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Summary

Today, there are several ways to develop microelectronic circuits adapted for space applications that meet the harsh constraints of immunity towards radiation, whether in terms of technical design or manufacturing process. The aim of this doctorate is on the one hand to combine several novel techniques of microelectronics to design architectures adapted to this type of application, and on the other hand to incorporate non-volatile magnetic components inherently robust to radiation. Such an assembly would be quite innovative and would benefit without precedent, in terms of surface, consumption, robustness and cost.

In contrast with synchronous circuit designs that rely on a clock signal, asynchronous circuits have the advantage of being more or less insensitive to delay variations resulting for example from variations in the manufacturing process. Furthermore, by avoiding the use of a clock, asynchronous circuits have relatively low power consumption. Asynchronous circuits are generally designed to operate based on events determined using a specific handshake protocol. The basic circuit element of an asynchronous design is a circuit known as a C-element or Muller cell. This circuit includes a volatile latch for storing a state. Thus if the asynchronous circuit is powered down, the data stored by the various C-elements will be lost. An asynchronous pipeline is generally formed in stages, each stage comprising a half buffer formed of several C-elements.

For aviation and/or spatial applications, it would be desirable to provide an asynchronous circuit that is rendered robust against the effects of radiation. Indeed, the presence of ionising particles at high altitudes or in space can induce currents in integrated circuits that may be enough to cause a flip in the binary state held by one or more gates. This may cause the circuit to malfunction, known in the art as a single event upset (SEU). It has been proposed to provide dual modular redundancy (DMR) or triple modular redundancy (TMR) in an asynchronous circuit design in order to provide radiation protection. Such techniques rely on duplicating the circuit in the case of DMR, or triplicating the circuit in the case of TMR, and detecting a discordance between the outputs of the circuits as an indication of the occurrence of an SEU. A problem with the DMR technique is that it does not permit the error to be corrected, and thus when an error is detected, the circuit is simply reset. This adds a time delay, as the processing operation must be restarted. Furthermore, if SEUs occur at a relatively high rate, it may even be impossible for a processing operation to be completed before a reset is required. The TMR technique does allow the error to be corrected, for example by selecting the output value generated by two out of three of the circuits using a majority voter. However, a drawback with the TMR technique is that the surface area and power consumption of the circuit are increased by a factor of three.

The integration of inherently robust non-volatile components, such as Magnetic Tunnel Junctions (MTJ), the main element of MRAM memory, could lead to new ways of data retention in harsh environments. MTJ devices are constituted of ferromagnetic materials with magnetic properties that are not sensitive to radiation. Data is stored in the form of the direction of the magnetisation and not in the form of an electric charge, which is an essential property for space applications. It is also widely recognised in the field of microelectronics that integrated circuits manufactured on SOI (Silicon On Insulator) substrates are more robust to radiation. This is due to the reduced active volume of the individual transistors as well as their isolation in regards to each other. The radiation-induced errors are very localized and therefore cannot be spread from one block to another, thanks to the insulation provided by the manufacturing process. Another important characteristic of SOI is its natural immunity towards latch-ups.

There is thus a need in the art for a circuit having relatively low surface area and power consumption, and that allows recovery following an SEU without requiring a reset and that has non-volatile characteristics. The objective of this doctorate is to combine all the above mentioned benefits by regrouping several methods of microelectronic design responding to the constraints of space applications into a novel architecture. A complete circuit has been created, designed, simulated, validated and sent to manufacturing in a 28nm FD-SOI process. This circuit is composed of an adder pipeline and a complex BIST (Build In Self Test). When fabricated, this circuit will be tested. First a functional test will be realised, then laser pules attacks will be performed and finally a heavy ions attack campaign.

Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications Résumé Aujourd'hui, il existe plusieurs façons de développer des circuits microélectroniques adaptés aux applications spatiales qui répondent aux contraintes sévères de l'immunité contre les radiations, que ce soit en termes de technique de conception ou de processus de fabrication. Le but de ce doctorat est d'une part de combiner plusieurs techniques nouvelles de microélectronique pour concevoir des architectures adaptées à ce type d'application et d'autre part, d'incorporer des composants magnétiques non-volatiles intrinsèquement robustes aux rayonnements. Un tel couplage serait tout à fait novateur et profiterait sans précédent, en termes de surface, de consommation, de robustesse et de coût. Contrairement à la conception de circuits synchrones qui reposent sur un signal d'horloge, les circuits asynchrones ont l'avantage d'être plus ou moins insensibles aux variations temporel résultant par exemple des variations du processus de fabrication. En outre, en évitant l'utilisation d'une horloge, les circuits asynchrones ont une consommation d'énergie relativement faible. Les circuits asynchrones sont généralement conçus pour fonctionner en fonction des événements déterminés grâce à un protocole de "poignée de main" spécifique. L'élément de base d'un circuit asynchrone est un bloc connu sous le nom de C-element ou de cellule de Muller. Ce circuit comprend un latch volatile pour le stockage d'un état. Ainsi, si le circuit asynchrone est éteint, les données stockées par les différentes cellules de Muller seront perdues. Un pipeline asynchrone est généralement formé par étapes, chaque étape comprenant une cellule de mémorisation formé de plusieurs cellules de Muller.

Pour les applications avioniques et spatiales, il serait souhaitable de fournir un circuit asynchrone rendu robuste contre les effets des radiations. En effet, la présence de particules ionisantes à haute altitude ou dans l'espace peut induire des courants perturbateurs dans des circuits intégrés qui peuvent être suffisants pour provoquer un basculement à l'état binaire maintenu par une ou plusieurs grilles. Cela peut provoquer un dysfonctionnement du circuit, connu dans l'état de l'art en tant que single event upset (SEU). Il a été proposé de fournir un module redondant double (Dual Modular Redundency : DMR) ou un module redondant triple (Tripple Modular Redundcy : TMR) dans une conception de circuit asynchrone afin de fournir une protection contre les radiations. De telles techniques s'appuient sur la duplication du circuit dans le cas de DMR, ou en triplant le circuit dans le cas de TMR, et en détectant une discordance entre les sorties des circuits comme indication de l'apparition d'une SEU. Un problème avec la technique DMR est qu'il ne permet pas de corriger l'erreur, et donc lorsqu'une erreur est détectée, le circuit est simplement réinitialisé. Cela ajoute une temporisation, car l'opération de traitement doit être redémarrée. En outre, si les SEU se produisent à un taux relativement élevé, il peut même être impossible qu'une opération de traitement soit terminée avant qu'une réinitialisation ne soit requise. La technique TMR permet-elle de corriger l'erreur, par exemple en sélectionnant la valeur de sortie générée par deux des trois blocs d'un circuit voteur majoritaire. Cependant, un inconvénient avec la technique TMR est que la surface et la consommation d'énergie du circuit sont augmentées d'un facteur trois.

L'intégration de composants non-volatils intrinsèquement robustes, tels que les jonctions de tunnel magnétique (JTM), l'élément principal de la mémoire MRAM, pourrait conduire à de nouvelles façons de retenir les données dans des environnements difficiles. Les dispositifs JTM sont constitués de matériaux ferromagnétiques avec des propriétés magnétiques qui ne sont pas sensibles aux rayonnements. Les données sont stockées sous la forme de la direction de l'aimantation et non sous la forme d'une charge électrique, qui est une propriété essentielle pour les applications spatiales. Il est également largement reconnu dans le domaine de la microélectronique que les circuits intégrés fabriqués sur les substrats SOI (Silicon On Insulator) sont plus robustes aux radiations. Ceci est dû à la réduction du volume actif des transistors individuels ainsi qu'à une isolation à l'égard de l'autre. Les erreurs induites par rayonnement sont très localisées et ne peuvent donc pas être réparties d'un bloc à l'autre grâce à l'isolation fournie par le procédé de fabrication. Une autre caractéristique importante du SOI est son immunité naturelle vis-à-vis des courts-circuits du type thyristor, connu sous le nom de latch up.

