBB-FDSOI. [6]. [10] and TEM of FDSOI [6] Thickness of ultra-thin silicon layer (tsi) and thickness of buried-oxide layer (tBOX) can be adjusted which makes SOI very flexible according to different application. The thickness of the tsi and tBOX plays a key role in on the short channel effects [8]. Another advantage in the SOI structure compared to bulk technology is the replacement of polysilicon gate with the High-K metallic gate. This structure is shown in figure 1.4 [7]. 

Advantages of FDSOI Technology

• The advantage of FDSOI technology is that as it is a planar transistor, it re-uses almost 90% of the manufacturing process steps used in bulk technology with identical manufacturing tools [9]. Because of this, the manufacturing cost is very low compared to expensive technologies like FINFETs. • In bulk devices, each transistor has different electrical characteristics due to variation in doping while in FDSOI, the channel is fully depleted so the space-charge region in FDSOI along the channel shows a very small variation with gate voltage [14,15]. Also, the buried oxide layer efficiently confines the electrons flowing from source to drain in the channel itself as shown in figure 1.5. • BOX layer reduces the parasitic capacitance between drain and source which helps to reduce leakage power significantly. Thus, FDSOI structure provides much better electrostatic characteristics due to its construction than conventional bulk technology [6]. • Another major advantage of FDSOI technology is its ability to support wide range of body-biasing.

In bulk transistor, the application of body-biasing is limited due to the parasitic current leakage.

In FDSOI, biasing has become more efficient because of its ultra-thin layer. When biasing is applied at substrate, the buried oxide layer beneath the channel also acts like a gate. This whole structure acts like a vertical double-gate transistor. Based on the bias applied at the substrate, FDSOI characteristic can be changed for either faster transistor (higher performance) by reducing the threshold voltage or energy-efficient transistor (lower power consumption) by increasing the threshold voltage. The optimal selection of supply voltage and body-biasing can bring the most advantage of the FDSOI transistor. The voltage range for body-bias application for FDSOI depends on the type of the transistor as shown in figure 1.6 [12]. The body-bias range capabilities also depend on their well type. For conventional bulk transistor, the range of body-bias is limited. For UTBB conventional well, reverse body-bias range is improved because of buried oxide layer that makes it suitable for low-power applications. This kind of cell is also called RVT (Regular-Vt cell). The flip-well (FW) approach is only possible in UTBB due to the buried oxide ensuring total dielectric isolation of the device. It maintains the p-well/n-well diode in reverse mode which extends the FBB range and thus maximizing FBB effect [11]. This kind of transistor, also called Low-Vt (LVT) cell is suitable for high-performance oriented applications. Figure 1.7 shows the gain up to 10 times in leakage power for bulk vs FDSOI in RBB mode [12] and figure 1.8 shows up to 43% reduction in energy delay product (EDP) for bulk vs FDSOI in FBB mode [12]. • For analog applications, transistor made with FDSOI technology has improved the performance as the Avt mismatch (mismatch between Vth value in the two paired identical device) is reduced by 30% to 50% compared to bulk in 28nm [11] which is shown in figure 1.9.

Figure 1. 9 AVt mismatch factor vs gate length. In 28nm FDSOI reduced by 30% to 50% compared to 28nm LP [11] Another important parameter for analog application is improvement in analog gain which is the ratio of Gm/Gds (where Gm is gate transconductance and Gds is the output conductance). The analog gain is improved by 5 to 10 times compared to 28nm bulk transistor [11] as shown in figure 1.10.

Figure 1. 10 Analog gain vs gate length shows that FDSOI shows 5 to 10 times higher gain than 28LP bulk. [11] • FDSOI provides better operation at elevated temperature range (125ᵒC -175ᵒC) for automobile and aeronautical markets and it is more resistant to natural radiation for space applications.

[13]

Process, Voltage, Aging and Temperature Variations

As technology node continues to shrink, reliability and variability have become a major concern for designers. As geometry shrinks in advanced nodes, the variation in channel length, thickness, etc. becomes more effective than in larger nodes. Since channel length is very small, the variation in the channel length becomes more significant, resulting in the noticeable change in the performance of the transistor. This phenomenon is applicable for supply voltage also because for advanced technology node, the supply voltage is brought close to the threshold voltage and thus the range between minimum and maximum voltage has become small, the slightest change can impact a delay of the cell. Because of the dependency of threshold voltage and mobility on temperature, variation in temperature alters the performance of the transistor. Due to the aging of the transistor, its performance gets degraded and reliability of the transistor becomes an important concern for the robustness of the design during the lifetime of the circuit. This thesis is dedicated to the studies of how these variations can impact the performance at circuit level and the mitigation techniques to compensate the degradation due to this kind of variations. In the next section, Process, Voltage, Temperature and Aging (PVTA) variations are explained in detail in this section.

The variability in IC is divided into three categories: Static variability, dynamic variability and temporal variability as shown in figure 1.11. 

Temporal Variation: Transistor Aging Phenomena

The characteristics of transistor change as the transistor ages due to change in the physical parameters of the transistor. Some of the aging effects such as electromigration (EM) and time-dependent dielectric breakdown (TDDB) make the inter-metallic oxide breakdown leading to hard-failure. While aging effects such as bias-temperature instability (BTI) and hot-carrier-injection (HCI) has a monotonous degradation. These two mechanisms play an important role as they impact on performance of a system and is usually observed in the field. Although the oxide breakdown TDDB and EM can be mitigated with adequate VDDmax/Tmax limitations and design layout restriction, BTI and HCI impact the digital library cell performance. Therefore, the degradation induced by aging needs to be considered at the early design stages. As a matter of fact, aging effects cause the threshold voltage of the transistors to increase, the mobility of carriers to degrade and hence the switching delay of gates built with these transistors increases which eventually leads to parametric timing failures when they are used in complex circuit designs. Indeed, when the delay of the circuit does not meet the timing constraints, timing errors contaminate the whole system, provoking functional failures, eventually. These aging effects are explained in detail in the below section. 

Bias Temperature Instability (BTI)

Research into Bias Temperature Instability (BTI) degradation historically began with Negative Bias Temperature Instability (NBTI) because its effect on PMOS is much more pronounced as compared to the BTI effect in NMOS transistors [16] [17]. This degradation was similar to ionic contaminations in oxides by diffusion of charge carriers under the application of the electric field [18] [19].

For PMOS, when the negative voltage is applied on the gate (VGS)and there is no current passing through the channel, the holes from the inversion layer are trapped to the oxide semiconductor boundary beneath the gate and then interact with the atoms of the interface. Some of these holes are injected into the grid under the effect of a vertical electric field which creates defects in the oxide. These holes then partially nullify the effect of the applied negative voltage on the gate without contributing to the conduction of current through the channel. The consequence is the significant increment of threshold voltage of the transistor which results in the almost parallel shift of IDS-VGS characteristics below and above threshold voltage, with much smaller effect on transconductance. This is a static mechanism of degradation as it happens in the absence of the current through the channel.

NBTI degradation manifests as degradation of linear/saturation electrical parameters of a MOS transistor, under a negative VGS (for PMOS transistor) with a high temperature dependence. The dynamic of this phenomenon has usually a time power dependence [START_REF] Chen | A new finding on NBTI lifetime model and an investigation on NBTI degradation characteristics for 1.2nm ultra thin oxide[END_REF][START_REF] Islam | Gate Leakage vs . NBTI in Plasma NitridedOxides : Characterization, Physical Principles, and Optimization[END_REF][START_REF] Haggag | Understanding SRAM High-Temperature-Operating-Life NBTI : Statistics and Permanent[END_REF], leading to degradation that is monotonous over time. The acceleration of the degradation with respect to temperature can be quantified with Arrhenius' law, offsetting the threshold voltage with:

𝛥𝑉 𝑇𝐻 (𝑇) = 𝐴 . 𝑒 (- 𝐸 𝐴 𝑘 𝐵 𝑇 ) 𝑉 𝐺𝑠𝑡𝑟𝑒𝑠𝑠 𝑏 . 𝑡 𝑠𝑡𝑟𝑒𝑠𝑠 𝑛
Where kB = 8.617 10 -5 eV/K is the Boltzmann constant, T the temperature (°K), EA is the activation energy and 'A' process-dependent constant (depending on the nature of oxide and tox) as well as the parameter used to measure the temperature acceleration. Activation energy EA depends on the CMOS technology generation first examined through the nature of the faults generated in the voltage stressed transistor and temperature. Activation energy also depends on the nature of the dielectric (SiO2, SiON, HfO2, HfSiON) and its thickness [21] [22] where in thick oxides intervals of EA are between 0.6eV and 0.35eV [18] [29] in thin to ultra-thin oxides between 0.35 and 0.1eV [START_REF] Huard | Design-in-Reliability Approach for NBTI and Hot-Carrier Degradations in Advanced Nodes[END_REF].

Figure 1. 12 Effect of NBTI on PMOS: (a) decrement in drain current with respect to gate voltage at higher temperature shows parallel shift in I-V characteristics due to Vth degradation (b) degradation in transconductance due to Vth shift and degraded mobility µ. [31]

At the device level, it is usual to quantify this degradation as an important increase in the threshold voltage and a current reduction. Figure 1.12 shows the NBTI effect in PMOS transistor as degradation in drain current and transconductance due to shift in Vth [START_REF] Saliva | Circuits dedicated to the study of mechanisms of aging in the Advanced CMOS Technologies: Design and Measurements[END_REF]. In general, there are two different models describing this phenomenon:

i) Reaction-Diffusion (RD) model [22] [36] [37] [18] ii)
Trapping-Detrapping (TD) model [23] [24] [25].

Experimentally, it is usually admitted that two typical behaviors of degradation are observed:

• Permanent degradation occurs which is attributed to interface defect due to Si-H de-bonding. These defects are: o fast interface states in Nrr (cm -2 ) and density (cm -2 /eV) from donor type which are positively charged in the semiconductor gap as a function of (𝛟c -𝛟f) [START_REF] Denais | On-The-Fly" characterization of NBTI in ultra-thin gate-oxide PMOSFET's[END_REF] o Positive charges trapped in the volume of Noxoxide (cm -2 ) [START_REF] Huard | Design-in-Reliability Approach for NBTI and Hot-Carrier Degradations in Advanced Nodes[END_REF] • Recoverable contribution attributed to TD or RD mechanisms. These defects are due to the charges trapped in the oxide layer close to the oxide-surface interface, which shrinks when the field decreases and vanishes. This is referred as a slow state (Nss) or border traps which leads to the relaxation phenomena [START_REF] Denais | On-The-Fly" characterization of NBTI in ultra-thin gate-oxide PMOSFET's[END_REF]. Relaxation is involved in thin to ultra-thin grid oxides, for thickness 3.5 nm, i.e. when the direct tunnel effect component becomes important. This aspect gave rise to the development of rapid on-the-fly (OTF) measurements to capture degradation permanent before relaxation [START_REF] Denais | Interface Trap Generation and Hole Trapping under NBTI and PBTI in Advanced CMOS Technology with a 2nm Gate-oxide[END_REF][START_REF] Denais | On-The-Fly" characterization of NBTI in ultra-thin gate-oxide PMOSFET's[END_REF]. The recoverable part of the phenomenon is challenging to model. In fact, an accurate estimation of the system failure requires a very good assessment of work-load pattern conditions (e.g. temperature and stress) [26]. In addition, by further downscaling of the transistor dimensions into deca-nanometer range, the number of defects per device decreases leading to a drastic increase in the time dependent variability of BTI [27] [28].

Same way in NMOS, when positive electrical vertical field is present in the channel (when the gate is in strong inversion with small VDS), BTI occurs in the absence of the current from the channel called as PBTI (positive bias temperature instability) when channel electrons are trapped in the gate oxide layer. In SiO2 -SiON gate stack technology process, NBTI was considered as being the most important reliability issue for a long time and PBTI was neglected due to its negligible effect on NMOS transistors even in advanced technology nodes [20,[START_REF] Wang | Superior PBTI Reliability for SOI FinFET Technologies and Its Physical Understanding[END_REF][START_REF] Lee | Technology Scaling on High-K & Metal-Gate FinFET BTI Reliability[END_REF]. The main reason that explains this difference in behavior between NBTI and PBTI is that the holes are more likely to create defects compared to electrons as the electrons injected from tunnel channel fill the pre-existing defect in the dielectric [START_REF] Denais | On-The-Fly" characterization of NBTI in ultra-thin gate-oxide PMOSFET's[END_REF][START_REF] Xu | Polarity effect on the Temperature Dependence of Leakage through HfO2/SiO2 gate Dielectric Stacks[END_REF]. However, by the introduction of High-K metal-gate technologies, PBTI becomes more significant [20].

Hot Carrier Injection (HCI)

Hot Carrier Injection (HCI) is a phenomenon in which effective temperature of carriers is much higher than the silicon lattice temperature under the high VDS polarization. When the transistor is in saturation mode, some of the carriers become hot due to the high lateral field and they gain enough energy to overcome channel/gate oxide potential barrier (channel hot carriers) [START_REF] Chen | Reliability effects on mos transistors due to hot-carrier injection. Solid-State Circuits[END_REF]. These channel hot carriers may collide with the silicon atoms in the pinch-off region and generate electron-hole pairs due to the impact ionization as shown in figure 1.13 [START_REF] Bravaix | Hot-carrier to cold-carrier issues in nanoscale cmos nodes: From energy driven to multiple particle regime[END_REF]. In an NMOS transistor, the energized electron gets injected vertically into the gate oxide because of the distribution of lateral electric field (IGinj), while holes accumulate in the substrate resulting in the Isub current.

Figure 1. 13 Electrical configurations for applying a hot carrier (HC) stress with VGS and VDS voltages, typically at 25°C, which is illustrates (zoomed figure) the creation of Nit interface states and Nox+ trapped charges, Nox-in the gate oxide because of VGS. T The HC mechanism leads to the existence of the injected current (IGinj) and the substrate current (ISub) resulting from the impact ionization

The main difference between HCI and NBTI is the application of drain voltage along with gate voltage i.e. it depends on the current in the channel. In HCI, the hot carriers are generated by the increased effective electric field in the channel. This happens when the channel length is reduced due to the pinchoff region. In turn, interface states are generated because of higher VDS and charges are trapped in the gate oxide region near the gate-drain overlap region. As a result, following characteristics of a transistor are changed:

• Threshold voltage Vth is increased • Change in the subthreshold slope, reduction in transconductance gm and conductance Gd [START_REF] Arfaoui | Energy-driven hot-carrier model in advanced nodes[END_REF] • Degradation in the electron mobility δµeff and δvth which results in reduction in current IDinv, IDsat

• Increment in series resistance (RGD) to drain

As shown in the figure 1.13, the creation of Nit interface states is linked with the breaking of Si-H links at the Si / SiO2 interface. Because of HCI, Vth shift remains less affected than the currents IDlin and IDsat due to the localization of the region of the defects at drain. Thus, to study the effect of HCI, the parameters IDlin and IDsat are often used than Vth unlike NBTI where Vth degradation is considered to study the effect. The first current IDlin is more sensitive to the faults generated during the constraint and the second current IDsat is more related to the switching of the transistor during the operation in the cell [44] [45].

Earlier, the effects of hot carriers were explained with the model of "lucky electrons" [START_REF] Tam | Lucky-Electron Model of Channel Hot-Electron Injection in MOSFET's[END_REF]. In this model, the degradation was accelerated by the lateral electric field which made the modeling valid for technologies whose supply voltages were medium to high (VDD ≥ 3.3V). But this model is unsuitable for the explanation of HCI in the advanced technology node where the supply voltage range is less than 3V [START_REF] Kufluoglu | MOSFET Degradation due to Negative Bias Temperature Instability (NBTI) and Hot Carrier Injection (HCI) and its implications for Reliability Aware VLSI Design[END_REF]. Recently, new theories have been presented in [START_REF] Rauch | The Energy-Driven Paradigm of NMOSFET Hot-Carrier Effects[END_REF] [48] [START_REF] Guérin | The Energy-Driven Hot-Carrier Degradation Modes of nMOSFETs[END_REF] to explain the HCI in the short channel MOS transistors where supply voltage is in the range of 1V to 1.2V.

NBTI and HCI degradations are usually examined independently. Their respective degradations are assumed to be additive in models provided by foundries. However, in [START_REF] Cacho | HCI/BTI coupled model: the path for accurate and predictive reliability simulations[END_REF], it is shown that these two phenomena are interrelating, and their contributions should be correlated. In fact, as the degradation rate depends on the total number of interface state sites and thus defects created during the two mechanisms are similar, only their respective localizations are different. It is shown through experiments that the average total (BTI+HCI) degradation is largely overestimated up to a factor of 2 if a simple additive model is used. For illustration purpose, Figure 1.14 shows the Vth drift due to BTI and HCI coupled and decoupled effect along with simulated and measured ring oscillator (RO) frequency drift which explains the importance of combining BTI+HCI effect. The comparison between a standard approach (additive degradation of BTI and HCI) and coupled model show that this last approach is less pessimistic and gives better prediction because PMOS HCI contribution is effectively decreased. Thus, correlated BTI and HCI models should be used during the evaluation of the degradation for a better accuracy. 

Time-Dependent Dielectric Breakdown (TDDB)

Time-dependent dielectric breakdown is a failure mechanism which happens when an electric field is applied for the long duration across the gate oxide and as a result, the gate oxide breaks down. When an electric field is applied across gate oxide, the gate current gradually increases and after sufficient stress, the conducting path is formed between gate oxide and substrate due to the electron tunneling current. The exact physical mechanisms are not fully understood, but TDDB results from a combination of charge injection, bulk trap state generation and trap-assisted conduction [START_REF] Hicks | 45nm transistor reliability[END_REF]. The failure rate is exponentially dependent on the temperature and oxide thickness [START_REF] Monsieur | Time to breakdown and voltage to breakdown modeling for ultra-thin oxides (Tox<32A)[END_REF]; for a 10-year life at 125 °C, the field across the gate Eox= VDD/tox should be kept below about 0.7 V/nm [START_REF] Moazzami | Projecting gate oxide reliability and optimizing reliability screens[END_REF]. Nanometer processes operate close to this limit. The problem is significant when voltage overshoots occur; this can be caused by noisy power supplies or reflections at I/O pads. Reliability is improved by lowering the power supply voltage, minimizing power supply noise, and using thicker oxides on the I/O pads. TDDB is a hard failure which causes damages to the devices which are non-recoverable. Thus, TDDB can be avoided by operating the device within the specified range of voltage.

Electromigration (EM)

Electromigration is another hard failure event for the transistor related to Back End of Line (BEOL). BEOL involves the fabrication processing steps where individual devices are connected through various metal layers. The metal layers are made from Aluminum or copper metal. As the technology node is advanced, the metal layers have become denser, resulting new challenges for the reliability related to interconnects have emerged like crosstalk, electromigration, etc. When the current density within interconnects becomes excessive, the momentum transfer between electron and metal atoms results in the gradual movement of the metal ions. which is called as Electromigration. If the excessive current is kept constant for a long time, it results into void or hillocks in the interconnect which leads to permanent failure of the design.

In a homogeneous crystalline structure, there is hardly any momentum transfer due to uniform lattice structure of metal ions. However, at the boundary and metal interface, this symmetry does not exist, momentum is transferred more vigorously which causes EM in wires. At the end of 1960s, the physicist J. R. Black [START_REF] Black | Electromigration -A Brief Survey and Some Recent Results[END_REF] developed an empirical model to estimate the MTTF (mean time to failure) of a wire segment, taking into account the effect of electromigration:

𝑀𝑇𝑇𝐹 = 𝐴 𝐽 𝑛 • 𝑒 ( 𝐸 𝑎 𝑘 •𝑇 )
Where A is constant based on the cross-sectional area of the interconnect, J is the current density, Ea is the activation energy, k is the Boltzmann constant, T is the temperature and n is the scaling factor.

To avoid the electromigration, careful design implementation should be done by keeping in mind the rules defined to avoid effect of electromigration for interconnects.

Static Variation: Process Variation

An unwanted consequence of reducing the size of the transistors is the increase in variability. It results in an increase in the dispersion of values of the electrical parameters of the transistors such as the threshold voltage Vth, the currents Ioff, Ion and the sub-threshold slope S. Uncontrolled variability can then eventually be detrimental to the proper functioning of a circuit. As process geometry shrinks in advanced nodes, these variations have become more prominent as the percentage of variation becomes significant compared to original length or width of device. The study of variability thus occupies an essential place in the development of advanced technologies. It manifests itself at different levels defined in terms of distance between two "identical" transistors.

The fabrication process of the circuit is divided into two categories and based on that process variations can broadly be divided into two categories:

• Front-End of Line (FEOL) • Global Variation • Local Variation • Back-End of Line (BEOL)

FEOL

The two types of variability in FEOL are presented schematically in figure 1.15 [55][56]. ➢ Global Variation

This kind of variation can be classified based on the fabrication of transistors. Global variability depends upon factors like temperature, pressure or dopant concentrations during the fabrications. These variations have common pattern according to the lot of wafer or between wafers in same lot or between dies in same wafer or between chips in same die. This makes it easier to model this kind of variability. Due to the non-uniform condition of temperature, pressure etc. during fabrication, the manufacturing process defers in the diffusion of dopants or other steps. The slightest difference in the conditions results in different characteristics of the transistor. This variability translates into a variation of the threshold voltage Vth whose main contributions are following:

• The variations of the gate oxide: the variations of the thickness and the permittivity of oxide [START_REF] Kaushik | Estimation of fixed charge densities in hafnium-silicate gate dielectrics[END_REF],

fixed charges [START_REF] Koh | Limit of gate oxide thickness scaling in mosfets due to apparent threshold voltage fluctuation induced by tunnel leakage current[END_REF], trap charges [START_REF] Wen | On oxygen deficiency and fast transient charge-trapping eacts in highdielectrics[END_REF] • Line edge roughness: (LER / LWR: Line Edge / Roughness Width) [START_REF] Asenov | Intrinsic parameter fluctuations in decananometer mosfets introduced by gate line edge roughness[END_REF] • The variations related to the etching steps of the grid [START_REF] Steigerwald | Chemical mechanical polish : The enabling technology[END_REF] and STI (Shallow Trench Isolation) [START_REF] Nag | Comparative evaluation of gap-_ll dielectrics in shallow trench isolation for sub-0.25 /spl mu/m technologies[END_REF].