Il existe donc un besoin dans l'état de l'art pour un circuit ayant une surface et une consommation d'énergie relativement faibles, et qui permet une récupération après un SEU sans nécessiter de réinitialisation et qui présente des caractéristiques non-volatiles. L'objectif de ce doctorat est de combiner tous les avantages mentionnés ci-dessus en regroupant plusieurs méthodes de conception microélectronique répondant aux contraintes des applications spatiales dans une nouvelle architecture. Un Circuit complet a été imaginé, conçu, simulé et envoyé en fabrication. Ce circuit est composé d'un pipeline asynchrone d'additionneur et d'un test intégré complexe connu sous le nom de BIST (Built In Self Test). Apres fabrication, ce circuit sera testé. Premièrement des tests fonctionnels vont être réalisés, puis des tests sous laser pulsé seront menés ainsi que sous attaques aux ions lourds.
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Chapter I

Introduction

Today, there are several ways to develop microelectronic circuits adapted for space applications that meet the harsh constraints of immunity towards radiation, whether in terms of technical design or manufacturing process. The aim of this research work is on the one hand to combine several novel techniques of microelectronics to design architectures adapted to this type of application, and on the other hand to incorporate non-volatile magnetic components inherently robust to radiation. Such an assembly would be quite innovative and would benefit without precedent, in terms of surface, consumption, robustness and cost.

In contrast with synchronous circuit designs that rely on a clock signal, asynchronous circuits have the advantage of being more or less insensitive to delay variations resulting for example from variations in the manufacturing process. Furthermore, by avoiding the use of a clock, asynchronous circuits have relatively low power consumption. Asynchronous circuits are generally designed to operate based on events determined using a specific handshake protocol. The basic circuit element of an asynchronous design is a circuit known as a C-element or Muller cell. This circuit includes a volatile latch for storing a state. Thus if the asynchronous circuit is powered down, the data stored by the various C-elements will be lost. An asynchronous pipeline is generally formed in stages, each stage comprising a half buffer formed of several C-elements.

For aviation and/or spatial applications, it would be desirable to provide an asynchronous circuit that is rendered robust against the effects of radiation. Indeed, the presence of ionising particles at high altitudes or in space can induce currents in integrated circuits that may be enough to cause a flip in the binary state held by one or more gates. This may cause the circuit to malfunction, known in the state of the art as a single event upset (SEU). It has been proposed to provide dual modular redundancy (DMR) or triple modular redundancy (TMR) in an asynchronous circuit design in order to provide radiation protection. Such techniques rely on duplicating the circuit in the case of DMR, or triplicating the circuit in the case of TMR, and detecting a discordance between the outputs of the circuits as an indication of the occurrence of an SEU. A problem with the DMR technique is that it does not permit the error to be corrected, and thus when an error is detected, the circuit is simply reset. This adds a time delay, as the processing operation must be restarted. Furthermore, if SEUs occur at a relatively high rate, it may even be impossible for a processing operation to be completed before a reset is required. The TMR technique does allow the error to be corrected, for example by selecting the output value generated by two out of three of the circuits. However, a drawback with the TMR technique is that the surface area and power consumption of the circuit are increased by a factor of three.

The integration of inherently robust non-volatile components, such as Magnetic Tunnel Junctions (MTJ), the main element of MRAM memory (Magnetic Random Access Memory) could lead to new ways of data retention in harsh environments. MTJ devices, are constituted of several ferromagnetic layers separated by a thin tunnel insulator (barrier) with magnetic properties that are not sensitive to radiation. Data is stored in the form of the direction of the magnetisation and not in the form of an electric charge, which is an essential property for space applications. It is also widely recognised in the field of microelectronics that integrated circuits manufactured on SOI (Silicon On Insulator) substrates are more robust to radiation. This is due to the reduced active volume of the individual transistors as well as their isolation in regards to each other. The radiation-induced errors are very localized and therefore cannot be spread from one block to another, thanks to the insulation provided by the manufacturing process. Another important characteristics of SOI is its natural immunity towards latch-ups.