• The granularity of the gate (MGG: Metal Gate Granularity) [START_REF] Ar | Poly-si-gate-related variability in decananometer mosfets with conventional architecture[END_REF] [START_REF] Xiao | Physical model of the impact of metal grain work function variability on emerging dual metal gate mosfets and its implication for sram reliability[END_REF] • Random fluctuations of dopants (RDD: Random Discrete Dopants) [START_REF] Stolk | Modeling statistical dopant fluctuations in mos transistors. Electron Devices[END_REF] [66] [START_REF] Asenov | Random dopant induced threshold voltage lowering and fluctuations in sub-0.1μm m-mosfet's : A 3-d atomistic simulation study[END_REF] • Variations associated with implantation and annealing steps [START_REF] Tanaka | Vth fluctuation induced by statistical variation of pocket dopant profile[END_REF] [69]

• The variations of the thicknesses of the thin films (tSi, tBOX notably in technology UTBB-FDSOI) [START_REF] Weber | High immunity to threshold voltage variability in undoped ultra-thin fdsoi mosfets and its physical understanding[END_REF] As a result of the process variation, the transistor becomes either fast or slow than the intended speed due to above mentioned change in parameters, which is known as a process corner. The three types of corner are: Fast, Typical and Slow. Based on the speed of NMOS and PMOS, the process corners can be classified as:

• FF (Fast Fast): NMOS is fast, PMOS is fast • FS: (Fast Slow): Fast NMOS, Slow PMOS • SF (Slow Fast): Slow NMOS, Fast PMOS • SS (Slow Slow): Slow NMOS, Slow PMOS • TT (Typical Typical): Typical NMOS, Typical PMOS
The process corners SF and FS are known as 'skewed corners'. During the implementation of the design, normally even corners FF, SS and TT corners are considered to verify the design performance.

➢ Local Variation

Local variation in the design is random and it is variation between two adjacent transistors which has no repetitive pattern in the variation. Local variability relates to the same parameters or values but occurs when the distance between the MOS transistors is as small as possible from the point concerning the rules of drawing. To study this local variability, specific structures are used in which two identical and independent transistors are paired and located in an identical environment with symmetrical electrical connections. This study allows us to capture the discrete variations of matter and its origin and can be explained by stochastics variations related to the discrete nature of defects, impurities and dopants due to the same stages of manufacture. This variability is commonly known as 'mismatch' Stochastic.

The consequence of local variability is the random fluctuation of the threshold voltage σΔVTH which tends to increase with the reduction of technological nodes [START_REF] Fischer | A 90nm variable-frequency clock system fora power-managed Itaniumfamily processor[END_REF]. From the circuit point of view, the impact of this variation on the delay paths can be described by a stochastic model of n logic gates that have a tgate switching time and a deviation standard σt, gate. The standard deviation of path delay induced by local variation is proportional to the number of stages (n) of the paths and is defined as below equation [START_REF] Wirnshofer | adapatative voltage scaling by in-situ delay monitoring for an Image Processing circuit[END_REF]:

𝜎 𝑡,𝑑 = √𝑛 . 𝜎 𝑡,𝑔𝑎𝑡𝑒
Modeling of local variability is more difficult than global variability due to its random behavior. The traditional way to consider the local variability effect is to take the 3σ delay.

BEOL

Back-End of line (BEOL) involves the processing steps from contact level to the complete processing of the wafer before electrical testing, in other words, the entire interconnect(metallization) system, including passivation. While the transistor speed is increased with a reduction in the dimensions, the propagation time in the interconnect has become a limitation for the faster chips in the latest technology nodes. The interconnects are scaled down by a factor of 0.7 by moving from one technology node to another. Due to this, the capacitive coupling has become a significant challenge in the recent technology nodes. Furthermore, when the cross-section of the interconnect is decreased, the electrons collide on the walls which results in increased resistivity. Thus, in recent technology nodes, copper wires are used as it has low resistivity compared to Aluminum wires.

In terms of variation, due to process fabrication steps such as Chemical Mechanical Polishing (CMP), photolithography variation, etc., inconsistencies during metal etching, thickness and shape of wire do not remain exactly same from the designed shape. This leads to the variation in resistance (R) and capacitance (C) of the interconnect wires. Thus, the interconnect propagation can be increased or decreased based on R and C values as shown in figure 1.17 Based on Width, Thickness, Spacing and Height of the interconnect, the RC values can be categorized in the four categories:

• RCmax: It is also called as RCworst corner. In this corner, RC product is maximum as the width and thickness of the wire are minimum. In this corner, resistance is larger, and capacitance is smaller than the typical value which gives the largest path delay for longer interconnects and often used for max-path analysis. • RCmin: It is also called as RCbest corner. In this corner, RC product is minimum as width and thickness of the wire are maximum. Thus, the resistance is smaller, and capacitance is larger than typical value. It has the smallest path delay for longer interconnects and thus used for min-path analysis. • Cmax: It is also called as Cworst corner. In this corner, capacitance is maximum, and resistance is smaller than the typical value. Thus, it gives the largest delay for shorter interconnects and is often used for max-path analysis. • Cmin: It is also called as Cbest corner. In this corner, capacitance is minimum, and resistance is larger than the typical value. Thus, it gives minimum delay for shorter interconnects and thus used for min-path analysis. 

Voltage Variation

The supply voltage to each logic cell throughout the circuit is provided by the Power Distribution Network (PDN). Due to the finite resistance of interconnects, the voltage drop occurs which is called IR Drop. Consequently, the supply voltage reaching to each standard cell is different. On another side, the voltage bounce occurs due to the parasitic inductance. Both of these effects cause not only voltage drop but also an overshoot of voltage. Also, the jitter in the supply voltage regulator causes voltage variation across the chip over time. The voltage drop can be divided into two subcategories: Static IR drop and dynamic IR drop.

•

Static IR drop: Power grid on chip provides voltage supply to standard cells on chip. Resistance and capacitance of the metal layers of power grid causes drop in the original power supply which is called as static IR drop.

𝑉 𝑠𝑡𝑎𝑡𝑖𝑐_𝑑𝑟𝑜𝑝 = 𝐼 𝑎𝑣𝑔 × 𝑅 𝑤𝑖𝑟𝑒

•

Dynamic IR drop: Due to the switching activities in the circuit, current requirements on the particular part of the chip may vary. Sudden simultaneous switching activity on one particular area of chip may cause drop in voltage supply due to the higher demand of current at one particular time. This is called as dynamic IR drop.

𝑉 𝑑𝑦𝑛𝑎𝑚𝑖𝑐_𝑑𝑟𝑜𝑝 = 𝐿 𝑑𝐼 𝑑𝑡

The relationship between logic cell delay 𝑡 𝑔𝑎𝑡𝑒 and supply voltage VDD can be given by law of power [START_REF] Sakurai | Alpha-power law MOSFET model and its applications to CMOS inverter delay and other formulas[END_REF]:

𝑡 𝑔𝑎𝑡𝑒 ~ 𝑉 𝐷𝐷 𝑏(𝑉 𝐷𝐷 -𝑉 𝑡ℎ ) 𝑎
Where a and b are fit parameters, Vth is the threshold voltage of the gate. Reduction of supply voltage VDD due to IR drop results in increased delay of a logic cell 𝑡 𝑔𝑎𝑡𝑒 . Moreover, in order to reduce power consumption in the low power designs, the supply voltage is reduced significantly and has reached close to the threshold voltage region. Thus, the difference between power and ground level has become small. As a result, the slight variation in supply voltage due to IR drop leads to significant impact on performance.

Temperature Variation

During the circuit lifetime, the temperature of chip can change due to environmental changes or it can increase due to the heat dissipation. Higher density regions in a chip results in higher power dissipation due to the increased switching activity. Hence, the higher junction temperature in the region forms localized hot spots. Consequently, the temperature of different parts of the chip may vary due to local temperature variation.

Moreover, temperature change in circuit affects operation of chip as delay of standard cell changes according to temperature as per the equation of drain current Id:

𝐼 𝑑 = 𝜇 𝑛 𝐶 𝑜𝑥 2 𝑊 𝐿 [𝑉 𝐺𝑆 -𝑉 𝑇 ] 2 (1 + 𝜆𝑉 𝐷𝑆 )
Where 

Inter-die Variations

To take into account the impact of PVTA variations explained earlier in this chapter, the digital circuit operation must be validated for the range of process, voltage and temperature before manufacturing process. In general, the circuit is verified for two extreme scenarios also called as worst-case and best-case scenarios. If the circuit can operate in these two scenarios, then it is supposed to operate in other intermediate scenarios. In digital circuit, this method is based on modeling of logic gates for combination of process, voltage and temperature corners.

For a logic cell, a propagation delay is calculated based on input transition and output load. The timing characterization of logic cells for different PVT corners are done using lookup tables of input transition and output load, Current Source modelling (CSM), Composite Current Source Modelling (CCSM) [76] or Effective Current Source Modelling (ECSM) [77]. The timing libraries for logic cells and IPs are used by Static Timing Analysis (STA) method to verify the circuit operation. The correct operation of digital circuits is verified by validating that the data are correctly acquired by the sequential elements. The main objective of STA is to verify that each sequential elements of the circuit are receiving the right data at each clock cycle and propagation delay and data retention constraints are respected. For a synchronous digital circuit to operate without error, two constraints must be satisfied called as setup time and hold time as shown in figure 1.18.

• Setup time constraint: A synchronous digital circuit consists of sequential element and a combinational logic. At every clock cycle, the data is propagated from a start point flipflop called as launch flop to the end point flip-flop called as capture flop through the combinational logic. The signal propagation delay from launch flop to capture flop must be less than a clock period and data must arrive before the setup time window and must be stable during this window. This constraint is called as setup time constraint. These constraints are derived from the structure of flip-flop and they are required in order to register the data correctly at the capture flop. In STA, one important term called as slack is defined by below equation:

Slack = Required time -Arrival time

For any timing path, the required time is the time data signal should reach from launch flop to capture flop and arrival time is the actual time data signal has taken to reach from launch flop to capture flop. If slack is positive or zero, that means the propagation delay of data signal is within the limit and setup and hold time constraints are satisfied. If the slack is negative, that means the propagation delay of data signal is too slow or too fast and either setup or hold time constraint is failing.

In order to operate the circuit without error, the timing slack must either be zero or positive for all PVT corners during STA analysis.

Moreover, additional margins are added during implementation of design and STA to quantify PVTA variations to consider inaccuracies and to improve yield loss. In order to ensure the circuit operation without error, these additional margins are often added by adding margins at supply voltage as shown in figure 1.19. 

Intra-die Variation

While inter-chip PVT variations are considered using PVT corners in the design methodology, intra-chip PVT variations are taken into account using the approach called as On-Chip-Variations (OCV). In this approach, additional margins are applied by derating the cell delays and net delays during the setup and hold time slack calculations in timing analysis. The derates are applied such a way that the worst-case scenario for setup and hold analysis is created. For example, in a particular design, the cell delays are estimated to be varied by X% from their modelled value after fabrication. Hence, X% of derate would be applied in OCV approach for setup and hold analysis.

During the setup time calculation, the worst-case scenario becomes when data signal arrives late, and clock signal arrives early. This scenario happens when logic cells from launch clock and data path becomes slow and at the same time, the logic cells from capture path becomes fast. In order to create this scenario, standard cells from data path and clock launch path are derated by +X% and capture clock path is derated by -X% as shown in figure 1. 20 [78]. This derating would create a worst-case scenario for setup analysis. The slack is calculated after adding this pessimism. If the slack is greater than zero for this case, it can be considered that design may work without error until the local variation is within X% after fabrication.

Figure 1. 20 X% derate applied during setup analysis [78]

Opposite to the setup analysis, the worst-case scenario for hold analysis becomes when data signal arrives early, and clock signal arrives late. This scenario happens when standard cells of clock launch path and data path becomes fast and cells of clock launch path becomes slow. In order to create this scenario during the hold time calculation, data path and clock launch path are derated by -X% and capture clock path is derated by +X% as shown in figure 1. 21 [78]. This derating would create a worst-case scenario for hold analysis. The slack is calculated after adding this pessimism. If the slack is greater than zero for this case, it can be considered that design may work without error until the local variation is within X% after fabrication. Although OCV approach ensures the error-free operation of the digital circuit, this approach is very pessimistic as it overestimates the timing margin and limits the circuit operation. As a result, an Advanced On-Chip Variation (AOCV) was introduced by Synopsys in [START_REF]PrimeTime Advanced OCV Technology, Easy-to-Adopt, Variation-Aware Timing Analysis for 65-nm and below[END_REF]. In AOCV approach the derate values were defined by three parameters: cell type, distance and depth of timing path. In AOCV methodology, the margins are granularized based on below two facts:

• Standard cells in the deeper logic depth exhibits less variation.

• Standard cells in the close proximity exhibits less variation compared to the cells which are far from each other. Therefore, in AOCV, the derates are calculated based on the two-dimensional lookup table of path depth and distance in a timing path for each standard cell. The distance is calculated from the last common point between clock launch and clock capture path. An example of derate values in AOCV is shown in figure 1.22 [START_REF]PrimeTime Advanced OCV Technology, Easy-to-Adopt, Variation-Aware Timing Analysis for 65-nm and below[END_REF] for the standard cell whose logic depth is 5 and the distance is between 6000 and 8000. This way, the derates applied in AOCV methodology are less pessimistic than OCV approach [START_REF]PrimeTime Advanced OCV Technology, Easy-to-Adopt, Variation-Aware Timing Analysis for 65-nm and below[END_REF] To reduce the pessimism further, Parametric On-Chip Variation (POCV) was introduced which calculates the derate for each logic cell based on a statistical approach. The delay variation for each logic cell is calculated by intrinsic modelling of cell delay and output load parasitic and generates the mean(µ) and sigma(σ) value of variation. This information is defined in a specific format called as Liberty Variation Format (LVF). During the STA, the files containing LVF are used to determine the derate values. An example of LVF file is shown for POCV sigma (σ) based on slope and load in figure 1. 23 [80] where index 1 is slope and index 2 is load. From Transistor to Circuit: Characteristics and Reliability Parameters 51 Although POCV approach is more accurate in terms of defining variation, modelling of LVF for each logic cell requires a lot of foundry data and a significant amount of simulations for every combination of input slew and output load and hence, simulation runtime is a major drawback of POCV approach.

Example of derate values in AOCV approach

• Clock Uncertainty

In addition to the derates, another margin called as clock uncertainty is applied during setup and hold analysis. The clock uncertainty is applied to model the deviation in clock signal due to the factors like jitter, variation in clock skew etc.

During the setup analysis in static timing analysis, the value of clock uncertainty is subtracted from the required time while during the hold analysis, the value of clock uncertainty is added in the required time. The value of clock uncertainty for setup and hold analysis can be different. Hold analysis is performed with respect to same clock edge and therefore the deviation in jitter is not needed to model in clock uncertainty. Hence in general, the value of clock uncertainty in hold analysis is less than the value in setup analysis.

Conclusion

In advanced technology nodes, the timing closure has become difficult due to the above-mentioned pessimistic approach of adding margins. These pessimistic timing margins or equivalent voltage margins to guarantee all operating points under worst-case scenarios creates huge impact on design costs. Therefore, it has become necessary to find an efficient way to handle PVTA variations. The usage of performance violation monitors, also called delay monitors is one such way to detect PVTA variations. In order to reduce the margin, adaptive voltage scaling or adaptive body-bias scaling techniques triggered by the performance violation monitors may be used to adapt the supply voltage and substrate biasing to compensate PVTA variations. In the next chapter, state of the art delay monitors is explained along with the proposal of a novel delay monitor to detect PVTA variations accurately.

Delay Monitors

As stated in the introductory part in the chapter 1, timing errors induced by variability and aging induced phenomena can be compensated by imposing strong timing margins or their corresponding voltage supply margins. Adding pessimistic safety margins to guarantee all operating points under worst-case PVT and aging conditions is not acceptable since it will strongly impact the advantages of scaling with respect to performance, area and design cost. Moreover, due to the fact that the overall area of the circuit can be unacceptably large, the design flow closure can be drastically affected. To get around this limitation and further reduce the voltage margins, adaptive voltage scaling (AVS) or adaptive frequency scaling triggered by delay monitors are usually performed which will be further discussed in detail in chapter 4. Consequently, the circuit lifetime is extended under wear-out mechanism, and the power management can be more accurately handled. The most important part of wear-out mechanism is the delay monitor which precisely detects degradation. Thus, accurate design and insertion methodology of delay monitors are very important for a well-designed wear-out mechanism. In this chapter, state-of-the-art delay monitors are briefly discussed in section 2.1. A novel type of delay monitor called Critical Path Sensor (CPS) is introduced in section 2.2 and in section 2.3, simulation and measurement results for CPS are discussed and compared with another delay monitor. Finally, conclusion of this chapter is presented in section 2.4

Delay monitors: State-of-the-art

Various categories of delay monitors have been proposed in the literature. They can be split in two major categories: 

Monitors for detecting performance violation errors

The first category of delay monitors is further divided in two parts:

• Monitors such as Ring Oscillator [1], Path Replica [2], Tunable Replica Circuits [3], etc. These monitors are not embedded within the design, they are usually situated in specific parts of the layout, external to the design.

• Embedded Monitors such as Razor-I, II, TDTB monitors, Double Sampling with Time Borrowing monitors (DSTB), In-Situ-Monitors (ISM). These monitors are usually inserted at identified endpoints in the design, such as flip flops or latches.

In the following sections, the external monitors and embedded monitors are explained further. 

Monitors

External-Design Monitors

• Ring oscillator [1] or Replica Path [2] is a redundant path which aims to replicate the timing behavior of the original circuit's longest delay. It is a self-oscillating path created using various combinations of standard cells in order to mimic critical path frequency as shown in the figure2.2. The simplest form of the delay monitor of this type is several inverters connected in a closed loop, the delay of which must be equal to the actual delay of the critical path. After fabrication of a given chip, these paths are calibrated to match the maximum operating frequency of a target design. When delay of cells increase due to aging or to other variations, the frequency of these self-oscillating paths varies from the calibrated frequency and thus aging is detected. A major drawback of all external monitors is related to the fact that their activity is un-correlated from the system workload and they do not mimic the aging effect same as the original critical path. Moreover, they do not capture the impact of the local variability either. Therefore, internally situated monitors were proposed in the literature to overcome the above-mentioned drawback and they are preferred in designs where the sensitivity to workload and local variation are critical.

Embedded Monitors

Embedded Monitors coping with previous monitoring drawbacks explained above, are implemented within the design and are directly linked to the circuit path delays. They are inserted in specific endpoints of the designs, usually at the end of timing critical and subcritical paths. Embedded monitors can be broadly divided in two categories:

o Error Detection Monitor o Pre-Error detection monitor

Error Detection monitor:

o Double Sampling Approach:

The concept of Double Sampling formed the basis of majority of error detection and pre-error detection circuits described in the literature [4] [5]. The Double Sampling Monitor principle was first introduced by M. Nicolaidis [4] in 1999 and since then, it has been massively used for timing error detection on combinational circuit paths. The operating principle of this kind of monitor is to detect an error by capturing the signal output at two different instance of time and thus it is called 'double sampling'. The basic circuit is illustrated in figure. 2.4. Thus, the output signal is captured at time 't' for the reference flop and time 't+ δ' for the redundant flop. In the end, two outputs are compared by a comparator. When the path delay increases due to aging phenomena and violates the paths slack, the flip-flop captures a wrong value although the redundant element will capture the correct delayed output on its active clock level and the error flag is generated which triggers correction strategies, such as voltage adaptation, body bias adaptation, etc.

Considering the implementation aspects, the major drawback of this technique is to synthesis two different clock-trees. As the clock used by redundant flop is delayed, the clock tree of these flops is synthesized separately and thus this monitor implementation requires huge design effort due to the clock signal routing complexity as sometimes timing closure can be a critical issue. Another drawback of this technique is the metastability occurrence when setup or hold time constraints are violated at the endpoint. The problem can be fixed by adding an inverter at the end of output whose delay is greater than the metastability window. However, as explained in [6], in applications where one must dynamically regulate the voltage or frequency, the error rate can become very large (1 error per 1000 cycles [6]).

o Transition Detector with Time Borrowing:

Due to the drawbacks of Double Sampling explained in the above section, a new transition detection circuit called 'Transition Detector with Time Borrowing' (TDTB) has been proposed in [7]. The architecture of this monitor is shown in Figure . 2.5. [7] As shown in the figure 2.5, a small pulse is generated by the XOR gate whenever data transitions occur on the monitored path connected at D. If this pulse occurs when the latch is not transparent, the error signal is not asserted. However, when D-input data arrives late due to delay degradations on the monitored path, the pulse occurs during the active phase of the clock (when the latch is transparent) and the error signal is asserted.

Figure 2. 5 Transition Detector with Time Borrowing Monitor Structure

The advantage of TDTB monitor over double sampling is that TDTB monitor removes metastability from data path to the error generation path. But, the drawback of TDTB monitor is that design complexity of TDTB is very high compared to other Error Detection circuits which make the implementation very difficult in practical use.

o Double Sampling with Time Borrowing:

Another error-detection monitor was introduced in [8] and is called Double-Sampling with Time Borrowing (DSTB). This approach aims at combining the advantages of Double Sampling and TDTB technique. The architecture of this monitor is shown in figure 2.6. This approach inserts different redundant storage elements such as latches and/or flip-flops in the design. When the path delay increases due to aging phenomena and violates the path slack, the flip-flop captures a wrong value but the latch will capture the correct delayed output on its active clock level. Thus, the correct output is passed on the subsequent stages of the circuit and at the same time, the error flag is generated which trigger correction strategies such as voltage adaptation. The implementation effort in terms of area and power is huge with this kind of monitor. At the same time, the latches and flip-flop mixing strategy can be considered as nonsafe for critical application. Although, the approach in this technique seems reliable for error detection and correction, it has certain drawbacks, one of which is handling the generation and propagation of the restore signal. The restore signal is evaluated at the output of tree of OR gates. For the entire circuit, the tree can have a large fan-in and it must be properly routed and buffered in order to set the correct value in the pipeline register. Thus, the implementation effort increases with such stringent time constraints. Also, the design of metastability-detector is challenging because of wide range of process, voltage and temperature variation in metastable Flip flops. Another problem in Razor-I is for short paths in the design. If the new data from the previous pipeline captured correctly by reference flip-flop but reaches before the end of hold time of shadow latch, a false error signal is generated. In order to avoid this, all the short paths must be constrained in such a way that hold time requirement of the shadow latch is satisfied. This requirement can create unnecessary buffering in short paths.

o Razor II:

To overcome the above-mentioned problems in Razor-I, alternative and upgraded version of Razor-I was proposed as Razor-II in [10] as shown in figure 2.8. The operating principle of Razor-II is same as TDTB technique. The difference between Razor-I and Razor-II is that in Razor-II, flip-flop is replaced with levelsensitive latch which reduces area-overhead. Also, only error detection is performed in the flip-flop unlike Razor-I where both error detection and correction are performed in the flip-flop. Error correction in Razor-II is done through architectural roll-backs. By this way, use of metastability detector is avoided and also complexity related to correction mechanism is reduced which provides relaxation in terms of constraints too. But, error correction via architecture roll-back requires extra memory that contains the status of register pipeline. If an error occurs, the pipelines are set to 0 and the execution is forced to restart from the execution stage which caused the error. Also, the register values for the stage before the error occurred are restored back from the memory before restart of the execution. This procedure of error correction requires huge amount of memory for this operation. 