There is thus a need in the art for a circuit having relatively low surface area and power consumption, and that allows recovery following an SEU without requiring a reset and that has non-volatile characteristics. The objective of this doctorate was to combine all the above mentioned benefits by regrouping several methods of microelectronic design responding to the constraints of space applications into a novel architecture. After being designed and fully simulated the architecture was manufactured and tested in radiative environments.

This manuscript is divided into five chapters. Chapter 2 explores the state of the art of MRAM memory, asynchronous logic, radiation in space and Silicon on Insulator. A preliminary study of synchronous, asynchronous, MRAM-based and non-MRAM-based simple structures on a 28nm FDSOI technology node is then covered in Chapter 3. As well as the design of the proposed architecture from high level schematics representations all the way to the low level physical implementation of the chip that was produced. In Chapter 4 the design of the PCB for the previously designed chip is presented as well as the different tests and test procedures the chip will undergo. This doctoral work will then be conclude in Chapter 5. Finally Chapter 6 covers the publications and patent this work led to. 

Introduction

An emerging non-volatile random-access memory known as Magnetic Random Access Memory (MRAM) is on its way to becoming the reference for non-volatile memory. The International Technology Roadmap for Semiconductors (ITRS) considers MRAM as one of the most promising candidates to take over the market of memory. When compared to the current market memories: Static Random Access Memory (SRAM), Dynamic Random Access Memory (DRAM) and Flash, MRAM gathers the merits of all of its competitors in overall system performance and it becomes clear that MRAM could be considered as a replacement for all these types of memory [START_REF] Jp Nozieres | Magnetic Random Access Memories (M-RAM): A truly universal memory[END_REF]. This means that in future systems there will no longer be the need for different types of memory for the cache level 1 and 2 or the storage memory [START_REF] Cargnini | Embedded Memory Hierarchy Exploration Based on Magnetic RAM[END_REF]. MRAM being a magnetic memory, it is non-volatile and radiation immune by definition [START_REF] Conraux | Effects of Swift Heavy Ion Bombardment on Magnetic Tunnel Junction Functional Properties[END_REF] since its data is not stored as an electric charge, this makes it a good candidate for military and space applications. MRAM is denser than DRAM, has faster access times for writing and reading than Flash (write: 1 to 5ns, read: 0.5 to 2ns), and has lower power consumption than SRAM (about 10 times less for STT-MTJs) [START_REF] Jabeur | Study of Two Writing Schemes for a Magnetic Tunnel Junction Based on Spin Orbit Torque[END_REF] [76] [START_REF] Torres | Evaluation of Hybrid MRAM/CMOS Cells for Reconfigurable Computing[END_REF]. All these characteristics give MRAM a good potential for future memory in systems and explains the high interest in research and development groups worldwide.

This chapter is organised as followed: Section 2 represents the fundamental notions of spintronics and the physics behind the magnetic tunnel junction which is the basic component of MRAM. Based on the switching mechanism, 4 types of MRAMs have been identified in literature and are presented in section 3. In section 4, a comparative study is driven to highlight the advantages of spin orbit torque magnetic tunnel junctions over spin transfer torque magnetic tunnel junctions. Finally section 5 reviews the other emerging non-volatile memory and their robustness towards radiation.

Spintronics

Spintronics is the science of placing ferromagnetic materials on the route of electrons and using their spin to influence the mobility of the electrons in the materials [START_REF] Kang | An Overview of Spin-Based Integrated Circuits[END_REF].

The spin of the electron is an intrinsic form of angular momentum. Even though it cannot be described using classical mechanics it can be assimilated to the angular momentum of a rotating mass.

The electron's spin has two states depending on the direction of the angular momentum. If the angular momentum is clockwise then it is called "spin up", if it is counter clockwise then it is called "spin down" [START_REF] Di | Conception Innovante et dÉveloppement d'Outils de Conception d'ASIC pour Technologie Hybride CMOS/Magnétique[END_REF]. To this rotating momentum is associated a magnetic momentum. In ferromagnetic materials Figure 2.1.2 (a) the interaction between spins tend to make them align in the same direction; this causes the magnetisation of the material. In anti-ferromagnetic materials Figure 2.1.2 (b) the interactions between spins tend to make them align but not in the same direction and this causes a global non-magnetisation of the material. Finally, in conductive materials Figure 2.1.2 (c) there are no interactions between spins, once again this causes a global non-magnetisation of the material. 