Pre-Error Detection Monitors

The issues related to error recovery scheme implementations (i.e. error correction, roll back and metastability) can be avoided by preferring circuit failure prediction monitors [11] i.e. predicting the occurrence of the error before the appearance of any error in system data and state. In this approach, the monitors raise a warning signal when late transition occurs but the outputs are still error-free. The double sampling approach has been slightly modified by adding delay element between reference flip-flop and shadow flip-flop in [12] [13]. In [11], stability checker circuit is proposed which detects transitions close to the clock edge thanks to additional delay element in the clock path.

An error-prediction monitor called Canary FF [14] and its timing diagram is shown in figure 2.9. As shown in functional diagram, the pre-error monitor is composed by delay elements, shadow flip-flop and a comparator (which is normally an XOR gate). The operating principle for the pre-error monitor is explained below:

• When the signal is propagated from Launch flip-flop to Capture flip-flop, it is delayed by time Tpre due to the delay element to be captured by shadow flip-flop.

• During the sign-off, the timing slack of the shadow path is within the target slack limit. It means that in the absence of any variation in process, voltage or temperature, the outputs captured by Capture flip-flop and Shadow flip-flop are same and the comparator output is 0.

• Transient faults, PVT and/or aging degradations inducing timing errors can be captured by the shadow flip-flop if the total path delay is exceeding the nominal value.

• Upon delay degradation, the Shadow Flip-flop will not capture the correct data due to additional delay element that is specifically calibrated to cover for the typical delay degradation of a given circuit and application, PVT and aging conditions. But the original path still captures the correct data.

• As shown in figure 2.9, when the late transition occurs, it is captured by the reference flipflop but not by the shadow flip-flop. Thus, output Q and Qpre are not the same. The delay degradation is detected by comparing the output of Capture Flip Flop with the Shadow Flip Flop. The comparator generates an error flag which can be used to take necessary actions in order to avoid functional failure. This pre-error signal shown in the timing diagram is the indicator of the Capture Flip-Flop setup timing violation.

• Selection of delay element is very important as it defines the error detection window for the monitor. The error detection window shown as Tpre in the timing diagram. If this window is very small, Q and Qpre may fail together due to PVTA variations and if the window is large, it can add unnecessary pessimism in the design. Thus, for each circuit, the delay element should be chosen carefully based on the specific requirements.

• In-Situ Monitors, as explained in this thesis are based on this canary structure. Canary FF design is easy to implement and adding it to a certain design can be done through automation. This scheme is well suited for compensation scheme as indicator of degradation due to the added delay element gives enough time to protect design from aging and variation without failures. 

Delay Measurement Monitors

The second category of monitors includes aging induced delay measurement monitors [15][16] [17]. Based on different architectures, their purpose is to detect and measure on chip transient pulses generated by different sources of noise such as radiation induced pulses. They generally use a Vernier delay line for pulse width evaluation followed by a capturing circuit with edge trigger [18]. [18] Usually when t1 is larger than t2, START signal is fed as clock signal to all N latches, and STOP will be connected to D input of latches. START and STOP signals race and finally STOP signal overtakes START signal. When these signals propagate through a single stage, the time difference between them, which was initially T at the input, is reduced by tr= (t1-t2). Latches, where the time difference becomes 0 or below, store 1 and the others latch 0. Letting N denote the number of latches storing 1, and ts being the setup time of latches, the time difference T is estimated by (N-1) tr≤ T+ts<Ntr This principle can be used to measure time difference between two paths, one of them being the reference path and the other one the aged path.

➢ Is there any Monitor that is better?

The trade-off between different kinds of monitors is explained in this section.

o Externally placed Monitors

Externally placed sensors in the intended design are suitable for easy-implementation and detection of global process centering. Note that external monitors are mainly used without correlations to the real activity of the circuit (e.g. vectorless) and they try to mimic somehow the activity of the circuit intended to be monitored. Externally situated monitors are easy to implement, they do not change the reference design netlist so the timing closure does not become an issue and the verification steps take less time. Their usage is very well suited for global variation detection, but they are not accurate to capture local variations such as within-die, random manufacturing and circuit aging.

o Embedded Monitors

Internally situated monitors are better for fine-grained detection of global as well as local variation and aging. Also, circuit failure prediction approach is better as they generate warnings prior to timing failures thus allowing enough time to the system for correction through compensation strategies. By using large number of In-Situ monitors located both at high activity and timing critical hot spots, PVTA variations can be detected accurately for the real activity of the end-point register. This is not possible in the case of externally placed monitors. Thus, In-Situ Monitors are used for adaptive compensation schemes for accurate detection of PVTA variations as explained in detail in chapter 4.

In the next section, a novel sensor called "Critical Path Sensor" is proposed which is an externally placed pre-error detection monitor. This monitor is designed by combining classic Replica Path monitor and Double Sampling Technique.

Critical Path Sensor: Design and Implementation

By considering the advantages of the Replica Path Monitor and In-Situ Monitor, a novel monitor is designed which is called as "Critical Path Sensor" (CPS). CPS is a design-dependent externally situated monitor suitable to track process and aging variations.

The motivation behind the design of CPS is to increase the correlation of a monitor with respect to the reference design compared to the generic replica path sensor and at the same time decrease the timing closure and implementation effort. The schematic of this monitor is explained below:

Schematic description of the CPS:

• Figure 2.11 shows the top-level schematic of the CPS. The timing critical paths of target design are replicated outside of design like in the implementation of the Replica Path monitor. A structure similar with the canary circuit is added at the end of the path to allow timing violation detections.

• The selection of critical paths is done at post-layout stage of implementation through the timing analysis. These paths are replicated outside of the design and for each path, a canary like structure is added. Along with this, three characterization structures are added for each path: Launch clock characterization, capture clock characterization and data path characterization. The reason to use the characterization mechanism is to understand the delay contribution of each of those propagation paths to the total delay degradation.

• These structures are characterized with ring oscillators. For example, in data path characterization, the data path is connected in closed loop in such a way that the delay of the oscillator is equivalent to the delay of the data path. This way, by measuring the frequency during the characterization, the delay of data path can be calculated. The same is applicable for launch clock characterization and also for capture clock characterization.

• As these paths are replicated outside the design, the activation of data input D can be fully controlled. In order to replicate the clock skew between launch and capture clock path, launch clock and capture clock are both replicated from the last common inverter. This way, the skew effect can be replicated which is an important factor in setup and hold time slack calculation. However, parasitic elements such as wire resistance, capacitance and capacitive coupling cannot be fully replicated.

• The flag generation mechanism is exactly the same as In-Situ Monitor architectures. When the delay is degraded due to PVTA variations, the shadow flop fails to capture the output data due to the added delay element and the error flag is generated by the comparator. The generated flag can be latched and can be propagated for post-processing if required.

• The insertion of CPS into the design can be automated by script. The script takes the list of timing critical paths from the reference design and generates CPS for a particular reference design in the given technology node. Thus, although CPS is a design-dependent monitor, it can be designed with minimum efforts. Also, CPS is implemented outside of the reference design and thus it has no impact on timing closure of the reference design. 

Implementation of CPS in a testchip:

• Fig. 2.12 shows the layout of testchip which was used to demonstrate CPS functionality.

• The reference design considered here is an ARM microprocessors A53 that has been implemented three times, for different types of measurements.

• To compare the results of CPS with another widely used external monitor, Critical Path Replicas (mentioned as CPR) are also implemented at various places within the design. Out of all CPRs shown in the figure, four CPRs placed on four corners are intended for detecting timing violations due to process variation.

• For the validation of this monitor, CPS is implemented with 100 timing critical paths from the A53 reference design. After routing stage of the reference design, timing paths are profiled based on their setup slack. The timing critical and sub-critical paths are selected in such a way that they cover different kind of flip-flops and logic gates based on different Vt-flavor, gate length etc. For this circuit, 100 paths were sufficient to cover different flavor of timing paths.

If number of timing paths are increased, correlation with reference design improves but the tradeoff is increment in size of CPS. In this testchip, CPS is placed outside of the reference design in the right side of A53 CORE3 as shown in the figure.

• This testchip has been validated and fabricated in 28nm FDSOI technology from STMicroelectronics. In the next section, experimental results of simulations and measurements for CPS are discussed. CPS and CPR results are compared with reference design A53 to analyze the accuracy of monitors.

Simulation and Measurement results analysis of the design implemented with CPS

In order to investigate the correlation of different timing violation sensors with the reference design, a large set of samples are measured for a range of temperatures from -40°C to 125°C and a voltage range from 0.9V to 1.1V. In Figure 2.13, the distribution of normalized maximum operating frequency (Fmax) of CPS and the four CPRs are compared with all three A53 cores for same workload. The measurements are taken for different dies at 1.1V supply voltage (Vdd), 25°C and without applying any body-bias. As shown in figure 2.13, the spread of Fmax for A53 is large due to the fact that A53 has numerous paths and not every path is impacted by the same kind of variation. The difference between the deviation of Fmax from A53 is two times higher in CPR than CPS. This result shows that in terms of Fmax spread, CPS is better correlated to the reference design than the external monitor CPR. Hence, the effect of process variation for the reference design A53 can be captured more accurately by using CPS than CPR. To analyze the effect of temperature on the accuracy of monitors detection mechanisms, normalized maximum operating frequency (Fmax ) of CPS and CPR are plotted with respect to the normalized maximum operating frequency of A53 in Fig. 2.14 for the temperature range of -40°C to 125°C at 1.1V. As shown in the figure, normalized Fmax of CPS is better correlated with Fmax of A53 compared to the correlation of Fmax between CPR and A53.

Figure 2. 14 Correlation of CPS and CPR with A53 for normalized frequency for temperature range of -40°C to 125°C without application of body-bias at Vdd is 1.1V.

To take into account the effect of body-bias application on testchip, the distribution of normalized frequency with 600mV forward body-bias is presented for CPR, CPS and A53 in fig. 2 the correlation between CPR and A53 due to the fact that CPS contains the same combination of standard cells including different Vt-flavor, types of gate, etc. The minimum voltage search (Vmin) for a particular frequency per die is also compared for A53 and CPS with and without applying body-bias as shown in Fig. 2.16. These results show that CPS cannot match the exact frequency of the design due to the fact that CPS is not embedded inside the design so local variation can be different and also the values of the parasitic elements are different. But it follows A53 more closely than CPR and once the correlation coefficient of Vmin distribution between CPS and A53 is defined, the behavior of A53 can be accurately estimated from the CPS. While in the case of CPR, the distribution of Fmax is not very correlated with a specific design but for overall spread and deviation for different process corners of the testchip, CPR can be useful for global process centering. 2.17 shows the average frequency per timing path for a supply voltage of 0.9V and 1.1V and the same is compared with the measurement of the average frequency for various dies for three different temperatures: -40°C, 25°C and 125°C. The figure shows that the average frequency correlation between simulation and measurement is good. Fig. 2. 18 shows the standard deviation of the Fmax for measurement and monte-carlo simulations. It shows that the qualitative trend is good even if there are some outliers due to the inaccuracy of the measurements. 

Critical Path Sensor Characterization

Data Path, Clock Launch Path and Clock Capture Path Characterization

. 19 Data path delay, launch clock path delay and capture clock path delay and measured minimum period (Tmin) for each path of CPS

Because of the specific advantage of CPS that consists in the ability to characterize the data and clock paths separately, the degradation observed due to the variation on both clock and data path can be determined precisely. As shown in Fig. 2.19, the measurement of the minimum period is shown along with the propagation delay of the launch clock path, the capture clock path and the data path. All four graphs are plotted with their normalized values. The results of capture clock delay and launch clock delay show that the overall skew contribution is not significant compared to the data paths' delay and thus the contribution of data cells is more significant than the clock tree cells in this case. If for some cases, the clock skew is higher and one of the launch clock cells or the capture clock cells is the main contributor, a slight degradation of the delay may cause a setup or hold time violation for timing critical paths. For example, the timing slack for hold is close to zero for a particular path. Post-fabrication, if the delay of capture clock cells is more degraded due to PVTA variation and if the clock skew is large, a hold time violation can occur on that path due to a late arrival of clock signal on capture flip flop. With the help of individual cell characterization, such problems can be identified in the design.

Aging Effect

To analyze aging effect on the circuit, Fig. 2.20 shows contribution of the data path, launch path and clock path in percentage from total increased delay due to aging. This result indicates higher contribution of data cells than clock cells in the aged delay due to the same fact that more or less, the same percentage of increased delay in both launch and clock paths may nullify the aging effect on the skew, leaving data path dominant for increased delay. If due to the clock gating, one of the clock paths presents more aging compared to the other than it may create a setup or a hold time violation. Through accurate characterization, this information can be known. Individual characterization may also help discover potential failures and compensate the degradation through adaptive compensation technique. 

Advantages of using CPS compared to CPR

As CPS replicates the critical path from the reference design, the correlation of frequency of CPS with the reference design frequency is better compared to CPR as shown in the above results. Also, note that CPR is made from only few types of standard cells. Next example shows the effect of aging for standard cells designed for different threshold voltage level called as Vt-flavor and different gate lengths. For a logic gate like AND gate, the standard cell can be designed for various Vt-flavors such as low-Vt, Regular-Vt and High-Vt. Standard cell with low threshold voltage level is called as Low-Vt, medium threshold voltage level is called as regular-Vt cell and High-Vt for higher threshold voltage level. The reason behind designing different Vt-flavors in any technology nodes is that by changing Vtflavor of any particular cell, speed and power can be adjusted in a timing path. Lower-Vt cells are fast due to the lower threshold voltage level and consequently, the power consumption is high. Similarly, high-Vt cells are slow, but the power consumption is low as well. Likewise, for any logic gate, standard cells consisting various gate lengths are designed in any technology node defined as P0, P4, P10 and P16. For example, if nominal gate length for a particular technology is L, an AND gate of P4 type indicates that the gate length is L+4nm, P10 indicates L+10nm gate length and so on. If we compare cells in terms of length of gate, higher gate-length cells have higher degradation due to the aging compared to lower gate length cells. This result illustrates that aging effect on CPR can be vastly different from the reference design while in the case of CPS, aging effect can be similar as same type of standard cells from reference designs are replicated. Based on the previously analyzed results for both CPR and CPS, below figure 2.22 shows projection of minimum supply voltage requirement (Vmin) for a target performance using CPS and CPR to guaranty reliability for a reference design. The graph shows projection of Vmin requirement for reference design calculated based on CPS and CPR along with actual Vmin requirement of an IP for 10 years. As shown in the figure 2.22, Vmin of the reference design is 0.8V based on signoff condition without considering aging margin while Vmin of the physical IP post-fabrication is around 0.815V which increases to 0.83V after 10 years of aging. If we combine the spread and deviation of Fmax and aging results of CPS, Vmin projection is 0.83V which increases to 0.86V after 10 years of aging. Moreover, if we combine inaccuracy of CPS sensor to include the effect of local variation, Vmin projection is 0.87V to 0.93V. While for CPR, Vmin based on spread and deviation of Fmax, inaccuracy of sensor and aging is 0.93V and increases to 0.97V after 10 years of aging. Hence, the result shows that the inaccuracy of Fmax correlation with reference design leads to important Vmin capability penalty for CPR than CPS. 

Conclusion

The usage of delay monitors reduces design pessimism while maintaining the reliability of the design. The novel externally situated monitor Critical Path Sensor (CPS) shows better correlation of Fmax and Vmin with the reference design compared to widely used Critical Path Replica(CPR) monitor due to the fact that timing paths of CPS are replicated from the critical paths of design. In terms of implementation efforts, CPS is easy to design and its insertion to the chip can be automated by using a script. Moreover, timing closure of the reference design is not impacted. An individual contribution of data and clock path in a delay degradation can be identified by using a characterization mechanism of CPS. Furthermore, the results show that for process and aging compensation of a reference design using externally situated monitors, the pessimism is less in the case of CPS compared to CPR. The above-mentioned advantages demonstrate that CPS is most suitable candidate among other externally situated monitors in terms of accuracy of detection of process and aging variations.

However, CPS is an externally situated monitor and it cannot detect local variations of the monitored design. As the activity on CPS is different than the target design, the impact of workload is not the same, therefore the impact of voltage variations such as IR drop cannot be detected. In-Situ Monitors are located inside the reference design, they can detect PVTA variations accurately, but the design and verification effort are much larger. In the next chapter, the investigation of PVTA variations has been done using In-Situ monitors for two different testcases. Furthermore, the impact of ISM insertion in terms of performance, power and area has to be analyzed on digital circuits. In this chapter, two different digital circuits have been used as a testcase to investigate robustness of circuit using ISM as well as for the analysis of critical path ranking and performance, power and area comparison. Section 3.1 explains the insertion methodology of ISM. The first digital circuit is explained in section 3.2 with the simulation and measurement results of critical path rankings. Performance, power and area impact of ISM insertion along with aging effect is explained using second digital circuit in section 3.3. Section 3.4 describes concluding remarks based on the overall analysis.

In-Situ Monitor Insertion Methodology

In a complex digital design, the number of monitors to be inserted in the design can be very high, especially if the decision to detect global and local variations as well as aging is taken at the design time. In fact, complex designs have hundreds of thousands of Flip Flops. Each endpoint is the destination of at least one path, most of them have multiple paths converging to the same endpoints. Therefore, careful consideration of the overall timing of the design is mandatory for insertion of ISM.

The conventional method for In-Situ Monitors insertion is to find a list of timing critical paths based on their setup slack. The timing critical paths are selected from an initial static timing analysis performed after the synthesis or physical synthesis steps. The selection of the critical paths and close to critical paths is used to extract the endpoints where In-Situ Monitors will be inserted.

The generic approach of ISM insertion methodology is illustrated in the Fig. 3.1. The classical Frontend steps of RTL design and design verification are executed followed by logic synthesis. The gate netlist is fed into the Back-End flow starting with the floor plan step. After placement of macro blocks and gates, the clock tree synthesis (CTS) and clock-tree optimization for setup constraints are performed. After CTS, routing of the wires and optimization for setup and hold constraints are executed followed by the detailed static timing analysis. This step is crucial as it considers not only gate delay but also the delays of wires. As a matter of fact, a decision is made to insert monitors for a given functional corner and to regenerate connectivity and delay calculation on a sub-set of critical paths. An incremental routing is done for connection of ISM which is also called as ECO route. Using ECO route ensures minimal modification on existing routing of the design. By this way, ranking of critical path after ISM insertion remains close to the ranking before insertion of ISM.

Figure 3. 1 ISM insertion Methodology in digital design

The back-end flow is then finalized with a new gate netlist, new timing and power figures are checked again for the targets. Further, the flow is normally executed until the obtention of the GDSII. Finally, timing, power, IR drop and signal integrity evaluation steps are performed which are also called the signoff checks.

The insertion of in-situ monitors (ISM) can be performed at any level of the Back-End implementation, for example, during the post-synthesis, post-placement, post-clock tree synthesis, post-route, etc. However, designers need to be aware of advantages and drawbacks of each scenario which is explained below.

• Post-synthesis and post-placement ISM insertion is easier in terms of implementation but in post-synthesis stage, it ignores cell location and the interconnect delay consideration. In the postplacement steps, ISM insertion is not accurate as the effect of interconnect parasitic are not included at this point.

• Post-clock tree synthesis ISM insertion includes the effect of clock-tree but the effect on the delay of the interconnects between all the other cells is not taken into account.

• Post-route ISM insertion is the most accurate method as it includes the delay effect of all interconnects, but the drawback of this method is that timing closure usually has to be performed again, potentially several times to cover all PVT corners of the design.

• The best way for the ISM insertion can be hybrid insertion. For example, ISMs are inserted at post-synthesis with static timing analysis and during the post-routing, based on the new timing analysis, some of the ISMs are discarded and some ISMs are added to the new worst critical paths. This way, the timing closure is fast and leads to better accuracy.

• Another useful technique called as "Cell Padding" can be used especially for complex designs.

Cell padding is a technique to reserve a space in a targeted area or close to the target cells during the placement stage of the design. For example, the space equivalent to the size of one flip-flop is reserved every 50µm across the design. For large SOCs, the design can become highly congested when it reaches the routing stage. Thus, there may not be enough space around the timing critical paths to insert ISM. Using the Cell Padding technique, some space can be reserved during the placement stage in the design and at the routing stage, this reserved space can be used to insert ISM at the selected endpoints.

In the following section, two different digital circuits have been used as a testcase to investigate robustness of circuit using ISM. One of these circuit has balanced timing paths while other has imbalanced timing paths. The robustness of the circuit has been validated in both cases using ISM.

In the next section, we will present the first digital circuit which will be used as a test case to investigate PVTA variations using In-Situ Monitor and to understand its effect on ranking of critical paths.

PVTA variations analysis in digital circuit using In-Situ Monitor

Design Architecture

Figure 3.2 shows the architecture of our first digital test chip fabricated to study effect of PVTA variations using In-Situ Monitor. Here, we considered an arithmetic unit as a testcase, due to the large distribution of the paths, particularly suitable for monitor insertion.

• Description of the testcase: A 40-bit pseudo-random numbers are generated by a Pseudo Random Binary Sequence (PRBS) Generator and dispatched to the 7-stage pipeline of arithmetic units. At each stage, a specific arithmetic operation is performed, and the output is propagated to the next stage. At the end of the arithmetic units' pipeline, the output is compared with the golden signature related to that particular PRBS input by the comparator unit. If any of the path is failing in the arithmetic units, the comparator would generate an error flag. This built-in self-test like feature of this testcase is referred as autotest in the rest of the section. • During the implementation of this testcase, 250 In-Situ Monitors are inserted at timing critical paths' endpoints, at the routing stage of the implementation. At the post route stage, the timing paths were profiled based on their slack value and activity on these paths were verified using back-annotated simulation for the given workloads. Finally, timing critical paths with high activity were selected for the insertion of in-situ monitors. For this circuit, around 250 timing paths were sufficient to ensure high activity for the given workloads. We have used the implementation methodology explained in section 3.1. In this case, the number of In-Situ Monitors are inserted on around 7% of the total endpoints in the design.

• Description of the Design Under Test (DUT): As shown in the figure, the flags generated from the In-Situ Monitors are propagated to the Flag Controller for the post-processing. If any of the error flag from the In-Situ Monitor becomes 1 due to delay degradation in the circuit, the flag controller raises the signal named "latched_flag". This signal indicates that the circuit frequency cannot be increased further otherwise functional failures may happen in the design. Thus, latched_flag signal indicates the maximum operating frequency a circuit can operate without errors.

• Digital-to-Analog Converter (DAC) unit converts the total number of flag values into an equivalent analog value where 0V represents "no flag" and VDD level represents that all ISM flags are generated. A serial counter unit generates two outputs. The first output is serial flag out where the output of each ISM flag are taken out serially. The second output is the serial clock which is the design clock divided by a large number since a high frequency cannot be measured directly on the output pin due to the limitation of testing machine. Each ISM flag is propagated serially with respect to the serial clock pulses. Serial outputs are very useful as each 250 individual error flags can be analyzed individually. This way, the slack or the maximum operating frequency for each timing critical path where ISM is inserted can be investigated. These individual flag index helps understand the ranking of critical path post-fabrication.

• In this design, the ring oscillator circuit is used as a clock generator. The output of ring oscillator generates the reference clock of the design which is distributed to the whole testcase including the flag controller.

Design Implementation

The above explained circuit has been implemented in three copies for statistical data collection purpose. They are named as block1, block2 and block3. Fig. 3.3 shows the layout of implemented design for one block. The design has been implemented and fabricated in 28nm FDSOI technology of STMicroelectronics. Measurements are performed on a large set of dies at 25°C and 125°C temperature and voltage ranges from 0.6V to 0.9V. 

Simulation and Measurement Results

Timing analyses of these blocks after monitor insertions are shown in Fig. 3.4 for SS corner, 0.6V and 125°C where the numbers of paths with and without monitors are plotted with respect to their slacks. The highlighted pink colored paths show the slack of endpoints with in-situ monitors. The green colored paths show the slack of timing paths of the circuits mentioned as reg-reg in the graph. The graph shows that the timing critical path for setup slack is ISM endpoint. This proves that all potentially critical and subcritical paths are being monitored with ISM. As a matter of fact, synthesis tools have a tendency to propose physical gate netlist implementations with quite balanced paths. Also, the implementation tool attempts to optimize power on the timing paths if the slack is positive and thus, as shown in above figure, the numbers of paths close to the target slack are high. Therefore, the number of the subcritical paths to be monitored can also become very high. It causes not only area overhead but also difficulties to handle monitor alarms in reasonable time. Thus, it is important to select timing paths for ISM insertion considering timing slack across all PVT corners. Another important factor in selection of critical paths is the workload influence on timing degradations. An extensive study has been done for the analysis of workload influence on critical path ranking in [1] [2] which show that the ranking of the critical path may change after execution of certain workloads.

Guard Window:

The measurements performed on the test chips that prove the operating principle of error detection using In-Situ Monitors, is shown in Figure 3.5. The graph shows measurement of the occurrence of flag with gradually increasing frequency for block 1 at 0.7V and at room temperature. When the first flag occurs, the 'latched flag' signal becomes 1 at 340MHz indicating the maximum operating frequency (Fmax) the system can work without error for a particular die. As shown in figure 3.5, if the frequency is increased further, the ISM flags starts accumulating. However, as shown in this figure, the functional failures of the system indicated by 'Autotest' signal occurs at 370MHz for this specific workload. The difference of time period between the occurrence of latched flag signal and the actual functional failure i.e. 'autotest' signal is called as "Guard Window". The value of guard window depends on the delay elements used in the In-Situ Monitor. Large value of delay elements induces latched flag signal earlier than the functional failure which may introduce pessimism in the design. If the delay element value is too small, latched flag signal can be activated too close to the functional failure and there may not be enough time to restore the system through the compensation mechanism. Thus, it is very important to decide an appropriate value of the delay element for a particular ISM and the testcase based on the requirements. Also, depending on the workloads, different timing paths are activated and the frequency at which functional failure occurs can be different. For example, considering one workload (named workload 
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A), the autotest failed at 370MHz. In the case of a workload B, it may be possible that the timing paths activated by the workload B are less critical and the autotest may fail at 400MHz. Thus, to get actual maximum operating frequency of a given circuit, higher coverage self-test feature like Built-In-Self-Test (BIST) can be used to activate most of the timing paths in the design. By using the built-in-test feature, actual guard window value can be better managed for the testcase. For a complex circuit with large number of workloads where activity on ISM for each workload cannot be guaranteed, BIST can be useful to find maximum operating frequency. Note that in this testcase, the reference clock is generated using a simple ring oscillator. It is a well-known fact that jitter is higher at lower supply voltage [3]. Hence in ring oscillator, the frequency is prone to jitter at lower supply voltage. Due to the jitter, some of the ISM flags are generated at low frequency as shown in Figure 3.6. As shown in figure, when the clock period falls below 2ns at low bias voltage, some of the ISM flags are generated due to jitter. This low frequency jitter can be easily avoided in the complex designs. Instead of ring oscillators, a well-designed Phased-Lock-Loop (PLL) clock generators used in SoC which are less noisy and combined with low-pass filters suppress the high frequency components of jitter from the clock pulses. For all the three blocks, statistical data collection has been done for several dies to study the effect of local variations. For each die, the operating clock frequency has been increased until the latched flag occurs, which gives maximum operating frequency for that particular block. Also, for each block, the operating frequency has been increased until the autotest signal becomes 1, which indicates the maximum operating frequency before functional failure occurrence in the block. Figure 3.7 presents overall spread of Fmax given by ISM through latched flag vs. Fmax given by the autotest across several dies. As shown in this graph, the maximum operating frequency is not always high for any particular block in all dies due to the effect of global as well as local process variations. Also, for any particular block, the frequency difference between occurrence of latched flag and the autotest remains in similar range for almost all dies. This difference has been observed in the range of 20-30 MHz, which proves the accuracy of In-Situ Monitors in detection of local variations. This graph signifies the importance of local variation effects and In-Situ Monitors being embedded in the design captures them precisely. 

Characterization of Fmax per path for measurement, Fast-spice simulation and Timing Analysis

As explained earlier, being able to extract each ISM flags by serial scan out can be very useful to analyze the rankings of critical paths. For a particular supply voltage, the frequency has been increased gradually and at each frequency, the status of each ISM flag has been observed for all 250 timing critical paths where ISM has been inserted. For example, for a particular block, the frequency is set at 100MHz and after execution of the test pattern, the status of all flags is examined using serial scan out methodology. For this particular frequency, none of the flags became 1. When the frequency is increased to 110MHz and by applying the same procedure, the flag for ISM 49 becomes 1 which shows that maximum operating frequency for path 49 is 110MHz. The frequency is then increased to 120 MHz and now ISM 49 and ISM 23 flags become 1. This shows that maximum operating frequency for path 23 is 120 MHz. The same procedure is repeated by gradually increasing frequency till all the flags become 1. Thus, critical path ranking can be obtained by executing this procedure using ISMs.

The same procedure explained regarding the static timing analysis at signoff has been simulated and compared with wafer-level measurements, in order to obtain correlation between simulation and wafer-level measurements.

As shown in figure 3.8, at 0.7V supply voltage and at 125°C, the maximum operating frequency for each of the 250 ISM paths has been analyzed using above mentioned procedure for static timing analysis at signoff, transistor level simulation (spice simulation) and at wafer-level measurement. Here, the maximum operating frequency by STA is the minimum for each path as the signoff has been done considering the worst-case scenario. It also represents the fact that the system can operate at the frequency achieved at signoff in any case. From the figure 3.8, it can be seen that the critical path rankings are almost similar for static timing analysis and spice simulation, but they are slightly different for measurement due to the process variation. In this design, STA measured timing slack difference between critical and sub-critical paths are not significant. This is why the rankings change for small slack windows after the fabrication. This scenario is common among many designs because in general, during the design implementation, if the positive timing slack is large for a particular path, the logic cells are replaced with higher-Vth (Higher threshold voltage) cells in order to reduce the total power and the positive slack is further reduced, but timing is still met. This results in change in critical path ranking even in the event of small variations. 

Aging Effect Analysis

Aging in digital circuit results in Vt-shift which leads to gates delay degradation as explained in chapter 1. Different workload in the design may result in different aging effects due to the below two scenarios:

• Higher switching activity in a circuit causes more degradation due to the effect of HCI.

• In case of smaller switching activity, NBTI and TDDB are major contributors in degradation.

Moreover, delay degradation is different for different standard cells even if the same stress is applied. In fact, different standard cells have different channel widths and therefore it results in different amount of degradation under the application of same aging stress. The overall effect of aging on this digital design is shown in figure 3.9. The figure reports the functional Fmax and the frequency sweep with the number of rising ISM monitors flags. It is clear that during the aging operation, the Fmax measured for first ISM flag occurrence decreases with the stress time. In addition, for all critical and sub-critical paths, a clear Fmax reduction with the aging time is measured.

Hence, as aging monitoring, internally situated monitors (ISM) are a better option than external situated monitors, as they detect exact aging behavior of timing critical paths and impact of workload since in-situ monitors are placed inside the circuit. As explained above, the effect of aging on various standard cells can be different under the application of the same stress. Consequently, the effect of aging on critical and sub-critical paths is different. Characterization of Fmax due to the aging on individual critical and sub-critical paths using ISM proves this fact as shown in figure 3.10 and figure 3.11. For each path, Fmax is plotted before and after the application of aging stress. Figure 3.10 shows the wafer-level measurement data for the block 2 at 0.7V, 125°C while figure 3.11 shows the same characterization done by simulation data. As shown in the figure, the ranking of critical path changes after the application of aging stress. The overall trend shows degradation of the Fmax with stress time. Some outliers are observed which show improvement of Fmax post-stress. The reason for this improvement can be due to the clock skew change as explained in chapter 2. Also, note that the inaccuracy of measurements occurs due to the contact resistance of probe that is ~1-2 Ω which causes the additional voltage drop. 

3.2.3.4

Supply voltage effect on the ranking of critical paths Figure 3.12 shows the Fmax of individual critical and sub-critical paths where in-situ monitors are inserted. Fmax is measured for 0.6V, 0.7V, 0.8V and 0.9V at 125°C for the block 1. The results show that the ranking of critical path when the supply voltage changes doesn't change significantly. The overall trend for Fmax remains the same for different supply voltages. This result is important in terms of implementation of In-Situ Monitor insertion. If an ISM is being inserted after the static timing analysis at 0.6V and the ranking trend remains similar, ISM can generate flags accurately for the full supply voltage range. All these parameters help design adaptive compensation schemes more effectively using in-situ monitors as explained in detail in the next chapter. The above results confirm that the accuracy of in-situ monitor for PVTA variations detections help increase the reliability of the overall system. However, it is important to fully analyze the cost of adding in-situ monitor to ensure that in-situ monitor increases reliability with minimal impact in terms of performance, power and area of overall circuit.

In the next section, the second digital circuit is explained which is used for the analysis of impact of in-situ monitors insertion on performance, power and area with simulation and measurement results. • Enc_command signal configures whether the system is to be operated in only encryption mode or encryption-decryption mode. In the only-encryption mode, the design performs the encryption operation on the input data with the security key and the output is then compared with the golden signature stored in the design. In the encryption-decryption mode, the input data is encrypted with the security key and then the output of the encryption unit is propagated into the decryption unit as the input. Here, decryption operation is performed with the same key and ultimately final output is compared with the initial input. • The final output of AES parity block is passed to the data controller unit where the comparison operation is performed.

• As shown in the overall system architecture, this AES design is replicated four times to increase the size of digital circuit such that impact of ISM insertion can be investigated for large testcases. Sel_block [1:0] selects the block for encryption-decryption operation.

• Reference clock for the design is generated by a ring oscillator placed outside of this design and passed to the system with clock signal pin. Reset_Ext signal is used to reset the whole system externally.

• During the implementation, In-Situ Monitors are inserted in the design at the post-route stage using the ISM insertion methodology explained in the section 3.1.

• The output of in-situ monitors as well as the output of data controller are propagated to the Output and flag controller unit for the post-processing. Sel_mux [3:0] signal is used to select the output signal between latched flag, serial out of each individual flag or output of the comparator of AES operation. The selected output is propagated via muxout pin. The reference clock is divided by a large number as measurement of high frequency directly on the output probe is not possible due to the limitation of testing machine. The divided clock is propagated to the slow clock pin.

AES design Implementation

• The above explained architecture is implemented three different times for the same period of clock, supply voltage range, process corners and temperature range. The table for various implementation trials are shown in table 3.1.

• The first implementation mentioned as Block1 (B1) in the table is considered as a reference implementation. For the implementation of B1, timing aging libraries are used for standard cells to be able to incorporate all necessary aging margins. Aging libraries are timing libraries where timing for each standard cell is given considering the aging effect. All modern industrial implementation flow require that aging margins are computed by using aging libraries. Hence, the aging libraries are utilized to analyze the robustness of the circuit against aging effect. • For the second implementation -Block 2 (B2), the first block B1 is replicated and in-situ monitors are inserted in the design. This way, the impact of ISM insertion can be analyzed in terms of performance, power and area. In this design, only 124 in-situ monitors are inserted as in the AES design, the activity on timing critical and sub-critical paths are high and as a result, 124 in-situ monitors are sufficient to cover all workload execution.

• For the third implementation -Block 3 (B3), standard timing libraries are used instead of aging libraries. Also, in-situ monitors are inserted during the implementation. The motivation behind implementation of this block is to analyze impact of using aging libraries in terms of power and area for the same performance target by comparing this implementation with Block 1 and Block 2. Furthermore, in-situ monitors can be validated for the detection of delay degradation due to aging effect in the absence of aging libraries in the design.

The histogram of timing analysis for block 2 and block 3 are shown in figure 3.14 for illustration of setup slack for timing paths of digital circuits and ISM endpoints. As shown here, the number of paths with and without monitors are plotted with respect to their slack. The graphs show that all critical and sub-critical paths have been monitored. Here, the graph is not plotted for block 1 as it does not contain any in-situ monitors. This design has been implemented and fabricated using 28nm FDSOI technology of STMicroelectronics. Analysis of simulation and measurement data will be presented in next section.

Simulation and measurement results

Performance, Power and Area Analysis

• Performance Analysis Figure 3.15 shows the cumulative distribution of measurement of Fmax for block 1, 2 and 3 for several dies at 25°C, 1V and with 0.6V forward body-bias application. The statistical data show small difference in the Fmax for block1 and block2. However, the Fmax for block3 is smaller compared to block 1 and block 2 because block 3 was implemented without aging libraries. During the implementation, if the margins are kept higher, extra pessimism is added in the design thus resulting in circuits with higher performance than the targeted performance which is the case here for blocks B1 and B2. The performance comparison between Block 1 and Block 2 confirms that the performance penalty is negligible due to the insertion of ISM. 

• Area results

The total number of standard cells for all three blocks are plotted in the figure 3.16 for area comparison. As shown in the figure, there is a minor area overhead of 0.78% for B2 compared to B1 because of insertion of only 124 in-situ monitors. Interestingly, total standard cell count decreases by 21% in B3 as aging libraries are not included during the implementation as mentioned in table 3.1. The reduced pessimism of aging margin in block 3 results in lower cell count. • Power Consumption Analysis Figure 3.17 shows the cumulative distribution of statistical data measurement of dynamic power for block 1, 2 and 3 for 1V, 0.6V forward body-bias and at 25°C for same workload execution. Due to the lower cell count in block 3, the dynamic power is lesser compared to block1 and block2. Block 2 has the maximum dynamic power consumption due to the highest number of cell count, but not significantly higher than block 1. During the implementation of design, if the setup slack is positive, the implementation tools have tendency to change the type of standard cells -from lower threshold voltage type (low-Vt) to higher threshold voltage type (high Vt). The cells are swapped until the setup slack is close to 0. Due to this Vt swap, the timing paths are still meeting requirement of setup slack, but leakage power reduces significantly due to the usage of cells with higher threshold voltage. The leakage power comparison of all three blocks shown in figure 3. 18 shows that leakage power is almost 50% less in block 3 compared to block 1 due to the fact that standard cell counts are less and also due to the above-mentioned Vt-Swap procedure. The result of leakage power comparison shows that removal of unnecessary pessimism from the design improves leakage power consumption significantly. The results also demonstrate that the penalty of power consumption due to insertion of ISM is negligible in terms of both dynamic and static power. 

In-Situ Monitors flags characterization

The functionality of in-situ monitors is demonstrated in this section with characterization of ISM flags. in the design. When the frequency is progressively increasing during measurements, the first error flag generated by an ISM will happen earlier than the functional failure with a time difference equal to the time window duration defined by the delay element of In-situ Monitor. In this design, the time window given by the delay element is set at 70ps in this design. The time window can be determined based on the design requirements. If adaptive compensation scheme is to be used based on the ISM flags, the time window also depends upon resolution of voltage or body-bias regulator which will be explained in detail in chapter 4. As shown in the figure 3.19, the first flag occurs at a frequency of 691MHz. If the frequency is increased further, the flags start to accumulate. The functional failure of the system is occurred at 760MHz, represented by the blue curve.

The illustration of flag generation with gradually increasing frequency is shown in figure 3.20. At the frequency of 691MHz, in-situ monitor number 81 raises the first flag for a particular workload. Before functional failure at 760MHz, around 20 other ISM warning flags are raised. The time window should be large enough to ensure that there is a sufficient time to trigger adaptive compensation scheme before the functional failure. The statistical data collection for the measurements of Fmax of first flag generation and Fmax of functional failure is illustrated in figure 3.21. The cumulative distribution of frequency of first flag and frequency of functional failure (shown as square green dots) show almost constant time window across the dies corresponding to the delay element composed of buffers in the in-situ monitor architecture. The difference between two frequencies illustrates that the Fmax of the design is determined by the delay element window. Moreover, in order to avoid extra pessimism, the small delay buffer can be used if the time window by usage of small delay element allows the sufficient time for the compensation scheme to mitigate the delay degradation. Flag Index 757M Hz

Workload Impact Characterization

Different workload induces different timing paths activation, and the path activity profile may change in time and from one workload to another. It means that some paths which are considered critical by the static timing analysis may be false paths, or even path that are critical for one particular workload may not be critical even for a large range of other workloads. For such workloads, the system will be able to operate at higher operating frequency. This situation has to be clearly examined, which is possible only if the designer knows in advance the workload that will run on a particular circuit, and this is not always the case. In any case, it is important to have a good understanding on the criticality of the longest timing paths of different workloads. For this purpose, we have selected five different workloads for the AES circuit based on different combination of security key, input key, encryption and decryption mode.

If in-situ monitors are inserted in the design based on the evaluation of timing critical paths of these workloads, the maximum operating frequency for one particular workload can be determined using the flags generated by in-situ monitors.

In this design, Fmax is measured at 125°C, 1V voltage supply and 1V Forward body bias for five different workloads representing different encryption/decryption programs with different input data and security key. The measurement of Fmax for five different workloads for all three blocks are shown in figure 3.22. The measurement data of Fmax for block 1, 2 and 3 shows a distribution of the Fmax between 1GHz to 1.2GHZ depending upon type of workload. For example, for the block 1, the value of Fmax varies from 1GHz in workload 5 (w5) to 1.2GHz in workload 2 (w2). If in-situ monitors are inserted in such a way that it covers all the workloads and Fmax can be characterized for each workload. In the case of the block 1, first flag of ISM will occur at 1.2GHz for w2 and at 1GHz for w5. Hence, by using Fmax characterization using ISM for each workload, some of the workloads can be operated at higher frequency.

This method can be very useful to achieve performance gain for small systems where number of workloads are limited and during the implementation phase, each workload is covered by in-situ monitor insertion. For example, washing machine controller or elevator controller, where number of workloads are limited, each workload can be covered by in-situ monitor insertion. For a highly complex system with large number of workloads, it may not be possible to analyze Fmax for each individual workload using in-situ monitor. In such case, logic BIST can be used for the characterization of Fmax. 

Conclusion

Experimental results for two different testcases presented in this chapter exhibit that in-situ monitors accurately detect PVTA variations. Methodology for in-situ monitors insertion is explained in section 3.1 which shows that the critical and sub-critical paths are covered for monitoring using ISM. The time window, also called as guard window allocates sufficient time to mitigate the delay degradation by using adaptive compensation scheme. Statistical data collection in section 3.2 shows good correlation between simulation data and wafer-level measurement data and also demonstrates the impact of PVTA variations in critical path ranking. The cost of insertion of ISM explained in section 3.3 shows negligible impact in terms of performance, power and area overhead. In addition, results of section 3.3 show that usage of aging libraries reduces aging rate in the circuit although power and area overhead increases. Analysis of critical path ranking demonstrates that modifications of critical path ranking due to PVTA variation depend upon testcase and slack of timing paths.

The analysis of various delay monitors and the experimental results at measurement and simulation level presented in chapter 2 and 3 exhibit that in-situ monitor most accurately detects PVTA variations. To mitigate the delay degradation occurred due to PVTA variations, various adaptive compensation schemes are demonstrated in the next chapter in which in-situ monitors are used to detect PVTA variations. as inputs to the controller. Based on their true values, the controller takes the decision to increment or to decrement the supply voltage or the body-bias for adaptation of performance and power requirements for the given PVTA conditions. It may also do nothing in case no warnings are coming from the ISM. A global clock provided by a PLL is also shared with the controller in order to generate control signals synchronously with the workload application. The controller will select the step value of the supply voltage or body-bias binning if "true" ISM flags are triggered and delivers this information to the voltage regulator or to the body-bias generator. For more accurate system adaptation, additional parameters can be given to the controller i.e. other type of sensors such as temperature sensor, VDD drop sensor, workload average activity estimation monitors, etc. In addition, the controller can be designed in such a way that it can independently take the decision of the adaptation scheme that will be used based on input flags and the design requirements. Based on all available information, the controller decides the most suitable combination of supply and bodybias to reduce power consumption, increase system performance or to make the entire system more reliable. When the controller needs to adapt both supply voltage and back-bias at a time, the controller changes one parameter first to ensure stability of the system and then will eventually adapt the second one.

From the reliability perspective, for a stable and reliable system, the controller changes the parameters within the limits of signoff corners tested during the physical implementation of the circuit, as shown in figure 4.2. For example, the supply voltage range is considered from 0.6V to 1V during the implementation of design as well as at signoff steps. Thus, during the adaptive voltage scheme, minimum supply voltage should never be decreased below 0.6V even if error flags are not generated by any ISM as timing slack to all paths are unknown for supply voltage less than 0.6V. The same is applicable for bodybiasing adaptation. Thus, it is very important to keep all environmental parameters within the signoff limits during adaptation, which is also called the "safe space" as shown in Fig. 4.2. This way, the circuit is always ensured to operate without any unpredictable error as the timing slacks are known under each particular signoff conditions. For the proof of concept, the system modelling and the simulation methodology of this architecture is explained in the next section. Thorough explanation of the entire setup of the simulation environment for each individual module of the above-mentioned architecture is explained along with the algorithm used for the adaptive compensation scheme.