Magnetoresistance Effect

When a current passes through a ferromagnetic material with a majority of "spin up" the electrons with a "spin down" are slowed, stopped or even reflected, allowing only the electrons with a "spin up" to pass through the material. This means that depending on the majority spin a ferromagnetic material can be more or less resistive.

Giant Magnetoresistance

The magnetoresistance effect was first used in spin valves which are based on the Giant Magnetoresistance (GMR). The GMR is a variation of the resistance on a stack of several ferromagnetic layers separated by a thin metallic layer [START_REF] Di | Conception Innovante et dÉveloppement d'Outils de Conception d'ASIC pour Technologie Hybride CMOS/Magnétique[END_REF].

Depending on the magnetic orientation of two ferromagnetic materials, the conductivity of the structure varies. If the two ferromagnetic materials have the same magnetic orientation (parallel), the resistance of the structure will be small because electrons can pass through the structure easily. If the two ferromagnetic materials have an opposite magnetic orientation (anti-parallel), the resistance of the structure will be large because the electrons will have more difficulty passing through the structure.

Tunnel Magnetoresistance

The central piece of all MRAMs today is the Magnetic Tunnel Junction (MTJ), which is based on the Tunnel Magnetoresistance (TMR). Based on the GMR principle, the MTJ is a stack of several ferromagnetic layers separated by a thin tunnel insulator (barrier). Depending on the magnetic orientation of the two layers (parallel or anti-parallel) the structure resistance changes. This is caused by the electrons being able to pass more or less easily through the device and the thin insulator. It has been proven with quantum physics that electrons can cross from one conductor to another passing through a thin insulator using the tunnel effect [START_REF] Ricardo | Non-Volatile Magnetic Random Access Memories (MRAM)[END_REF].

Figure 2.1.3 shows that the structure of the MTJ is composed of two ferromagnetic materials, one thicker than the other, separated by a thin insulator called a tunnel barrier. One of the ferromagnetic materials is thicker than the other so they are respectively called the reference layer and the storage layer. By applying an external magnetic field that is strong enough it is possible to change the magnetic orientation of the storage layer. The magnitude of the magnetic field should be carefully chosen to have an effect on the storage layer only. In other words, the external magnetic field must not effect the magnetisation of the reference layer. Changing the magnetic orientation of the storage layer makes it possible to have the MTJ in two different states: Parallel, when both the reference and storage layers have their magnetisation in the same direction and Anti-parallel, when the reference and the storage layers have an opposite magnetic orientation. Depending in which state the MTJ is in, it has a different resistance R p (parallel) or R ap (anti-parallel) [START_REF] Di | Conception Innovante et dÉveloppement d'Outils de Conception d'ASIC pour Technologie Hybride CMOS/Magnétique[END_REF].

The resistance of the MTJ can be expressed as followed. R p is the resistance when the MTJ is in a parallel state. θ is the angular difference between the reference and storage layer. ∆ R is the variation of the resistance between the parallel and anti-parallel state.

R(θ) = R p + ∆ R • (1 -cos(θ)) 2 (1.1) When in a parallel state θ = 0 ⇒ R = R p When in an anti-parallel state θ = 180 ⇒ R = R p + ∆ R = R ap
The MTJ's resistance variation is expressed in % as followed.
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T M R(%) = ∆ R R p = R ap -R p Rp (1.2)
Having the biggest possible difference between R p and R ap is very important for read sensing. Today's TMR start between 150% to 250% and can go up to 800% at room temperature. The bigger the TMR, the easier it will be to determine with certainty the state of the magnetic junction.

Magnetic Random Access Memory

As explained in the previous section, the central part of all MRAMs today is the Magnetic Tunnel Junction (MTJ). This junction is used to store different logic states (0 or 1) depending on the orientation of its two layers (parallel or anti-parallel).