Simulation Methodology of the Adaptive Compensation Scheme

The figure 4.3 shows basic setup of simulation environment for an adaptive compensation scheme. The main components are implemented as described in the following paragraphs:

• Monitors embedded in the design: The digital circuit with embedded monitors is modelled with Spice netlist in circuit simulation. The Spice netlist describes the design in the form of circuit elements like transistors, resistors and capacitors connected together which are required to perform electrical level simulation (so called Spice simulation).

Why Electrical Level Simulation?

There are several advantages of using electrical level simulation over behavior level: o Spice netlist describes the design using circuit elements which makes the design representation and the delay evaluation more accurate. o The effect of local variation can be simulated using "Monte Carlo Simulation". o Transistor aging can be simulated by applying voltage stress to mimic the effect such as NBTI or HCI on transistors. o Physical effects such as voltage drop, temperature changes, etc. can be applied during the simulation.

The above-mentioned situations are not possible with behavioral level simulation. Also, it is a well-known fact that the spice simulation results can be very close to the silicon results as it includes most of the physical effects. Thus, spice simulations are used throughout the chapter for proof of concept of the adaptive compensation scheme.

• Flag Controller, Voltage Regulator and Body-bias Generator: The flag controller, voltage regulator and body-bias generator modules are described in Verilog-A language. The reason for using Verilog-A language for the controller module is to fully utilize analog capabilities of Verilog-A and it can manage quickly digital functions which are not timing critical. The Verilog-A description takes as inputs digital inputs from the ISM flags and modify the supply voltage in analog value. This way, the accurate representation of controller, supply voltage regulator and body-bias generator can be taken into account for electrical level simulations. As shown in the figure 4.3, the adaptive compensation scheme is simulated at the electrical level with the combination of spice netlist with ISM and Verilog-A module which represents the controller. 

Operating Mechanism:

As shown in figure.4.3, communication between the Spice netlist and Verilog-A module are as follows:

o ISMs embedded in the digital circuit monitor the circuit behavior for aging degradations or environmental changes and generate warning flags when the design performance is violated. These flags are transmitted to the controller as an input. o The reference clock is shared between digital design and the controller in order to generate signals synchronously. o 'Data Control' signal is bi-directional in order to control activity of the digital circuit during the simulation. When the simulation is started, the supply voltage is reduced step by step to find minimum supply voltage required for operating circuit. During this operation, all embedded monitors have to keep their flags active when timing is violated otherwise the system can go into a functional failure mode. For this purpose, the activity is controlled by data control signal during the reconfiguration time. o The reset signal is also shared between design netlist and the controller to reset the entire system upon requirement. o Controller module Verilog-A description includes supply voltage and body-biasing voltage regulation actions based on flags received from ISM. The modified value of the voltage is applied to the spice netlist as an input.

Further to that, the combination of Spice netlist and Verilog-A module descriptions is simulated using the spice simulator tool called "Eldo".

Simulation Algorithm for Adaptive Compensation Scheme

Figure 4. 4 shows the flow chart for the simulation algorithm for adaptive voltage compensation scheme. The simulation is performed for several cycles, also called as nbrun in this chapter. The first simulation cycle which is performed for the first time, is called as Nbrun 1. The next simulation cycle is called as Nbrun 2 and so on. The reason we do the simulation for several cycles is to be able to incorporate the aging effect on the circuit. As a matter of fact, aging is a slow process that requires longer runtime to mimic the aging effect in the circuit. In commercial spice electrical simulator tools like 'eldo' or 'xa', it is possible to mimic the aging behavior by running aging specific simulation: that is to say higher supply voltage at higher temperature is applied to stress the circuit to provoke aging induced effect such as NBTI and HCI. We define higher supply voltage value used as stress value for aging simulation.

To perform the aging simulation, three parameters are defined in the testcase: the age parameter -as the total duration of the simulation that needs to be performed, the number of nbruns and the stress value. Also, in the testcase, the scale for aging can be defined either as a linear or as a logarithmic scale.

For example, if the aging is supposed to be applied for 10 years in 10 nbrun on a linear scale, after each nbrun, the new circuit parameters aged for 1 more year are applied. Thus, after 5 th nbrun, the circuit aging parameters are equivalent to those of 5 years of age. But if the number of years is 10 and the simulation has to be applied in 20 nbrun or also called as 20 simulation cycles, after 5 th nbrun, the circuit aging is equivalent to 2.5 years. The same is applicable for logarithmic scale as well. The interest to divide the extrapolation time into smaller time step is to predict an accurate extrapolation in function of the current aging state. This is significant when the workload or stress is changing over the use time.

The Simulation algorithm for an adaptive compensation scheme can be categorized into three phases:

➢ Phase 1 -"Minimum Operating Point Search" o This operation is performed at the beginning of each nbrun steps. o At each rising edge of the clock, the controller checks the status of the flags generated by ISM inserted on the monitored paths. With respect to rising edge of the clock, the data arriving at the capture flop can have a rising transition i.e. input data value changes from lower level to higher level or a falling transition i.e. input data value changes from higher level to lower level. As a matter of fact, the timing slack for rising transition also called as slack rise can be different from timing slack for falling transition also called as slack fall. Also, for a particular flip-flop, setup timing requirement for rising edge transition and falling edge transition can be different. Due to this reason, it is important to verify that ISM inserted on monitored path do not raise a flag for both rising transition and falling transition before starting to decrease the supply value by a step. In the absence of flag, the controller reduces supply voltage by one step at every two clock cycles and during these two clock cycles for a particular supply voltage step, the input data is verified at rising edge for one clock and at falling edge for the second clock. ISM flag is raised, meaning that the slack on that particular path ending in that ISM is violated. Vmin is the minimum voltage that can be reached before any flags from monitors are raised. o For the Vmin search operation, it is important to have continuous activity on the path where the ISM has been inserted otherwise the risk is that the voltage can be reduced to the next level. As a matter of fact, when there is no activity on the path, the ISM will not produce a flag, the voltage supply will still be decreased. Further to that for that particular Vmin, when the activity is restored, the circuit may generate a functional failure due to the insufficient supply voltage. o The activity on the path where ISM is inserted is maintained by a carefully designed Logic Built-In Self-Test (LBIST), a deterministic Pattern Generator, or a specific Software to be able to generate test patterns (SBST) for real paths to ensure continuous activity. The transition fault pattern is also suitable to test timing critical paths. In this simulation environment, this task is done by 'Data control' signal. o As explained earlier, the resolution of the minimum step value for supply voltage depends on the voltage regulator capabilities and the time window designed for the ISMs. If the time window is very small and the minimum step is large, by reducing one step of the supply voltage, the ISM and the functional capture flip-flop may both fail to capture the input data together and thus no flag is generated in such case although the situation may generate a timing violation. This situation may lead to incorrect supply voltage adaptation. Thus, a good combination of supply voltage and ISM time window is required to accurately set an error-free minimum operating point search. o Finally, when the controller lowers the supply voltage step-by-step, at a certain time, a flag is generated by one of the ISM, indicating a slack violation. At this point, the controller increases the supply voltage by one step to fulfill the slack requirement of the ISM inserted on the monitored path which raised the flag. For example, at the beginning of the simulation, the supply voltage starts decreasing from 1V with the step value of 0.02V. In the absence of flag, the supply voltage decreases step by step from 1V to 0.98V then 0.96V and so on. If the first flag is generated at

➢ Phase 2 -"Design Simulation"

o This phase represents the design simulation of the circuit for the specific workload. The design is simulated for the particular time defined here as Tsim limit. For example, if the simulation is intended to be performed for a particular workload A for 2µs. Tsim limit is 2µs and simulation is performed for Tsim 0 to 2µs. o With the minimum operating point for supply voltage found in phase 1, the design simulation starts with that specific supply voltage. o During the simulation phase, whenever the flag is raised by one of the ISM due to the slack violation caused by any environmental variations such as IR drop, temperature, the controller increases the supply voltage by one step and checks the status of the flag again. The controller increases the supply voltage step-by-step until the performance degradation is compensated. o In the same way, the algorithm of adaptive body-biasing can be designed for the adjustment of substrate biasing in order to improve performance and compensate the delay degradation. o At the end of timing simulation, the simulation enters in the aging stress mode which is explained in Phase 3.

➢ Phase 3 -"Aging Stress"

o In this phase, the aging stress is applied to mimic the circuit aging behavior. o Higher supply voltage or higher temperature applied to the circuit will generate aging phenomena due to NBTI and HCI phenomena. o As a matter of fact, the rate of aging is directly proportional to the supply voltage. Higher supply voltage results in higher aging rate. o When the circuit is operated at time 0, the supply voltage value is small but in time, delay of the standard cells increases due to aging and the adaptation scheme needs to increase the supply voltage value to maintain the same slack. For example, if the target time slack is 50ps and the supply voltage of 1V is required to maintain the current slack then at 10 years, a supply voltage of more than 1V will be required to maintain the same slack. However, as the supply voltage increases, the aging rate would also increase. o In order to replicate the exact behavior in this simulation, the value for stress voltage is adjusted to mimic the above-mentioned aging behavior. For example, in the first nbrun the required supply voltage is V1 and stress voltage is V2. If after 5 th nbrun the required supply voltage is V1+x, the stress voltage is adjusted to V2+x. This simulation scheme intends to reproduce the way a digital circuit is biased with a regulator that have a Vmin to Vmax range with some undershoot & overshoot occurrence. o The above-mentioned process is performed at every simulation cycle until the last nbrun is reached. After each nbrun, the circuit undergoes aging effect gradually and for the next nbrun, minimum operating point is searched in phase 1 for the aged version of the circuit. • In this figure, the minimum voltage search has been performed for a specific timing path with embedded in-situ monitor. For this experiment, a timing path from the ARM A53 processor is taken as a test case. The schematic of this path is shown in figure 4.6.

Simulation Results for Adaptive Compensation

• The simulation is performed for 10 years of aging in 30 nbrun with logarithmic scale.

• As shown in the figure 4.5, the minimum operating point search is performed. In this case, 0.8V is taken as initial value supply voltage and after minimum operating point search phase, the supply voltage value found is at 0.74V. • Further to that, the simulation is then started with the supply voltage of 0.74V. The aging stress is applied for each simulation cycle. As shown in figure 4.5, the flag is raised to 1 after 0.1 years due to aging. Thus, the controller module increases the supply voltage by the pre-defined step of 0.01V in this case. The rest of the simulation is carried on with a supply voltage set at 0.75V. When the next flag occurs, the supply voltage is increased to 0.76V to compensate the degradation due to aging.

• The simulation ends after 30 nbrun and 10 years of aging. The supply voltage at the end of the simulation reaches to 0.77V.

Influence of Nbrun on the simulation results

As explained earlier, the aging simulations are performed by applying aging stress over n number of simulation cycles called also as nbruns. For the validity of simulation results, it is important to verify that the simulation results for a particular age value is the same irrespective of the nbrun value if all the other parameters are unchanged. Indeed, for a constant supply voltage and body-bias values during the run time, the Nbrun parameter should not have impact on the result. For example, if the aging simulation is to be performed for 10 years in linear scale with two different nbruns: 10 and 100, the aging effect applied to the circuit and the simulation results should be the same for simulation with 10 nbrun and also with 100 nbruns. This concept is verified with 2 different situations:

• The same slacks for different nbruns: Without any adaptation during the aging simulation, it is obvious that the slack decreases gradually due to the aging effect. The decreasing slack value should remain the same whether the simulation is performed with 10 nbruns or 100nbruns. Figure 4.7 shows the slack for a specific timing path for three different simulations: Simulation1 where 10 years of aging is applied in logarithmic scale in 10 nbruns. Simulation 2 where same aging is applied linearly for 100 nbruns and for Simulation3, the aging is applied for 200nbruns. This aging simulation is performed at 125°C, SS corner and at 1V of supply voltage for the same workload. As shown in figure 4.7, the slack value is similar for all three runs. At time 0, the slack for all three cases is 95ps and after 10 years of run, the slack is decreased to 80ps. with adaptive voltage compensation scheme at 125°C, SS corner and the same workload. In the simulation 1, the aging simulation is performed for 10 years in log scale in 10 nbruns. In simulation 2, the same simulation is performed with 30 nbruns. As shown in figure 4.8, the target slack which is the timing slack measured for rising edge of input data remains almost similar in both cases, at approximately 20ps. The supply voltage required to maintain this slack is similar for nbrun 10 and nbrun 30. For both cases, the required supply voltage was 0.745V at time 0 while at 10 years, it became 0.76V.

These results comfort us with an independent behavior from the tool related parameters for the proof of concept. In the next section, experimental results for adaptive voltage compensation scheme are discussed along with the advantages of using adaptive voltage compensation scheme over not using any compensation scheme with respect to aging rate and power consumption to achieve the same performances.

Comparison between the Adaptive voltage compensation (AVS) vs No Compensation scheme

It is a well-known fact that aging rate is directly proportional to supply voltage so decreasing supply voltage also decreases the aging rate. Adapting supply voltage reduces aging rate significantly for the initial runtime of the circuit as the supply voltage is low during the initial time after minimum operating point search for the target performance. Supply voltage increases over the period of runtime to mitigate the aging effect and also other environmental variations.

In order to compare the aging rate of AVS scheme with the scheme that has no adaptation, two aging simulations are performed for 10 years of aging in linear scale with 30 nbruns each and for a temperature of 125°C, SS corner. The target timing slack is 50ps. One simulation is performed with adaptive compensation scheme and another simulation is performed without any adaptation. For both simulations, a critical timing path from ARM A53 processor with an embedded in-situ monitor is chosen as testcase.

As shown in Figure 4.9(a), for the simulation with AVS, the supply voltage is reduced to 0.67V for 50ps target slack by the minimum operating point search. Further to that, the supply voltage increases gradually to mitigate the degradation caused by aging effect. At the end of the simulation, the supply voltage value becomes 0.755V for 10 years of aging (see green curve in figure 4.9). shows the dynamic power consumption comparison for the adaptive compensation scheme with no adaptation scheme. During the simulation, the supply voltage increases gradually to compensate for the loss of performance due to aging. Therefore, the power consumption increases accordingly.

In the case of AVS, at the beginning of the simulation, dynamic power consumption remains low which gradually increases at the end of the aging simulation at 10 years, showing an increase of about 30% over the time. However, for the case where no voltage adaptation is performed, the dynamic power consumption always remains higher as shown in figure 4.11(a) and increases slightly with aging. Because in the case of no adaptation, the slack decreases gradually and when it reaches to the point where the transition of data signal occurs very close to the setup time of the flip-flop, current increases and results in increased power consumption.

The result in figure 4.11(a) shows the significant reduction in power consumption of approximately 29% for AVS at the beginning due to the lower supply voltage. If overall power consumption for entire duration of aging simulation is considered, adaptive voltage scheme shows approximately 7% reduction in dynamic power consumption compared to the case where no adaptation is used. shows the static power consumption comparison between the adaptive compensation scheme and no voltage adaptation scheme. Due to the fact that static power consumption is directly proportional to the supply voltage, static power is lower in the case of adaptive compensation at the beginning of the simulation, when the supply voltage is low. Note that, the static power consumption is almost equal at the end of the aging simulation time in both compensation schemes.

For AVS, the static power gradually increases with each increment in the supply voltage and at the end of the simulation runtime, showing an increase of about 25% over the time. While in the case of no adaptation, the static power remains high for entire duration of simulation. Due to the aging, the threshold voltage increases as explained in chapter 1 and therefore, static current reduces. Hence, the static power consumption reduces slightly with age in the case of no adaptation. The result in figure 4.11(b) shows that static power consumption is reduced by approximately 25% for AVS at the beginning of the simulation and if overall power consumption for entire duration of aging simulation is considered, adaptive voltage scheme shows approximately 6% reduction in static power consumption compared to the case where no adaptation is used. These results prove that the use of adaptive voltage compensation not only reduces the dynamic and static power consumption, but also help in decreasing the aging rate while maintaining the reliability of the circuit. In fact, in terms of aging, it can be said that reliability improves because the aging rate gets smaller. In the next section, the concept of adaptive compensation scheme is implemented on large circuits for the proof of concept.

Proof of concept for Adaptive voltage compensation scheme for large circuits

The algorithm of adaptive voltage compensation scheme has also been implemented on the large testcases such as the AES design and the ARM A53 processor. For the large testcases where more than one In-Situ Monitors are embedded in the circuit, the flags from all the monitors are transmitted to the flag controller. When one of the flags is raised, either the voltage or body-bias adaptation is applied according to the adaptive compensation schemes. For example, figure 4.12(a) shows a snapshot of adaptive voltage system simulation for AES workload at 125°C, FF corner.

As shown in figure 4.12(a), AES design explained in chapter 3 is used as a testcase to perform spice simulation for adaptive voltage compensation scheme. The first graph shows the design reference clock V(CLK). The second graph shows supply voltage V(VDD) decreasing at the beginning of the simulation during the operating point search, getting down to 480mV. In the third graph (in blue), the signal V(MUXOUT) represents the latched flag. This signal becomes logic 1 if at least one flag is raised by one of the ISMs embedded in the design. The fourth graph shows design reset signal that is activated after each ISM flag warning, while the last graph shows flags from In-Situ Monitors embedded in the design.

As shown in the figure, when the flag from any of the 124 ISMs is raised, the reset signal becomes active to assert circuit reset. At the same time, the supply voltage value is increased by 10mV. The simulation results show that the supply voltage value at the beginning of the simulation is 0.65V and at the end of the simulation, the supply voltage is increased to 0.75V. Also, the supply voltage adjustment explained earlier in section 4.2.3 is demonstrated in this figure. In this case, simulation time Tsim ends at 180ns and the simulation phase enters to the application of aging stress. The voltage value for the application of stress for aging is adjusted according to the supply voltage value at each nbrun. The results of these two testcases show the validity of our proposed simulation methodology for large designs. Runtime of spice simulations for such large design can be very high especially in the case of aging simulation. Therefore, in the following sections for illustration purpose only, smaller design is used as a testcase. In the next section, simulations of the effect of combination of local variations and aging effect with AVS is explained.

Monte-Carlo Simulation including aging effect for adaptive voltage compensation scheme

To analyze the effect of process variability on the circuit and show the efficiency of the adaptation scheme, two Monte-Carlo simulations are performed on a testcase represented by one of the timing paths from ARM A53 processor. In one case, the test case was simulated with adaptive voltage compensation scheme and in other case, no adaptation was performed. Both simulations were performed at 125°C, SS corner for a target slack of 40ps in this case for 10 monte-carlo simulations with 5 aging simulations. When aging and Monte-carlo simulations are performed together, the simulation can be performed in two steps:

• In the first approach, the entire monte-carlo simulation cycle is performed for a specific age value. For example, if 10 monte-carlo runs with 5 aging nbruns are to be performed, for first aging run, all 10 monte-carlo runs are performed. Then for aging nbrun 2, all 10 monte-carlo simulations are The simulation for ABBS compensation considers also one critical timing path between two consecutive registers from ARM A53 processor which is used as a testcase. The simulation is done for target slack of 50ps and is performed for 10 years of aging in 30 nbruns in linear scale at 125°C, in SS corner. Figure 4.15(a) shows the timing slack for the case of ABBS and the case where no adaptation is done. For the case of adaptive body bias technique, the supply voltage after the minimum operating point search is 0.67V. Further to that, the supply voltage is kept constant at 0.67V for the entire simulation. While in the case of no adaptation, the supply voltage is 0.755V. When any of the ISM flags is raised, a forward body-biasing is applied in order to maintain the target slack. For the case of no adaptation, the slack degrades below the target slack value for the supply voltage 0.755V due to higher aging rate, pushing the circuit in a functional failure zone. Dynamic Power consumption remains very low in the case of Adaptive Body Bias Compensation due to the fact that supply voltage remains low throughout the simulation. Also, for the applications where dynamic power is more critical, dynamic power can even further be reduced by starting the simulation with positive body-bias at the beginning. This way, the supply voltage value is even reduced further during the minimum operating voltage search as the timing paths will have higher positive slack due to forward-body-biasing. Note that the body-bias range for every specific low supply voltage should be validated during the signoff in order to avoid unpredicted failures.

The figure 4. 16 shows the comparison between the dynamic power for ABBS and for no adaptation for the above mentioned testcase. As shown in figure, the dynamic power consumption remains very low in the case of ABBS due to reduced supply voltage. In the case with no adaptation, the dynamic power remains high due to higher supply voltage. In this case where supply voltage remains at 0.67V for ABBS and at 0.755V for the case of no adaptation, the overall dynamic power consumption reduces by almost 24% for ABBS. In the case of ABBS, due to the substrate biasing, leakage power increases significantly and it almost doubles when we apply ABBS compared to the case where no-adaptation is done. Figure 4.17 shows the leakage power in case of ABBS compared with no adaptation for the above mentioned testcase. As shown in figure 4.17, due to gradual increase of body-biasing, the overall static power consumption becomes almost double in the case of ABBS compared to the case where no adaptation is performed. Thus, for the low power design where leakage power is very critical, ABBS may not be a suitable compensation scheme. 

Adaptive Voltage and Body-Bias Compensation Altogether

In order to take the full advantage of the Adaptive Voltage Compensation and Adaptive Body-Bias Compensation Schemes, a combination of both adaptation scheme using supply voltage and substrate

Adaptive Supply Voltage and Body-Bias Scheme for Process, Voltage and Aging Compensation 126 biasing is designed. This is referred as an Adaptive Voltage and Body-Bias Compensation Scheme (AV-BBS).

In AV-BBS compensation scheme, the adaptation ranges for the supply voltage and the substrate biasing is defined based on the specific requirements of the circuit. An analysis of performance and power can be performed for the specific application with the supply voltage and body-bias adaptation range.

Algorithm of Adaptive Voltage and Body-Bias Compensation

The algorithm for AV-BBS scheme is shown in figure 4.18 in a form of a flowchart. For each nbrun, the simulation flow is detailed below:

• In phase 1, before starting the simulation, the initial supply voltage and body-bias values are fixed according to the specifications and the minimum operating supply voltage search is performed. Once the minimum operating voltage is reached, the simulation enters the phase 2. • In phase 2, when any of ISM flag raises, the adaptation is initiated with only one parameter while keeping the other parameter constant in order to keep the system stable.

For example, in this case, the substrate biasing is considered as the first parameter for the compensation with a higher limit x value and the lower limit as y value. The supply voltage is considered as a second parameter. When ISM raises a warning flag, forward body-bias is applied first to mitigate the degradation. This process continues until the forward body-bias value reaches the higher limit x value. When the higher limit x is reached, the supply voltage is increased to the next step to compensate for the current degradation along with resetting the forward body-bias value to the lower-limit value y. Thus, for this step, the forward body-bias is y value and the supply voltage is increased from Vn to Vn+1 next step value. When the next flag occurs again the body-bias will start increase increasing from y value by one step and the supply voltage remains at Vn+1 step value.

Same way, if supply voltage is considered as first parameter and substrate biasing as second parameter, the supply voltage will change from lower to higher limit and whenever the supply voltage reaches to higher limit, substrate biasing will be increased by one step and resets the supply voltage to lower limit. This way, both supply voltage and body-biasing values can be controlled in the circuit. After the simulation time reaches Tsim, the simulation enters in the phase 3.

• In phase 3, the supply voltage value during the stress for aging is adjusted in the same way as the case of AVS. The aging stress is applied with this value and the simulation enters in the next nbrun cycle.

Adaptive Supply Voltage and Body-Bias Scheme for Process, Voltage and Aging Compensation For the Forward Body-Bias(FBB), the range is set from 250mV to 300mV in this case. The initial supply voltage is set at 0.67V. During the simulation, when the initial flag occurs, the value of forward body-bias voltage starts to increase gradually and when the value reaches to the higher limit, the supply voltage increases by one step of 50mV and FBB goes back to the lower limit of 250mV. The supply voltage range should be analyzed earlier in order to compensate the degradation with the reduction of the substrate biasing. In this case, the supply voltage at the beginning of the simulation is 0.67V and increases to 0.71V at the end of the aging simulation while the forward body-bias value varies between 250mV to 300mV during the simulation. 

AV-BBS Power Consumption Results

The biggest advantage of using AV-BBS is that based on the requirements, the power consumption can be better controlled by playing with two types of voltages. For a particular circuit, the leakage power can be restricted within a certain limit by tuning the higher limit of the forward body bias and the dynamic power can be restricted within a certain limit by lowering the higher limit of the supply voltage.

Below the figure 4.20 and figure 4.21 show the dynamic power and the leakage power for the limits defined in the above-mentioned example. 

Leakage Power Critical Systems:

As shown in the figure 4.23, all four compensation schemes have been compared for the same workload, at SS corner, 125°C temperature and for the same performance. The results show that the overall static power consumption in the case of AVS is almost 6% lower compared to no adaptation, and 50% lower compare to AV-BBS. In addition, the overall static power consumption for AVS is almost half than the ABBS. Hence, for the designs where leakage power is the most critical parameter, AVS can be the most suitable compensation scheme as with AVS, the substrate biasing always remains at the lowest level or at zero thus maintaining the lowest leakage power consumption among all compensation schemes. 

Leakage and Dynamic Power Critical Systems

For the digital circuits where both leakage and dynamic power consumption are critical, total power consumption is evaluated for all compensation schemes. As shown in above figure 4.22 and figure 4.23, both dynamic and leakage power remain in the medium range for the AV-BBS for the given performance. In the case of dynamic power consumption, the power consumption is 17% and 10% lower compared to without adaptation and AVS respectively, while 6% higher compared to ABBS. However, the static power consumption for AV-BBS is almost 60% less than the ABBS. Moreover, for the designs where both leakage and dynamic power consumption along with performance are critical parameters, AV-BBS may become the most suitable compensation scheme as with AV-BBS, the substrate biasing as well as the supply voltage can be parameterized for given requirements which ensures that both dynamic and leakage power remains within a particular range for the given performance.

Area critical and non-safety critical Systems

For the designs with higher density and non-safety critical systems, compensation schemes may not be needed given that the margins already applied are enough for the desired runtime of the circuit. Adding a compensation scheme with controller requires addition of certain logic which in turn increases the area requirements. For highly dense designs where area is a critical parameter, adding an extra logic can be critical and thus in this situation, avoiding compensation schemes can be more effective and can yield better results. The trade-off between increasing safety and decreasing congestion should be properly analyzed for selection of a particular compensation scheme.

As mentioned earlier, due to the runtime limitation of spice simulation on large testcases, these conclusions are drawn based on the spice simulations performed on a small testcase. However, the proposed adaptive compensation schemes can be implemented and validated for large systems based on the silicon results.

Conclusion

The spice simulation results demonstrated for Adaptive Voltage Compensation Scheme (AVS), Adaptive Body-Bias Compensation Scheme (ABBS) and Adaptive Voltage and Body-Bias Compensation Scheme (AV-BBS) in this chapter illustrates that design pessimism can be reduced while keeping the system reliability close to the product expectation for the target performance. Furthermore, the results demonstrate the reduction of power consumption for the adaptive compensation schemes. Monte-carlo results shown in section 4.3 exhibits that the effects of local and global process variations are compensated using adaptive compensation schemes. Moreover, the aging simulation results exhibit that by reducing the supply voltage of the system, aging rate also decreases. In the end, the comparison of various adaptive compensation schemes based on design requirements is demonstrated in section 4.6.

• Due to the aging impact on circuit, the change in clock skew may create hold time violation as explained earlier in section 2.3 of chapter 2. A functional failure may occur due to the hold violation as explained in section 1.4 of chapter 1. Therefore, a monitor which can generate pre-error signal prior the occurrence of hold violations can prevent functional failure.

In the next section, the architecture of ISM for hold is explained.

Architecture of in-situ monitor for hold

The schematic of the proposed monitor which is a double sampling like approach is shown in figure 5 • The clock signal applied to the capture flip-flop, arrives at the shadow flip-flop with some delay because of the added clock buffer or inverter pairs. In turn, the skew for the shadow flip-flop is increased.

• During the sign-off, timing slack to the shadow flip flop is within the target slack limit which means that in the absence of any variation in process, voltage or temperature, the output captured by the Capture flip-flop and the Shadow flip-flop should be the same and the output of XOR gate is 0.

ISM for Hold

Whenever the logic subsequent gates become fast due to the PVT variations or because of the increased supply voltage, the Shadow flip-flop will not capture the correct data due to additional delay element. But the capture flip-flop will latch the correct data, as shown in figure 5.2. When the early data transition occurs, the reference (capture) flip-flop will capture it but will not be captured by the shadow flip-flop as the skew for shadow flip-flop is larger than the capture flip-flop. Thus, output Qcapture and QISM-hold are not the same. The early transition is detected by comparing the output of the Capture flip-flop with the Shadow flip-flop. The comparator generates the pre-error flag which can be used to take necessary actions in order to avoid functional failure. This pre-error signal shown in the timing diagram is the indicator of the hold timing violation. The implementation of in-situ monitor for hold and preliminary silicon results are discussed in next section.

Implementation of ISM for hold

For the implementation of hold-ISM, AES design is taken as a testcase (as explained in chapter 3) and implemented and fabricated as a separate testchip . Similar to the implementation of ISM for setup time violation, in this design 124 ISMs for hold time violation are implemented inside the design at the end of hold timing critical paths. The timing critical paths are selected based on static timing analysis and hold-ISM are added during the routing stage using the insertion methodology explained in chapter 3. This design has been implemented and fabricated in 28nm FDSOI technology of STMicroelectronics. The preliminary silicon results of ISM for hold are explained below to demonstrate the functionality of ISM for hold. 

Shmoo plot

In the below figure 5.6, the shmoo plot is shown to determine the range of supply voltage and frequency for a circuit using in-situ monitors for setup and hold violations. In the shmoo plot, the system functionality is plotted for varied range of supply voltage and frequency to demonstrate if the system can work or not for a particular combination of supply voltage and frequency. To demonstrate this functionality, the ISM for setup and hold times are combined and verified for the supply voltage ranging from 0.6 to 1.2V and frequency range of 500MHz to 900MHz at 125°C. As shown in the figure 5.6, the functional failure due to hold violation is detected by ISM for hold and it remains almost constant at 1.08V independent of the frequency. This result confirms that hold-in-situ monitor does not depend on the clock frequency. The functional failure due to setup violation gradually happens earlier with reducing supply voltage or increasing frequency. The functional failure occurs for the supply voltage range of 0.75V to 0.9V and for the frequency range of 500MHz to 900MHz.

Thus, by combining the in-situ monitors for setup and hold time violations, the range of supply voltage and frequency can be determined for a given temperature. This feature can be extremely helpful during the validation of testchip. The test chips are fabricated prior to the fabrication of the product SoC to validate the new features of the product. In-situ monitor for setup and hold can help to determine the range of supply voltage and operating frequency of a chip.

Conclusion

In-situ monitor for hold is a delay monitor to detect the hold violations post-fabrication of the circuit. The functionality of the proposed monitor is demonstrated using the preliminary silicon results shown in this chapter. The pre-error flag is generated before the functional failure by a difference of the voltage window defined by the delay element. Finally, the shmoo plot by combining in-situ monitors for setup and hold exhibits the usage of this monitor to define the range of supply voltage and frequency of the system to operate without functional failures. A thorough explanation of phenomenon of PVTA variations is given in chapter 1. The conventional approaches to handle PVTA variations during the implementation of digital circuit along with the challenges of the pessimistic approaches are explained in the chapter 1. A more efficient alternative approach to handle PVTA variations is proposed and it deals with the utilization of performance-violation monitors.

Setup Fail

The state-of-the-art review of existing performance violation monitors also called as delay monitors are explained in chapter 2. The delay monitors are broadly categorized into externally situated monitors and internally situated (in-situ) monitors. The benefits and challenges of these monitors are explained in detail in the first part of the chapter 2. A novel externally situated monitor Critical Path Sensor (CPS) is proposed for better tracking of PVTA variations of reference design. Silicon results obtained for CPS along with widely used delay monitor Critical Path Replica (CPR) validates the improved accuracy of detection of PVTA variation using CPS.

In-situ monitors detect PVTA variations most accurately as they are placed internally in the circuit at the end of setup timing critical paths. This makes in-situ monitors the best candidate to be used in the adaptive compensation schemes. Hence, in-situ monitors are investigated using silicon results of two different digital circuit in chapter 3. The analysis of critical path ranking using in-situ monitors demonstrated using first digital circuit helps to understand the behavior of digital circuit under PVTA variations. Moreover, the analysis of performance, power and area impact of insertion of in-situ monitors in second digital circuit exhibits a negligible impact on the circuit. Aging results of two digital circuits indicate the design dependency on critical path ranking modification due to aging.

Various closed-loop adaptive compensation schemes using in-situ monitors are demonstrated in chapter 4. The results validate reduced aging rate due to the reduction in supply voltage in the adaptive compensation schemes. A combined adaptive voltage and body-bias compensation scheme illustrate the flexibility to adjust the supply voltage and substrate biasing range for adaptation based on design requirements.

A delay monitor for detection of hold violations is proposed in chapter 5. The silicon results shown in the chapter prove the functionality of the monitor. In-situ monitor for hold can be very useful to detect the hold violation in the case where the supply voltage is increased to mitigate the delay degradation caused by PVTA variations.

Perspectives

• This thesis work has demonstrated the functionality of in-situ monitor for hold based on preliminary results. However, a thorough analysis needs to be done on large testcase across varied range of PVT corners to enable the usage of this monitor in a complex circuit. • The adaptive compensation schemes proposed in this thesis using in-situ monitors have been validated on small testcase using spice simulation. In order to confirm the results, the closed-loop schemes need to be analyzed on a larger testcase using silicon measurements. Additionally, as the voltage and body-bias regulator in the adaptive compensation schemes are used as a Verilog-A module during the spice simulation, it is important to analyze the power consumption of regulators. The gain in terms of power consumption can be evaluated accurately by considering the power consumption of regulators.

• The examples used in the chapter 3 for investigation of in-situ monitors does not contain memories. Typically, any complex system on chip contains multiple memories. The timing path between flip-flop and memory can be a timing critical path which are not covered by using in-situ monitors. The solution to include flip-flop to memory paths using in-situ monitor is needed in order to improve the coverage of the circuit using in-situ monitors.

In addition, through wafer-level measurements we were able to demonstrate the interest of in-situ monitors' necessity. To enable usage of in-situ monitors in a product, functionality testing of in-situ monitors are needed for all process, voltage and temperature corners.

Figure 1 .

 1 Figure 1. 1 Diagram of NMOS with four terminals: Gate, Drain, Source and Body [1]. The length of the gate defines the technology node. ............................................................................................................ 28 Figure 1. 2 Transistor in OFF state in (a) and in ON state in (b). ................................................................. 29 Figure 1. 3 Architecture [10] and TEM of FDSOI [6] ................................................................................... 30 Figure 1. 4 (a) Transistor with polysilicon gate in 40nm technology node (b)Transistor with High-K metal gate ion 28nm FDSOI technology node (c) zoom of dielectric layer [7]............................................. 30 Figure 1. 5 Bulk vs. FDSOI transistor structures [6] .................................................................................... 31 Figure 1. 6 28LP bulk bias capabilities and 28nm FDSOI body-bias capabilities based on their well layer configuration. [12] .............................................................................................................................. 32 Figure 1. 7 Normalized leakage power vs Vbb for bulk, FDSOI RBB and FDSOI FBB [12] .......................... 32 Figure 1. 8 EDP (Energy Delay Product) vs Delay for Bulk vs FDSOI FBB and RBB. [12] .............................. 33 Figure 1. 9 AVt mismatch factor vs gate length. In 28nm FDSOI reduced by 30% to 50% compared to 28nm LP [11] ................................................................................................................................................. 33 Figure 1. 10 Analog gain vs gate length shows that FDSOI shows 5 to 10 times higher gain than 28LP bulk.[11] ..................................................................................................................................................... 34 Figure 1. 11 Variability in IC ........................................................................................................................ 35 Figure 1. 12 Effect of NBTI on PMOS: (a) decrement in drain current with respect to gate voltage at higher temperature shows parallel shift in I-V characteristics due to Vth degradation (b) degradation in transconductance due to Vth shift and degraded mobility µ. [32] .................................................... 37 Figure 1. 13 Electrical configurations for applying a hot carrier (HC) stress with VGS and VDS voltages, typically at 25 ° C, which is illustrates (zoomed figure) the creation of Nit interface states and Nox+ trapped charges, Nox-in the gate oxide because of VGS. T The HC mechanism leads to the existence of the injected current (IGinj) and the substrate current (ISub) resulting from the impact ionization ............................................................................................................................................................ 38 Figure 1. 14 BTI and HCI coupled degradation model vs standard additive model of VTH drift difference. The resulting RO frequency drift is compared between simulation and measurement [53]. ........... 39 Figure 1. 15 Different types of process variation [58][59] .......................................................................... 41 Figure 1. 16 Cross-section of interconnect metal layers [78] ..................................................................... 43 Figure 1. 17 Interconnect variations due to fabrication process and parasitic corners [76] ...................... 44 Figure 1. 18 Setup and Hold time constraint in a timing path .................................................................... 47 Figure 1. 19 Illustration of additional supply voltage margin due to PVTA variation ................................. 48 Figure 1. 20 X% derate applied during setup analysis [81] ......................................................................... 48 Figure 1. 21 Hold Analysis under OCV with X% derate [81]. ....................................................................... 49 Figure 1. 22 Example of derate values in AOCV approach [82] .................................................................. 50 Figure 1. 23 Example of POCV derate in LVF file [83] ................................................................................. 50

1 28 Figure 1 . 2 30 Figure 1 . 5 50 Figure 2 . 1

 1281230155021 Figure 1. 1 Diagram of NMOS with four terminals: Gate, Drain, Source and Body [1]. The length of the gate defines the technology node. ............................................................................................................ 28 Figure 1. 2 Transistor in OFF state in (a) and in ON state in (b). ................................................................. 29 Figure 1. 3 Architecture [10] and TEM of FDSOI [6] ................................................................................... 30 Figure 1. 4 (a) Transistor with polysilicon gate in 40nm technology node (b)Transistor with High-K metal gate ion 28nm FDSOI technology node (c) zoom of dielectric layer [7]............................................. 30 Figure 1. 5 Bulk vs. FDSOI transistor structures [6] .................................................................................... 31 Figure 1. 6 28LP bulk bias capabilities and 28nm FDSOI body-bias capabilities based on their well layer configuration. [12] .............................................................................................................................. 32 Figure 1. 7 Normalized leakage power vs Vbb for bulk, FDSOI RBB and FDSOI FBB [12] .......................... 32 Figure 1. 8 EDP (Energy Delay Product) vs Delay for Bulk vs FDSOI FBB and RBB. [12] .............................. 33 Figure 1. 9 AVt mismatch factor vs gate length. In 28nm FDSOI reduced by 30% to 50% compared to 28nm LP [11] ................................................................................................................................................. 33 Figure 1. 10 Analog gain vs gate length shows that FDSOI shows 5 to 10 times higher gain than 28LP bulk.[11] ..................................................................................................................................................... 34 Figure 1. 11 Variability in IC ........................................................................................................................ 35 Figure 1. 12 Effect of NBTI on PMOS: (a) decrement in drain current with respect to gate voltage at higher temperature shows parallel shift in I-V characteristics due to Vth degradation (b) degradation in transconductance due to Vth shift and degraded mobility µ. [32] .................................................... 37 Figure 1. 13 Electrical configurations for applying a hot carrier (HC) stress with VGS and VDS voltages, typically at 25 ° C, which is illustrates (zoomed figure) the creation of Nit interface states and Nox+ trapped charges, Nox-in the gate oxide because of VGS. T The HC mechanism leads to the existence of the injected current (IGinj) and the substrate current (ISub) resulting from the impact ionization ............................................................................................................................................................ 38 Figure 1. 14 BTI and HCI coupled degradation model vs standard additive model of VTH drift difference. The resulting RO frequency drift is compared between simulation and measurement [53]. ........... 39 Figure 1. 15 Different types of process variation [58][59] .......................................................................... 41 Figure 1. 16 Cross-section of interconnect metal layers [78] ..................................................................... 43 Figure 1. 17 Interconnect variations due to fabrication process and parasitic corners [76] ...................... 44 Figure 1. 18 Setup and Hold time constraint in a timing path .................................................................... 47 Figure 1. 19 Illustration of additional supply voltage margin due to PVTA variation ................................. 48 Figure 1. 20 X% derate applied during setup analysis [81] ......................................................................... 48 Figure 1. 21 Hold Analysis under OCV with X% derate [81]. ....................................................................... 49 Figure 1. 22 Example of derate values in AOCV approach [82] .................................................................. 50 Figure 1. 23 Example of POCV derate in LVF file [83] ................................................................................. 50

Figure 2 . 5

 25 Figure 2. 5 Transition Detector with Time Borrowing Monitor Structure [7] ............................................. Figure 2. 6 Double Sampling with Time Borrowing Monitor Structure [8] ................................................. Figure 2. 7 Razor-I Structure and timing diagram [9] ................................................................................. Figure 2. 8 Razor-II structure [10] ............................................................................................................... Figure 2. 9 Canary Flip Flop Monitor Structure and timing diagram ..........................................................Figure 2. 10 Circuit configuration of Vernier delay line [18].......................................................................Figure 2. 11 Top level schematic of CPS with flag generation mechanism and characterization for data, launch and capture path .................................................................................................................... Figure 2. 12 Layout of Design containing CPS, CPR and ARM A53 three cores. ......................................... Figure 2. 13 Distribution of normalized Fmax of ARM core, CPR and CPS at zero body bias at 25°C, Vdd is 1.1V. ................................................................................................................................................... Figure 2. 14 Correlation of CPS and CPR with A53 for normalized frequency for temperature range of -40°C to 125°C without application of body-bias at Vdd is 1.1V. ................................................................ Figure 2. 15 Distribution of normalized Fmax for ARM core, CPR and CPS at 600mV forward body-bias at 25°C, Vdd is 1.1V. ............................................................................................................................... Figure 2. 16 Distribution of Vmin for A53 and CPS at 600mV forward body-bias and without body-bias. Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C. .................................................................................................................................. Figure 2. 17 Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C. .......................................................................................................................Figure 2. 18 Normalized standard deviation for each path of CPS measured for different dies and simulated with Monte-Carlo Simulation ............................................................................................................. Figure 2. 19 Data path delay, launch clock path delay and capture clock path delay and measured minimum period (Tmin) for each path of CPS .................................................................................................... Figure 2. 20 Contribution of data path launch clock path and capture clock path in increase of delay due to aging. .............................................................................................................................................. Figure 2. 21 Ring Oscillator frequency drift due to aging for different corners and different gate cells at -40°C and 125°C. .................................................................................................................................. Figure 2. 22 Vmin projection when using either CPR or CPS to estimate aging of a reference IP considering inaccuracy of sensor and dispersion of aging. ...................................................................................

Figure 2 .

 2 Figure 2. 5 Transition Detector with Time Borrowing Monitor Structure [7] ............................................. Figure 2. 6 Double Sampling with Time Borrowing Monitor Structure [8] ................................................. Figure 2. 7 Razor-I Structure and timing diagram [9] ................................................................................. Figure 2. 8 Razor-II structure [10] ............................................................................................................... Figure 2. 9 Canary Flip Flop Monitor Structure and timing diagram ..........................................................Figure 2. 10 Circuit configuration of Vernier delay line [18].......................................................................Figure 2. 11 Top level schematic of CPS with flag generation mechanism and characterization for data, launch and capture path .................................................................................................................... Figure 2. 12 Layout of Design containing CPS, CPR and ARM A53 three cores. ......................................... Figure 2. 13 Distribution of normalized Fmax of ARM core, CPR and CPS at zero body bias at 25°C, Vdd is 1.1V. ................................................................................................................................................... Figure 2. 14 Correlation of CPS and CPR with A53 for normalized frequency for temperature range of -40°C to 125°C without application of body-bias at Vdd is 1.1V. ................................................................ Figure 2. 15 Distribution of normalized Fmax for ARM core, CPR and CPS at 600mV forward body-bias at 25°C, Vdd is 1.1V. ............................................................................................................................... Figure 2. 16 Distribution of Vmin for A53 and CPS at 600mV forward body-bias and without body-bias. Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C. .................................................................................................................................. Figure 2. 17 Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C. .......................................................................................................................Figure 2. 18 Normalized standard deviation for each path of CPS measured for different dies and simulated with Monte-Carlo Simulation ............................................................................................................. Figure 2. 19 Data path delay, launch clock path delay and capture clock path delay and measured minimum period (Tmin) for each path of CPS .................................................................................................... Figure 2. 20 Contribution of data path launch clock path and capture clock path in increase of delay due to aging. .............................................................................................................................................. Figure 2. 21 Ring Oscillator frequency drift due to aging for different corners and different gate cells at -40°C and 125°C. .................................................................................................................................. Figure 2. 22 Vmin projection when using either CPR or CPS to estimate aging of a reference IP considering inaccuracy of sensor and dispersion of aging. ...................................................................................

Figure 2 .