Reading in MRAMs

Being able to efficiently read data stored in MRAMs is vital. As explained above MTJs have two different states, each with a different resistance. Measuring this resistance is the key to reading in MRAMs [START_REF] Prenat | CMOS/Magnetic Hybrid Architectures[END_REF]. To read the data stored in an MTJ, a small current (a few µA) is injected through the junction. Depending on the value of the resistance it is possible to compare this current with a reference and determine the state of the junction. The Bigger the TMR, the easier it will be to determine the state the junction is in.

The MTJ is always read in this manner no matter which technique was used to write the data. This section covers the different writing techniques used to store information in the MTJs. It overviews the different techniques used from when MRAMs first appeared up until present day [START_REF] Di | Conception Innovante et dÉveloppement d'Outils de Conception d'ASIC pour Technologie Hybride CMOS/Magnétique[END_REF].

Field Induced Magnetic Switching (FIMS)

In the first MTJs used, two orthogonal magnetic fields were used simultaneously to change the state of the storage layer one selecting a row, the other selecting a column. This technique allowed the selection of a precise memory point in a matrix of many points. The memory point effected by the two magnetic fields would be found at the intersection of the two lines used to produce the field.

Each memory point (bit) is composed of an MTJ for storing the data, a transistor for reading the data and two lines for writing the data. The clever part of this technique is the use of two lines to produce two magnetic fields. When the MTJs are placed in a square network, one line can be used for all the MTJs in a signal column and the other can be used for all the MTJs in a signal line.

If the magnetic field produced by a signal line is not strong enough to change the magnetic orientation of the storage layer in an MTJ, the association of two magnetic fields is strong enough, and then the only bit written will be the one situated at the intersection of the two lines. All the other bits on the same line or column will not be changed because the magnetic field felt by them is not strong enough to effect their magnetisation. [64] [24] Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications Field induced magnetic switching reaches its limit when it is miniaturised. Reducing the size of the MTJs, the transistors and the lines means that each bit is closer to its neighbours. This introduces a selectivity problem, when writing in an MTJ its neighbours are effected by the magnetic field and this could change their magnetic state thus changing their logic state.

Toggle switching was introduced by the company Everspin to eliminate the selectivity effect and is explained in the following section.

Field Induced Magnetic Switching: Toggle Switching

Field Induced Magnetic Toggle switching uses the same MTJ as described above but its storage layer is composed of an association of two ferromagnetic layers separated by an isolation layer called SAF (Synthetic Anti Ferromagnetic layer). These two ferromagnetic layers are coupled anti-parallel to each other due to the separation layer made out of ruthenium. This storage layer is now anti-ferromagnetic, it has a larger global magnetic force which makes it more stable to thermal fluctuations [START_REF] Engel | A 4-Mb Toggle MRAM Based on a Novel Bit and Switching Method[END_REF]. To write this new MTJ, the magnetisation of the two sub-storage layers must be inverted. For this a specific sequence of magnetic fields produced by two lines are used to gradually turn the magnetic orientation by steps of 45°. This technique eliminates the selectivity problem but faces limitations when confronted with miniaturisation. We can note that presently, Toggle MRAM is the only commercial product available worldwide.

Thermally Assisted Switching (TAS)

Thermally Assisted switching as its name implies also uses heat properties to switch the magnetic state of the MTJ. Current is applied through the junction which has for effect to heat it. When heated sufficiently the top AF (Anti Ferromagnetic) layers' spins are disoriented, enabling the storage layer to be switched by applying a small magnetic field. Once switched the MTJ can be cooled by stopping the current flowing through the device, in order to let the AF layer go back to its stable state with all its spins reoriented ensuring the stability of the new state [START_REF] Di | Conception Innovante et dÉveloppement d'Outils de Conception d'ASIC pour Technologie Hybride CMOS/Magnétique[END_REF] [START_REF] Il Prejbeanu | Thermally Assisted MRAM[END_REF].

Each bit is composed of an MTJ for storing the data, a transistor for reading the data and heating the junction, and only one line for writing the data. This technique solves all the selectivity problems because writing in a junction involves heating it and to heat a junction it must be selected by a transistor. The TAS MRAM is less power hungry than the FIMS and the FIMS Toggle Switching MRAMs making them more suitable for large scale memory applications.