 2 Figure 2. 5 Transition Detector with Time Borrowing Monitor Structure [7] ............................................. Figure 2. 6 Double Sampling with Time Borrowing Monitor Structure [8] ................................................. Figure 2. 7 Razor-I Structure and timing diagram [9] ................................................................................. Figure 2. 8 Razor-II structure [10] ............................................................................................................... Figure 2. 9 Canary Flip Flop Monitor Structure and timing diagram ..........................................................Figure 2. 10 Circuit configuration of Vernier delay line [18].......................................................................Figure 2. 11 Top level schematic of CPS with flag generation mechanism and characterization for data, launch and capture path .................................................................................................................... Figure 2. 12 Layout of Design containing CPS, CPR and ARM A53 three cores. ......................................... Figure 2. 13 Distribution of normalized Fmax of ARM core, CPR and CPS at zero body bias at 25°C, Vdd is 1.1V. ................................................................................................................................................... Figure 2. 14 Correlation of CPS and CPR with A53 for normalized frequency for temperature range of -40°C to 125°C without application of body-bias at Vdd is 1.1V. ................................................................ Figure 2. 15 Distribution of normalized Fmax for ARM core, CPR and CPS at 600mV forward body-bias at 25°C, Vdd is 1.1V. ............................................................................................................................... Figure 2. 16 Distribution of Vmin for A53 and CPS at 600mV forward body-bias and without body-bias. Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C. .................................................................................................................................. Figure 2. 17 Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C. .......................................................................................................................Figure 2. 18 Normalized standard deviation for each path of CPS measured for different dies and simulated with Monte-Carlo Simulation ............................................................................................................. Figure 2. 19 Data path delay, launch clock path delay and capture clock path delay and measured minimum period (Tmin) for each path of CPS .................................................................................................... Figure 2. 20 Contribution of data path launch clock path and capture clock path in increase of delay due to aging. .............................................................................................................................................. Figure 2. 21 Ring Oscillator frequency drift due to aging for different corners and different gate cells at -40°C and 125°C. .................................................................................................................................. Figure 2. 22 Vmin projection when using either CPR or CPS to estimate aging of a reference IP considering inaccuracy of sensor and dispersion of aging. ...................................................................................

  Figure 2. 5 Transition Detector with Time Borrowing Monitor Structure [7] ............................................. Figure 2. 6 Double Sampling with Time Borrowing Monitor Structure [8] ................................................. Figure 2. 7 Razor-I Structure and timing diagram [9] ................................................................................. Figure 2. 8 Razor-II structure [10] ............................................................................................................... Figure 2. 9 Canary Flip Flop Monitor Structure and timing diagram ..........................................................Figure 2. 10 Circuit configuration of Vernier delay line [18].......................................................................Figure 2. 11 Top level schematic of CPS with flag generation mechanism and characterization for data, launch and capture path .................................................................................................................... Figure 2. 12 Layout of Design containing CPS, CPR and ARM A53 three cores. ......................................... Figure 2. 13 Distribution of normalized Fmax of ARM core, CPR and CPS at zero body bias at 25°C, Vdd is 1.1V. ................................................................................................................................................... Figure 2. 14 Correlation of CPS and CPR with A53 for normalized frequency for temperature range of -40°C to 125°C without application of body-bias at Vdd is 1.1V. ................................................................ Figure 2. 15 Distribution of normalized Fmax for ARM core, CPR and CPS at 600mV forward body-bias at 25°C, Vdd is 1.1V. ............................................................................................................................... Figure 2. 16 Distribution of Vmin for A53 and CPS at 600mV forward body-bias and without body-bias. Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C. .................................................................................................................................. Figure 2. 17 Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C. .......................................................................................................................Figure 2. 18 Normalized standard deviation for each path of CPS measured for different dies and simulated with Monte-Carlo Simulation ............................................................................................................. Figure 2. 19 Data path delay, launch clock path delay and capture clock path delay and measured minimum period (Tmin) for each path of CPS .................................................................................................... Figure 2. 20 Contribution of data path launch clock path and capture clock path in increase of delay due to aging. .............................................................................................................................................. Figure 2. 21 Ring Oscillator frequency drift due to aging for different corners and different gate cells at -40°C and 125°C. .................................................................................................................................. Figure 2. 22 Vmin projection when using either CPR or CPS to estimate aging of a reference IP considering inaccuracy of sensor and dispersion of aging. ...................................................................................

Figure 3 . 1

 31 Figure 3. 1 ISM insertion Methodology in digital design ............................................................................ Figure 3. 2 Schematic of testcase and top-level diagram with ring oscillator, flag controller, serial counter and DAC. ............................................................................................................................................. Figure 3. 3 Layout of one Block with Ring Oscillator, DAC and supply voltage. ......................................... Figure 3. 4 Timing analysis for Block1, 2 and 3 at SS corner, 0.6V, 125°C with timing slack given by ISM and timing slack of reg-reg paths. ............................................................................................................. Figure 3. 5 Measurement of first occurrence of flag (latched_flag), autotest maximum frequency and total count of flags for block 1 at 0.7V, 25°C. ............................................................................................. Figure 3. 6 Measurement of jitter distribution of clock period to analyze effect of low frequency noise for latched flag at low frequency. ............................................................................................................ Figure 3. 7 Statistical comparison of measured maximum frequency given by ISM vs maximum frequency given by autotest for various dies for three blocks at 0.7V, 25°C. ..................................................... Figure 3. 8 Comparison of spice simulation, timing analysis and measurement of frequency for occurrence of each ISM generated flag for block 3 at 0.7V, 125°C....................................................................... Figure 3. 9 Aging induced frequency shift measured through ISM for increasing dynamic stress vs. fresh measurement for Block 1 at 0.7V, 125°C. ..........................................................................................

Figure 3 .Figure 4 . 1

 341 Figure 3. 10 Measurement data of Fmax characterization for individual path before and after application of aging for Block 2 at 0.7V, 125°C. .................................................................................................... 88 Figure 3. 11 Simulation data of Fmax characterization for individual path before and after application of aging for Block 2 at 0.7V, 125°C. ........................................................................................................ 89 Figure 3. 12 Measurement of Fmax with increased supply voltage for Block1 at 125°C without application of body-bias. ....................................................................................................................................... 89Figure 3. 13 Design Architecture of AES system ......................................................................................... 90 Figure 3. 14 Histogram of timing slack for the paths with the without monitor ........................................ 92 Figure 3. 15 Cumulative distribution of Fmax for B1, B2 and B3 at 25°C, 1V, 0.6BB shows slight difference between B1 and B2 while large difference with B3. .......................................................................... 93 Figure 3. 16 Cell count comparison for block 1,2 and 3.............................................................................. 93 Figure 3. 17 Cumulative distribution of statistical measurement data of dynamic power for B1,B2 and B3 at 1V, 0.6BB and at 25°C. ................................................................................................................... 94 Figure 3. 18 Leakage power comparison for B1, B2 and B3 for leakage power at 1V, 0.6BB and at 25°C. 94 Figure 3. 19 Generation of first flag with gradual increase of frequency compared with frequency of functional failure at 1V, 25°C. ............................................................................................................ 95 Figure 3. 20 Illustration of flag generation with gradual increment of frequency ..................................... 96 Figure 3. 21 Cumulative distribution of frequency of first flag generation and frequency of functional failure for block 3 shows guard window corresponds to delay element from the in-situ monitor. .. 96 Figure 3. 22 Fmax characterization for block 1,2 and 3 for five different workloads at 125°C, 1V Vdd,1V FBB. ............................................................................................................................................................ 97 Figure 3. 23 Aging rate comparison between block 2 and 3 shows increased aging rate in the absence of aging libraries during implementation ............................................................................................... 98 Figure 3. 24 ISM Flag generation before and after application of aging stress .......................................... 99

Figure 4 .

 4 Figure 4. 19 Adjustment of Body-bias voltage and supply voltage during AV-BBS simulation. ...............Figure 4. 20 Dynamic power results comparison for AV-BBS vs. w/o compensation ..............................Figure 4. 21 Static power comparison for AV-BBS vs. w/o compensation ...............................................Figure 4. 22 Dynamic power comparison for all compensation schemes ................................................Figure 4. 23 Static power comparison for all compensation schemes .....................................................

Figure 4 .

 4 Figure 4. 19 Adjustment of Body-bias voltage and supply voltage during AV-BBS simulation. ...............Figure 4. 20 Dynamic power results comparison for AV-BBS vs. w/o compensation ..............................Figure 4. 21 Static power comparison for AV-BBS vs. w/o compensation ...............................................Figure 4. 22 Dynamic power comparison for all compensation schemes ................................................Figure 4. 23 Static power comparison for all compensation schemes .....................................................

Figure 4 .

 4 Figure 4. 19 Adjustment of Body-bias voltage and supply voltage during AV-BBS simulation. ...............Figure 4. 20 Dynamic power results comparison for AV-BBS vs. w/o compensation ..............................Figure 4. 21 Static power comparison for AV-BBS vs. w/o compensation ...............................................Figure 4. 22 Dynamic power comparison for all compensation schemes ................................................Figure 4. 23 Static power comparison for all compensation schemes .....................................................

Figure 4 .

 4 Figure 4. 19 Adjustment of Body-bias voltage and supply voltage during AV-BBS simulation. ...............Figure 4. 20 Dynamic power results comparison for AV-BBS vs. w/o compensation ..............................Figure 4. 21 Static power comparison for AV-BBS vs. w/o compensation ...............................................Figure 4. 22 Dynamic power comparison for all compensation schemes ................................................Figure 4. 23 Static power comparison for all compensation schemes .....................................................

Figure 4 .

 4 Figure 4. 19 Adjustment of Body-bias voltage and supply voltage during AV-BBS simulation. ...............Figure 4. 20 Dynamic power results comparison for AV-BBS vs. w/o compensation ..............................Figure 4. 21 Static power comparison for AV-BBS vs. w/o compensation ...............................................Figure 4. 22 Dynamic power comparison for all compensation schemes ................................................Figure 4. 23 Static power comparison for all compensation schemes .....................................................

Figure 5 . 1

 51 Figure 5. 1 Architecture of In-Situ Monitor for Hold showing shadow flip-flop with added delay element in the clock path ................................................................................................................................... Figure 5. 2 Timing diagram to demonstrate the operating principle of In-Situ Monitor for hold ............ Figure 5. 3 Flag characterization of ISM hold before occurrence of functional failure ............................ Figure 5. 4 Illustration of flag generation with gradually increasing supply voltage ................................ Figure 5. 5 Statistical data collection of Vmax given by ISM for hold with Vmax of the circuit ............... Figure 5. 6 Shmoo plot to demonstrate the range of system functionality using ISM for setup and hold ..........................................................................................................................................................

Figure 1

 1 Figure 1 Moore's Law

Figure 4

 4 Figure 4 Reliability Curve presented by Intel[10] in (a) and NASA[11] in(b) As shown in figure4, the reliability curve is divided into three zones:
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 1 at giving an introduction to transistor characteristic and key reliability parameters which are responsible for Process, Voltage, Temperature and Aging (PVTA) variations. Section 1.1 describes basic CMOS technology and its operation as a switch which is the fundamental of digital circuits. Section 1.2 describes the transition from bulk CMOS to FDSOI technology and highlights the advantages of FDSOI for reliability. Section 1.3 describes the phenomena of process, voltage, temperature and aging variations in detail. Section 1.4 describes the PVTA variations on digital circuit and design methodology to take into account PVTA variations at circuit level. The chapter is concluded in section 1.5.
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 11 Figure 1. 1 Diagram of NMOS with four terminals: Gate, Drain, Source and Body [1]. The length of the gate defines the technology node.
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 1 Figure 1.2.
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 12 Figure 1. 2 Transistor in OFF state in (a) and in ON state in (b) [2][3].
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 13 shows the architecture of FDSOI transistor and its TEM (Transmission electron microscopy).
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 13 Figure 1. 3 Architecture[10] and TEM of FDSOI[6] 
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 1 Figure 1. 4 (a) Transistor with polysilicon gate in 40nm technology node (b) Transistor with High-K metal gate ion 28nm FDSOI technology node (c) zoom of dielectric layer [7].
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 15 Figure 1. 5 Bulk vs. FDSOI transistor structures[6] 
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 161718 Figure 1. 6 28LP bulk bias capabilities and 28nm FDSOI body-bias capabilities based on their well layer configuration.[12] 
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 1 Figure 1. 11 Variability in IC 1.3.1. Temporal Variation: Transistor Aging Phenomena

Figure 1 .

 1 Figure 1. 14 BTI and HCI coupled degradation model vs standard additive model of VTH drift difference. The resulting RO frequency drift is compared between simulation and measurement [50].
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 1 Figure 1. 15 Different types of process variation[START_REF] Mezzomo | Modeling and characterization of the random fluctuations in electrical parameters of advanced CMOS[END_REF][START_REF] Croon | Matching properties of deep sub-micron MOS transistor[END_REF] 
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 1 16 [75] shows the cross-section of an interconnect metal layers. The two consecutive metal layers are separated by a dielectric material and the interconnect between two metal layers is connected by VIAs.
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 1 Figure 1. 16 Cross-section of interconnect metal layers [75]

  [73].
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 1 Figure1. 17 Interconnect variations due to fabrication process and parasitic corners[73] 
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 1 Figure 1. 18 Setup and Hold time constraint in a timing path
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 1 Figure 1. 19 Illustration of additional supply voltage margin due to PVTA variation 1.4.2.Intra-die Variation
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 1 Figure 1. 21 Hold Analysis under OCV with X% derate [78].
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 1 Figure 1. 22 Example of derate values in AOCV approach[START_REF]PrimeTime Advanced OCV Technology, Easy-to-Adopt, Variation-Aware Timing Analysis for 65-nm and below[END_REF] 
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 1 Figure 1. 23 Example of POCV derate in LVF file[80] 
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 21 Figure 2. 1 Categorization of Monitors a. Monitors for maximum performance violation error or pre-error detection b. Monitors for measuring the extra-delay induced by variability or aging.

Figure 2 . 2

 22 Figure 2. 2 Replica Path Monitor: the critical path of the design is replicated with U1, U2, U3, etc. standard cells.

Figure 2 . 3

 23 Figure 2. 3 Tunable Replica Paths Monitor Structure[3] 

Figure 2 . 4

 24 Figure 2. 4 Double Sampling ApproachAs shown in the figure 2.4, the redundant element such as latch or flip-flop is added at the end of combinational path. The clock is delayed by a certain value 'δ' for this latch or flip-flop. Thus, the output signal is captured at time 't' for the reference flop and time 't+ δ' for the redundant flop. In the end, two outputs are compared by a comparator. When the path delay increases due to aging phenomena and violates the paths slack, the flip-flop captures a wrong value although the redundant element will capture the correct delayed output on its active clock level and the error flag is generated which triggers correction strategies, such as voltage adaptation, body bias adaptation, etc.Considering the implementation aspects, the major drawback of this technique is to synthesis two different clock-trees. As the clock used by redundant flop is delayed, the clock tree of these flops is synthesized separately and thus this monitor implementation requires huge design effort due to the clock signal routing complexity as sometimes timing closure can be a critical issue. Another drawback of this technique is the metastability occurrence when setup or hold time constraints are violated at the endpoint. The problem can be fixed by adding an inverter at the end of output whose delay is greater than the metastability window. However, as explained in[6], in applications where one must dynamically regulate the voltage or frequency, the error rate can become very large (1 error per 1000 cycles[6]).
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 26 Figure 2. 6 Double Sampling with Time Borrowing Monitor Structure[8] 
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 27 Figure 2. 7 Razor-I Structure and timing diagram[9] 
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 28 Figure 2. 8 Razor-II structure[10] 
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 29 Figure 2. 9 Canary Flip Flop Monitor Structure and timing diagram
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 2 10 shows the principle of setting up a delay line used to measure timing difference between two transitions. It is composed by a 2 buffer chains and D latch gates. Two steps signals (START and STOP) are given to the circuit and the time difference will be measured by the Vernier Delay Line.
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 2 Figure 2. 10 Circuit configuration of Vernier delay line[18] 
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 2 Figure 2. 11 Top level schematic of CPS with flag generation mechanism and characterization for data, launch and capture path

Figure 2 .

 2 Figure 2. 12 Layout of Design containing CPS, CPR and ARM A53 three cores.
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 2 Figure 2. 13 Distribution of normalized Fmax of ARM core, CPR and CPS at zero body bias at 25°C, Vdd is 1.1V.

Figure 2 .

 2 Figure 2. 15 Distribution of normalized Fmax for ARM core, CPR and CPS at 600mV forward body-bias at 25°C, Vdd is 1.1V.
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 2 Figure 2. 16 Distribution of Vmin for A53 and CPS at 600mV forward body-bias and without body-bias. Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C.

  of A53 implemented in CPS can have different local mismatch. Based on Monte-Carlo simulations, Fig.
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 2 Figure 2. 17 Comparison between the simulated and measured Fmax per path for CPS at 0.9V and 1.1V at -40°C, 25°C and 125°C.
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 2 Figure 2. 18 Normalized standard deviation for each path of CPS measured for different dies and simulated with Monte-Carlo Simulation

Figure 2 .

 2 Figure 2. 20 Contribution of data path launch clock path and capture clock path in increase of delay due to aging.

For illustration purpose, figure 2 .

 2 21 shows the analysis of aging effect on process corner for ring oscillators designed with different variety of standard cells. The drift in frequency due to aging for different corners, different Vt-flavors and different gate length of standard cells are shown in Fig. 2.21. Here, LL indicates low-Vt and LR indicates regular-Vt. P0, P4, P10 and P16 indicates different type of gate length of standard cell as explained earlier. As shown in figure, low-Vt cells have less degradation compared to regular-Vt cells.

Figure 2 .

 2 Figure 2. 21 Ring Oscillator frequency drift due to aging for different corners and different gate cells at -40°C and 125°C.

Figure 2 .

 2 Figure 2. 22 Vmin projection when using either CPR or CPS to estimate aging of a reference IP considering inaccuracy of sensor and dispersion of aging.

[ 1 ] 3 Investigationchapter 2 ,

 132 Thomas D. Burd, Trevor A. Pering, Anthony J. Stratakos, and Robert W. Brodersen. A dynamic voltage scaled microprocessor system. IEEE Journal of solid-state circuits, 35(11):1571-1580, 2000 internally situated monitors provide more accurate detection for global and local variations compared to externally situated monitors, due to their localization within the design. The advantages of In-Situ Monitors (ISM) as mentioned earlier in chapter 2 make them the most suitable candidate to be used in any adaptive compensation schemes. Therefore, it is important to develop an efficient ISM insertion methodology on timing critical paths and in the same time minimizing the impact on timing closure. Also, it is very important to analyze the ranking of various critical paths under different circumstances which can help in the selection process of suitable critical paths as a support for ISM insertion.
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 32 Figure 3. 2 Schematic of testcase and top-level diagram with ring oscillator, flag controller, serial counter and DAC.

Figure 3 . 3

 33 Figure 3. 3 Layout of one Block with Ring Oscillator, DAC and supply voltage.
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 34 Figure 3. 4 Timing analysis for Block1, 2 and 3 at SS corner, 0.6V, 125°C with timing slack given by ISM and timing slack of regreg paths.

Figure 3 . 5

 35 Figure 3. 5 Measurement of first occurrence of flag (latched_flag), autotest maximum frequency and total count of flags for block 1 at 0.7V, 25°C.
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 36 Figure 3. 6 Measurement of jitter distribution of clock period to analyze effect of low frequency noise for latched flag at low frequency.
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 37 Figure 3. 7 Statistical comparison of measured maximum frequency given by ISM vs maximum frequency given by autotest for various dies for three blocks at 0.7V, 25°C.
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 38 Figure 3. 8 Comparison of spice simulation, timing analysis and measurement of frequency for occurrence of each ISM generated flag for block 3 at 0.7V, 125°C.
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 39 Figure 3. 9 Aging induced frequency shift measured through ISM for increasing dynamic stress vs. fresh measurement for Block 1 at 0.7V, 125°C.

Figure 3 .

 3 Figure 3. 10 Measurement data of Fmax characterization for individual path before and after application of aging for Block 2 at 0.7V, 125°C.
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 3 Figure 3. 11 Simulation data of Fmax characterization for individual path before and after application of aging for Block 2 at 0.7V, 125°C.

Figure 3 .

 3 Figure 3. 12 Measurement of Fmax with increased supply voltage for Block1 at 125°C without application of body-bias.

Figure 3 .•

 3 Figure 3.13 shows the architecture of second digital circuit used in this thesis for the analysis of insertion of in-situ monitors impact. • In this design, Advanced Encryption System (AES) circuit is used as a testcase. The top-level architecture is shown in the figure 3.13. 5 bit external-signal Sel_pgm [4:0] is used to select different workloads. Based on the Sel_pgm input, program controller selects the input data and security key. The selected data and key are then passed to the encryption and decryption unit, where the encryption-decryption operation is performed.
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 3 Figure 3. 13 Design Architecture of AES system
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 3 Figure 3. 14 Histogram of timing slack for the paths with the without monitor

Figure 3 .

 3 Figure 3. 15 Cumulative distribution of Fmax for B1, B2 and B3 at 25°C, 1V, 0.6BB shows slight difference between B1 and B2 while large difference with B3.
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 3 Figure 3. 16 Cell count comparison for block 1,2 and 3
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 3 Figure 3. 17 Cumulative distribution of statistical measurement data of dynamic power for B1, B2 and B3 at 1V, 0.6BB and at 25°C.
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 3 Figure 3. 18 Leakage power comparison for B1, B2 and B3 for leakage power at 1V, 0.6BB and at 25°C.
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 3 19 shows the principle of the flag characterizations at a supply voltage of 1V with 0.6V forward body-bias and at 25°C. In fact, a flag is generated before the functional failure

Figure 3 .

 3 Figure 3. 19 Generation of first flag with gradual increase of frequency compared with frequency of functional failure at 1V, 25°C.
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 3 Figure 3. 20 Illustration of flag generation with gradual increment of frequency

Figure 3 .

 3 Figure 3. 21 Cumulative distribution of frequency of first flag generation and frequency of functional failure for block 3 shows guard window corresponds to delay element from the in-situ monitor.
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 33 Figure 3. 22 Fmax characterization for block 1,2 and 3 for five different workloads at 125°C, 1V Vdd,1V FBB.
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 41 Figure 4. 1 Architecture of adaptive compensation system
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 42 Figure 4. 2 Safe space for adaptation based on signoff corners

Figure 4 . 3

 43 Figure 4. 3 Simulation setup of an adaptive compensation scheme.
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 44 cycle. The input data is mentioned as Din (Data in) in the figure This continuous rising and falling transition of input data arriving to the flip flop is managed by 'Data control' signal shown in figure 4.3. o The controller lowers the supply voltage step-by-step with respect to the clock until at least one

Figure 4 . 5

 45 Figure 4.5 shows the simulation results of the minimum voltage search and the adaptive voltage compensation using this above-mentioned algorithm.
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 45 Figure 4. 5 Demonstration of Minimum voltage search algorithm
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 47 Figure 4. 7 Simulation results for different nbrun for 10 years of aging without adaptive compensation scheme
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 48 Figure 4. 8 Simulation results for different nbrun for 10 years of aging with adaptive voltage compensation scheme

Figure 4 .