The limitations of this writing technique is its latency due to the heating/cooling time of the junction and once again scalability because of the writing field, as well as power consumption composed of heating energy and switching energy, even if this last one can be shared in the case of a memory.

Simulations: By applying a current through the junction, the blue curve (a) in Figure 2.1.9, it is possible to heat the junction. When the junction reaches a certain temperature called the blocking temperature, which is about 150°C the magnetic orientation of the AF layer above the storage layer is disoriented. The green curve (b) in Figure 2.1.9 shows the temperature of the junction. By imposing an external magnetic field when the junction is heated enough and while it is cooling down, it is possible to change its magnetic state. In Figure 2.1.9 the red curves (c) represent the external magnetic field and the purple curves (d) represent the magnetic state of the junction. junction to reach the temperature where the magnetic orientation of the AF layer above the storage layer is disoriented. Thus when the external magnetic field is applied the magnetic state does not change. In the right part of Figure 2.1.10, the current pulses are very long (b) but the amount of current that passes through the junction is not sufficient to heat the junction to the point where the magnetic orientation of the AF layer above the storage layer is disoriented. Once again even with an external magnetic field, the magnetic state of the storage layer can not be changed (c) and (d). When we look closer at the junction temperature (green curve) in Figure 2.1.9, we notice that passing from a parallel state to an anti-parallel state the temperature is lower than passing from an anti-parallel state to a parallel state. This can be explained by the difference in the resistance of the junction. When the resistance is bigger (anti-parallel) the current has more trouble passing through the junction so it does not heat up as much.

Spin Transfer Torque Switching (STT)

Spin Transfer Torque switching appeared with the need to reduce power consumption for MRAMs. All the previous techniques for writing data in the MTJ relied on magnetic fields, producing these magnetic fields consumed a lot of energy, even if reduced as in the case of TAS. STT switching uses a polarised current injected through the MTJ to switch the magnetisation of the storage layer. In an electrical current the polarisation of its spins are random. When passed through a ferromagnetic material called a polariser, the spins acquire the polarisation of the material. It is then possible for the current to transfer this polarisation to another ferromagnetic material as long as it is smaller than the polariser. The magnetisation of the FM (Ferro magnetic) layer can be either in-plane or out-of-plane, also called perpendicular-to-plane, mainly depending on its thickness. Out-of-plane requires less writing current but seems to be more difficult to control.

In such an MTJ the reference layer acts as the polariser. Depending on the direction of the current, the electrons pass the polariser or the storage layer first [START_REF] Dieny | Spin-Transfer Effect and its Use in Spintronic Components[END_REF] [34] [18] [START_REF] Deng | Low Power Magnetic Full-Adder Based on Spin Transfer Torque MRAM[END_REF].

Even though this technique requires a lot less current than the previous and can be miniaturised much easier, it still has a few important drawbacks. Firstly, having a common read and write path can lead to accidental writing when reading. Secondly, applying strong currents for fast writing can cause stress on the thin insulator barrier which could reduce its life span. The breakdown voltage is about 1V. Finally, non-symmetrical currents are needed to switch from one state to another. This is due to the fact that in Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications Injecting a smaller current through the junction makes it possible to read the data (logical state) in the storage layer.

The green curve (a) in Figure 2.1.13 controls the reading current applied through the junction. In part (c) of Figure 2.1.13 during two of the reading pluses, (one during the anti-parallel magnetic state and the other during the parallel magnetic state), it can be noticed that the amplitude of the red or blue curves has changed. It is with this amplitude difference that it is possible to determine in which state the magnetic junction is.

If the current injected during on the reading phase is too high, it is possible to accidentally write the junction. In Figure 2.1.14 we can observe the accidental writing during the reading phase. The reading command signal was gradually increased then at a certain point it is visible that the magnetic state of the storage layer changes during the reading process.