 4 Figure 4.11(a)shows the dynamic power consumption comparison for the adaptive compensation scheme with no adaptation scheme. During the simulation, the supply voltage increases gradually to compensate for the loss of performance due to aging. Therefore, the power consumption increases accordingly.In the case of AVS, at the beginning of the simulation, dynamic power consumption remains low which gradually increases at the end of the aging simulation at 10 years, showing an increase of about 30% over the time. However, for the case where no voltage adaptation is performed, the dynamic power consumption always remains higher as shown in figure4.11(a) and increases slightly with aging. Because in the case of no adaptation, the slack decreases gradually and when it reaches to the point where the transition of data signal occurs very close to the setup time of the flip-flop, current increases and results in increased power consumption.The result in figure4.11(a) shows the significant reduction in power consumption of approximately 29% for AVS at the beginning due to the lower supply voltage. If overall power consumption for entire duration of aging simulation is considered, adaptive voltage scheme shows approximately 7% reduction in dynamic power consumption compared to the case where no adaptation is used.

Figure 4 .

 4 Figure 4. 11 (a) Dynamic power comparison for AVS vs. w/o compensation

Figure 4 .

 4 Figure 4.11(b)shows the static power consumption comparison between the adaptive compensation scheme and no voltage adaptation scheme. Due to the fact that static power consumption is directly proportional to the supply voltage, static power is lower in the case of adaptive compensation at the beginning of the simulation, when the supply voltage is low. Note that, the static power consumption is almost equal at the end of the aging simulation time in both compensation schemes.For AVS, the static power gradually increases with each increment in the supply voltage and at the end of the simulation runtime, showing an increase of about 25% over the time. While in the case of no adaptation, the static power remains high for entire duration of simulation. Due to the aging, the threshold voltage increases as explained in chapter 1 and therefore, static current reduces. Hence, the static power consumption reduces slightly with age in the case of no adaptation. The result in figure4.11(b) shows that static power consumption is reduced by approximately 25% for AVS at the beginning

Figure 4 .

 4 Figure 4. 11 (b) Static power comparison for AVS vs. w/o compensation

Figure 4 .

 4 Figure 4. 12 (a) Spice simulation for the AES design as testcase for adaptive voltage compensation scheme

Figure 4 .

 4 12(b)shows simulation results for 10 years of aging. The figure shows the value of the supply voltage after adaptation at each nbrun. Here, the aging simulation for 10 years is done with 10 nbruns in linear scale at 125°C, SS corner.
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Figure 4 .

 4 Figure 4. 12(b) AVS Spice simulation for 200 paths of ARM A53 processor. Simulation has been done for 10 years of aging in 10 nbrun at 125°C, SS Corner. The figure demonstrates the adjustment of supply voltage for aging stress at each nbrun.
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 44424421 Figure 4. 14 14 Flowchart for ABBS simulation methodology
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 4 Figure 4. 15 (a) Slack comparison for Adaptive Body Bias Scheme vs. no Body bias compensation

Figure 4 .

 4 Figure 4. 15 (b) Substrate biasing evolution with time for ABBS
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 4 Figure 4. 16 Dynamic power consumption comparison for ABBS vs. w/o compensation

Figure 4 .

 4 Figure 4. 17 Static power comparison for ABBS vs. w/o compensation
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 44524521 Figure 4. 18 Flowchart for AV-BBS

Figure 4 .

 4 Figure 4.19 shows the body-bias and supply voltage changes during the simulation to maintain the same target frequency for the 10 years of aging simulation. For this simulation, testcase is taken from ARM A53, and it is represented by a timing path with embedded ISM. The simulation is performed for 10 years of aging in 30 nbruns in linear scale at 125°C, in SS corner for the target slack of 50ps.For the Forward Body-Bias(FBB), the range is set from 250mV to 300mV in this case. The initial supply voltage is set at 0.67V. During the simulation, when the initial flag occurs, the value of forward body-bias voltage starts to increase gradually and when the value reaches to the higher limit, the supply voltage increases by one step of 50mV and FBB goes back to the lower limit of 250mV. The supply voltage range should be analyzed earlier in order to compensate the degradation with the reduction of the substrate biasing. In this case, the supply voltage at the beginning of the simulation is 0.67V and increases to 0.71V at the end of the aging simulation while the forward body-bias value varies between 250mV to 300mV during the simulation.
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 4 Figure 4. 19 Adjustment of Body-bias voltage and supply voltage during AV-BBS simulation.
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 4 Figure 4. 22 Dynamic power comparison for all compensation schemes

Figure 4 .

 4 Figure 4. 23 Static power comparison for all compensation schemes

. 1 .

 1 Here, the capture flip-flop is replicated with added delay element in the clock path. The replicated flip-flop is called as shadow flip-flop. Data signal for capture flip-flop and shadow flip-flop is similar but clock signal is delayed for the shadow flip-flop due to added clock buffer or inverter pair. The outputs of capture flip-flop and shadow flip-flop are compared by a comparator which is normally an XOR gate as shown in figure 5.1.

Figure 5 . 1

 51 Figure 5. 1 Architecture of In-Situ Monitor for Hold showing shadow flip-flop with added delay element in the clock path

Figure 5 . 2

 52 Figure 5. 2 Timing diagram to demonstrate the operating principle of In-Situ Monitor for hold

  The functionality of ISM for Hold is demonstrated in this section with characterization of ISM flags.

Figure 5 . 3

 53 shows the principle of the flag characterizations at 125°C. In fact, a flag is generated before functional failure occurs in the design. When the supply voltage is progressively increasing during measurements, the first error flag generated by a hold-ISM will occur. The difference between the voltage at first hold-ISM flag occurrence and the voltage for the functional failure occurrence is called voltage window. The value of the voltage window is defined by the delay element added in the clock path of hold In-situ Monitor. As shown in this figure 5.3, the first flag occurs at 1V and the flags start increasing gradually before the functional failure occurs at 1.06V, represented by dok signal in the figure 5.3. The voltage window of 60mV gives sufficient time to close the loop of compensation in case of hold time violation using adaptive compensation schemes.
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 53 Figure 5. 3 Flag characterization of ISM hold before occurrence of functional failure
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 54 Figure 5. 4 Illustration of flag generation with gradually increasing supply voltage
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 55 Figure 5. 5 Statistical data collection of Vmax given by ISM for hold with Vmax of the circuit

Figure 5 . 6

 56 Figure 5. 6 Shmoo plot to demonstrate the range of system functionality using ISM for setup and hold at 125°C

  , Temperature and Aging (PVTA) variations have become a major reliability concern in advanced technology nodes. The conventional approach of providing high safety margins is not feasible anymore due to huge design costs. Hence, usage of delay monitors and adaptive compensation techniques have become necessary as technology moves further to smaller sizes.
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	FDSOI	Fully Depleted Silicon-On-Insulator
	FEOL	Front-End of Line
	FET	Field Effect Transistor
	HCI	Hot Carrier Injection
	ISM	In-Situ Monitor
	LBIST	Logic Built-In-Self-Test
	LVF	Liberty Variation Format
	LVT	Low Threshold Voltage
	MOSFET	Metal-Oxide-Semiconductor Field Effect Transistor
	MTTF	Mean Time-To-Failure
	NBTI	Negative-Bias Temperature Instability
	NMOS	N-doped MOSFET
	OCV	On-Chip Variation
	PBTI	Positive-Bias Temperature Instability
	PDN	Power Delivery Network
	PLL	Phase Locked Loop
	PMOS	P-doped MOSFET
	POCV	Parametric On-Chip Variation
	PPA	Performance, Power and Area
	PRBS	Pseudo Random Binary Sequence
	PVTA	Process, Voltage, Temperature and Aging
	RO	Ring Oscillator
	RTL	Register-Transfer Level
	SoC	System-on-Chip
	SPICE	Simulation Program with Integrated Circuit Emphasis
	STA	Static Timing Analysis
	TDC	Time to Digital Converter
	TDDB	Time Dependent Dielectric Breakdown

1 Various Implementation trials for AES design ............................................................................
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  In-situ monitors presented in the literature focus on detection of setup time violation but lack the detection of hold time violations. With increasing PVT variations and increased popularity of adaptive voltage compensation, it has become important to verify that increasing supply voltage does not create hold violations.

This issue is addressed in chapter 5 by proposing the in-situ monitor for detection of hold violations.

  

  Hence, change in temperature causes variation in propagation delay in standard cells. Also, as the temperature increases, o delay of a cell may decrease due to decrease in VT or o delay of a cell may increase due to decrease in mobility µ .From the equation of Id, it can be seen that if gate override voltage (𝑉 𝐺𝑆 -𝑉 𝑇 ) is higher, difference in 𝑉 𝑇 change becomes negligible and the delay of a cell increases due to decrease in mobility. But, if gate override voltage (𝑉 𝐺𝑆 -𝑉 𝑇 ) is reduced, difference in 𝑉 𝑇 change becomes significant and the delay of a cell decreases due to decrease in 𝑉 𝑇 . This phenomenon is called as "Temperature Inversion". For 65nm or below technology node, the difference between supply voltage and threshold voltage has become smaller and thus temperature inversion is observed. For scaled nodes, the delay of cell o increases with increase in temperature for higher supply voltage and o decrease with increase in temperature at lower supply voltage.

µ 𝑛 is mobility of carriers, 𝐶 𝑜 𝑥 is oxide capacitance, W and L are width and length of channel, VGS is the gate voltage and VT is a threshold voltage. From the above equation, both mobility and threshold voltage depend on temperature.

1.4. PVTA Variations at

Circuit Level 1.4.1.

  .15. Similar to the results demonstrated in figure2.13, also in this case Fmax of CPS is better correlated with Fmax of A53 than
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1 Various Implementation trials for AES design

• For the in-situ monitor, the state-of-the-art work presented in[21][22][23][24] addresses the impact of workload, insertion methodology and selection of critical paths but lacks the study of its impact on critical paths ranking in different post-fabrication circumstances. In order to efficiently insert in-situ monitors that can detect variations across different scenarios, it is important to analyze

0.86V, the controller will increase the supply voltage by one step and the supply voltage value is set at 0.88V. With this supply voltage value, the simulation enters into phase 2.

Figure 4. 4 Simulation Algorithm for adaptive compensation

Aging effect Analysis

In this section, the aging effect is analyzed using in-situ monitors between block 2 and 3 to investigate the impact of aging library usage in the digital circuit. Figure 3. 23 shows the measurement data of the maximum operating frequency for block 2 and block 3 at 125°C, 1V Vdd, 1V FBB under the application of aging stress applied at 1.3V for three hours at 125°C. As shown in figure, aging rate is higher in block 3 compared to block 2. As mentioned in table 3.1, block 3 has been implemented without using aging libraries while block 2 is implemented using aging libraries. This result shows that the inclusion of aging libraries during the implementation increases robustness of the design against aging stress. As shown in previous results, block 3 has a significant gain in area overhead and power consumption, but the tradeoff is the increased aging rate. However, delay degradation due to aging can be detected accurately by using ISM and can be compensated using adaptive compensation schemes which will be discussed in chapter 4. 

Aging effect on Critical Path ranking in AES

The effect of aging on critical path ranking for AES design is analyzed using the measurement data and is shown in figure 3.24. As shown in the above figure 3.23, the maximum operating frequency decreases due to aging. Consequently, as shown in this figure 3.24, for a particular frequency, the number of flags increases due to application of aging stress. On the contrary to the first testcase of arithmetic unit, the ranking of critical path does not change in AES, and ordering remains almost similar before and after aging stress as shown in figure 3.24. This result shows that the change of critical path ranking due to aging is design dependent.

Adaptive Supply Voltage and Body-Bias Scheme for Process, Voltage and Aging Compensation

This chapter provides transistor level simulation results of a full adaptive compensation scheme using supply voltage and body-biasing which uses In-Situ Monitors as sensors to precisely estimate the delay for compensation of process, voltage, temperature and aging simultaneously. Thus, the system can eliminate all unnecessary margins and power consumption can be reduced significantly while ensuring the target reliability of system. Introduction to this chapter and state-of-the-art review of adaptive compensation schemes are explained in section 4.1. Section 4.2 explains the system architecture of adaptive compensation scheme and the advantages of using transistor level simulation over behavior model simulation. Experimental results of adaptive voltage scheme are explained in section 4.3. Section 4.4 shows results of adaptive body-bias scheme. Combined adaptive voltage and bodybias scheme and its results are explained section 4.5. Finally, all three compensation schemes are compared in terms of performance, power, area and safety in section 4.6.

Introduction

Ensuring reliability management and low power consumption are two important challenges in advanced technology nodes for complex System on Chips. Techniques such as adaptation of supply voltage and/or body-bias in the system for a particular process, to a specific workload and environmental changes like voltage/temperature changes help lowering the power consumption significantly while keeping the system reliability close to the target and product expectations. As a matter of fact, reduction of the supply voltage also reduces the rate of aging and thus system life can be prolonged. At the same Adaptive Supply Voltage and Body-Bias Scheme for Process, Voltage and Aging Compensation 101 time, performance boosting is also possible by increasing supply adaptive voltage or by applying forward body-bias while carefully considering the limits.

Several previous research findings shows compensation architectures and methodologies for PVTA variations using adaptive schemes. In reference [1], supply voltage has been adapted dynamically using Tunable Replica Circuit Monitor (TRC). In this scheme, monitors are not embedded inside the design, but they are placed outside the floorplan of the design, thus not being able to compensate the effects of local variations and adds extra pessimism in the design as shown in [2]. Reference [3] uses in-situ monitors to compensate with only with substrate biasing. Reference [4] uses in-situ monitors to compensate with supply voltage only. The existing adaptive compensation schemes lack the methodology where the adaptive compensation can be adjusted between supply voltage adaptation and body-bias adaptation based on the requirements of the design in terms of the performance gain, dynamic power consumption as well as static power consumption.

In this chapter, various adaptive compensation schemes have been proposed in which In-Situ Monitors are used as sensors and simulations of the whole system are performed in closed-loop. As ISMs are embedded in the design, detecting the performance degradation due to PVTA global and local variations are very accurate and thus design pessimism can be reduced to minimum. The simulation results showed in this chapter prove that by reducing supply voltage, aging rate reduces, which in turn improves the reliability of the system. At the same time, power consumption results for these adaptive compensation schemes show significant reduction in power consumption for the target performance. • Monitors: In this schematic we will use Pre-failure warning generators such as In-Situ monitors described in chapter 2. They are the inputs of this closed loop system represented by the ISM Flag controller, Supply Voltage and Body Bias Step value generator and the corresponding voltage regulator modules. They are required for accurate tracking of process, voltage, temperature or aging variation. These monitors continuously track the system performance such that at each rising edge of the clock, they provide information of detection or non-detection of pre-errors warnings. Upon generation of "true" warning flags from the In-situ monitors, adaptation of the supply voltage or the body-bias can be initiated. Well-distributed In-situ monitors on critical-paths across design can accurately detect environmental changes or aging induced degradations, which reduces unnecessary margins. Thus, selection of critical paths as well as insertion methodology play major role for accurate prediction of failures as explained in chapter 3. 

System Architecture Models of Adaptive Compensation Scheme

System Architecture

(a) Comparison between simulation data for adaptive voltage compensation and no compensation scheme for 10 years of aging

As the final supply voltage value was 0.755V for the case of AVS, the aging simulation without any adaptation was performed with supply voltage value of 0.755V. But, it would be interesting to check what is happening with the slack value during these two simulations. As shown in figure 4.9(b), the slack value in the case of no adaptation decreases from 450ps to 30ps which indicates potential functional failures as the minimum target slack requirement is 50ps. On the other hand, for the simulation with AVS, the target slack remains at 50ps leaving the circuit inside the functional safety area. Thus, from the figure 4.9 (a) and (b), simulation results show the higher aging rate in the case when no adaptation is done. In other words, if the aging simulation is performed without adaptation to maintain the target slack at 50ps until the end of aging simulation, the required supply voltage value increases to 0.76V. This simulation result is shown in figure 4.10 (a) and (b). In figure 4.10(a), the target slack at time 0 is 480ps and it decreases gradually over the duration of simulation runtime due to aging effect. At the end of the simulation (i.e. at 10 years), the slack value is 50ps. figure 4.10(b) shows that, in order to achieve the same performance with no adaptation scheme, the supply voltage has to be higher than the supply voltage for 

Power Consumption comparison for adaptive voltage compensation vs. No compensation situations

After the performance and aging rate comparisons in the above section for the same testcase, power comparison is performed in this section to fully assess the advantages and drawbacks of the techniques. Both Dynamic and Static power are compared for the aging simulation for 10 years with a target slack requirement of 50ps. The simulation was performed at 125°C, in SS corner. performed and so on. In this case, the aging effect on a transistor is considered only from the last run of monte-carlo as the supply voltage adjustment for aging stress is considered from the last monte-carlo run.

foreach i in aging run 1 to 5 { Perform Monte-carlo run 1 to 10 } • In second approach, the entire aging cycle is performed for a specific monte-carlo simulation cycle. For example, if 10 monte-carlo runs with 5 aging nbruns are to be performed, for montecarlo run 1, all 5 aging runs are performed then for monte-carlo run 2, all 5 aging runs are performed and so on. In this case, for a particular range of process variation, the full aging simulation is performed and thus in the case of AVS scheme, the correct voltage stress value is adjusted for the consecutive aging simulations. foreach i in monte-carlo run 1 to 10 { Perform Aging simulation run 1 to 5 } • In our case, the simulation is performed with the second method as it considers true supply voltage adjustments for each aging nbrun.

Below figure 4. 13 shows the timing slack distribution after Monte-carlo simulations for 10 years of aging with adaptive voltage scheme and without adaptation. As shown in the figure, the spread for timing slack without adaptation is much larger than the case with AVS. We notice also potential functional failures for some of the cases where slack falls below the target slack (under 40ps) which is that case when no adaptation is foreseen. The target slack spread when voltage adaptation is considered is better controlled and thus the functional failures can be avoided. 

Adaptive body-bias compensation

Another method of PVTA variations compensation is the Adaptive Body-Bias compensation Scheme (ABBS) in which substrate biasing is adjusted instead of the supply voltage. The increment in substrate biasing is also performed within the signoff range, with the same methodology as it is done in the adaptive supply voltage compensation in order to avoid any unexpected failures.

In the FDSOI technology, the range of body-bias is quite large which is beneficial for using it for the compensation. In the following section, the simulation algorithm for ABBS is explained followed by simulation results along with comparison of simulation results with no adaptation. In ABBS technique, once the minimum voltage operating point is reached, the supply voltage remains constant and whenever In-Situ Monitor raises a flag, the body-bias is increased by a pre-defined step to compensate the degradation due to aging.

Algorithm of Adaptive Body-bias Compensation

The simulation algorithm for ABBS is shown in Figure 4.13. Phase 1 and phase 3 are identical to the adaptive supply voltage techniques. In fact, for each nbrun, the simulation is performed in three phases:

• In the phase 1, the minimum voltage point search is performed with a similar approach as described in AVS scheme. The substrate bias value at this time can be either the pre-defined biasing value or without any biasing value based on the design specification. Once the minimum operating point search is reached, the simulation enters the phase 2. • In the phase 2, the design is simulated for simulation time Tsim. During the simulation, when any of the ISM flag raises due to environmental variations or aging mechanisms inducing timing violations, a forward body-bias is applied step-by-step to mitigate the degradation caused by aging or PVT variations. The supply voltage remains constant during the simulation of the design. When the simulation reaches Tsim limit, the simulation enters the phase 3. • In the phase 3, aging stress is applied for the respective nbrun until the end of the simulation time.

In the case of ABBS, as the supply voltage value remains constant, the stress voltage value also remains constant and no adjustment is required in the Vdd adjustment step. 

• Dynamic power comparison:

As shown in figure 4.20, the dynamic power consumption increases by 12% over the time for the case of AV-BBS from the value of power consumption at the beginning of the simulation. While in the case of no adaptation, the dynamic power consumption is almost 30% higher at the beginning of the simulation compared to the AV-BBS. The overall dynamic power consumption increases by almost 18% in the case of no adaptation compared to AV-BBS. Finally, these results show that for AV-BBS both the aging rate and the power consumption can be well controlled by setting the proper limits to body-biasing and supply voltage adaptation.

Which Compensation scheme is better?

The requirements of a complex design have to be taken into account when deciding whether any compensation scheme is required or not for that particular testcase. In this section, the above-mentioned compensation schemes are compared for different requirements such as power, performance and area criticality.

Based on the simulation results obtained in the various compensation schemes, the compensation schemes analyzed below lead us to the following conclusions:

For Performance Critical Systems:

For those designs where performance is the most critical parameter, Adaptive Voltage Scaling can be the most suitable compensation scheme as it yields better performance at higher supply voltage. Thus, for applications where the power consumption is less important and performance is critical, AVS may become a best choice among the available compensation schemes.

Power Critical Systems:

Dynamic Power Critical Systems:

For the designs where dynamic power is the most critical parameter, Adaptive Body Bias Scheme can be the most suitable compensation scheme. As a matter of fact, with ABBS scheme, the supply voltage always remains at the lowest possible level, thus maintaining the least dynamic power consumption among all compensation schemes. In figure 4.22, dynamic power consumption for all four compensation schemes are compared for the same workload, at SS corner, 125°C temperature and for the same performance targets. It is clearly visible that dynamic power consumption is the lowest for the case of ABBS with a supply voltage of 0.67V.

As shown in the below figure, the overall dynamic power consumption in the case of ABBS is reduced by almost 24% compared to no adaptation scheme. While in comparison with AVS, the power consumption in the case of ABBS is almost 17% lower than AVS. Likewise, the overall power consumption for ABBS is reduced by almost 6% compared to AV-BBS. Hence, the comparison result illustrates that ABBS is suitable for applications with low dynamic power consumption requirements. The delay violation monitors mentioned in the literature detects the degradation of setup time. However, current developments lack the possibility to monitor for hold time violations.

In this section, the double-sampling approach like embedded monitor is proposed for detection of hold time violations, which is called as in-situ monitor for hold (hold-ISM). The motivation behind the development of this monitor is as follows:

• After-fabrication of the chip, if setup timing violations occur due to PVTA variations, it is possible to mitigate it by reducing the clock frequency or increase the power supply, or by adjusting the body bias value. But, if the hold time violations occur due to the same PVTA variations or environmental variations of the voltage supply, it is difficult to detect hold violations and most importantly, they cannot be mitigated as hold timing is independent on the clock period. • Usage of adaptive voltage compensation scheme has become popular to compensate the delay degradations by increasing supply voltage. In such case, it is necessary to verify whether the increase of the supply voltage creates any hold violations.
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