Spin Orbit Torque Switching (SOT)

Spin Orbit Torque switching is the most recent writing technique for MRAMs and is still not fully understood. It resolves the problem of common read and write paths found in STT as both paths can be separated thanks to its three-terminal structure. A conductive line also called stripe placed under the junction is used for the writing and the reading is performed in the same manner as is STT (through the stack). However, SOT needs a slightly larger current and a small bias magnetic field to write the junction. This can either be integrated to the stack or can be external.

Writing the MTJ by SOT involves passing a current under the storage layer in a conducting line composed of a heavy metal like platinum or tantalum. This current produces a spin injection current which in turn produces a spin torque to align the magnetisation in the storage layer. Depending on the direction of the current, the magnetisation of the storage layer can be written in two different states (logical 0 or 1) under the condition of a small external magnetic field [START_REF] Jabeur | Study of Two Writing Schemes for a Magnetic Tunnel Junction Based on Spin Orbit Torque[END_REF] SOT writing has many advantages over STT writing such as separating read and write paths and symmetrical switching currents from parallel to anti-parallel. This is due to the writing current not passing through the MTJ stack but under it. SOT is also faster than STT in terms of writing (180ps experimentally [36] [21]). Finally, since the writing current does not flow through the tunnel barrier the resistance value can be tuned by adjusting the barrier thickness. Additionally, the junction has an infinite lifespan compared to the quasi-infinite lifespan of the STT junction. SOT is still a young technique. It needs high current density for switching and its three terminal structure takes up more space than STT, so it has a lower density of high scale integration. However a lot of effort is being made at research level to optimise such devices.

Simulations: Depending on the direction of the current injected under the junction in the conductive line it is possible to change the state of the magnetisation of the storage layer. In part (c) of Figure 2.1.16 during two of the reading pulses, (one during the anti-parallel magnetic state and the other during the parallel magnetic state), it can be noticed again that the amplitude of the blue curve has changed. It is with this amplitude difference that it is possible to determine in which state the magnetic junction is.

Figure 2.1.17 shows a simulation where there is no external magnetic field applied. This means that the magnetic state of the MTJ cannot be written in a deterministic manner and the magnetic state visualised is nonsense. The following simulations have the objective of confirming some of the advantages/disadvantages described in Table 2.1.1.

Comparing STT and SOT Performance

Symmetrical or Non-Symmetrical Switching Currents/Times

As can be seen in Figure 2.1.18 and 2.1.19, STT and SOT do not react in the same way to switching. In the following simulations, using the same current for switching from anti-parallel to parallel or parallel to anti-parallel we can observe the time it takes to switch the magnetic state.
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Influence of the Current to Change the Magnetic State

In the following simulation we can see the influence of the amount of current used for switching magnetic states in STT and SOT MTJs. The SOT MTJ works in the same way as the STT. When the current decreases too much the junction does not work correctly (blue curve in Figure 2.1.21) and when it is too low the junction does not switch (red curve).

In Figure 2.1.20 and 2.1.21 we can see that depending on the writing technique used (STT or SOT) different amounts of current are needed. We can see that STT needs less current than SOT to write the junction of equivalent size.

Influence of the TMR in Reading Different States

The TMR as explained earlier is the difference in resistance between the parallel and anti-parallel state. As the TMR rises, the difference between the two states becomes bigger. The bigger the difference, the easier it will be to determine the magnetic state of the MTJ with certainty. As can be seen in Figure 2.1.22 for both STT and SOT the TMRs vary in the same manner. This is because in each technology the reading of the junction is done in the same way. We can observe that in SOT for the same TMR the difference between both states while reading is bigger, this means that it will be easier to read with certainty the state of the MTJ in SOT than in STT.

Influence of the Junction Size

For STT the size of the junction is important in terms of writing energy and resistance value to be read. For SOT the dimensions of the stripe is what matters. On one hand these sizes are limited by the technological process used to build an MTJ. The smaller the junction/stripe, the harder and more expensive it is to manufacture. On the other hand as the junction/stripe decreases in size, less current is needed to switch their magnetic state. Thus the overall consumption of the MRAM will be lower.

Which Technique for MRAM Writing?

The current trends of MRAM are mainly focusing on the STT technology while keeping a dreamful eye on the SOT device as a very recent hopeful device.

Recently SOT was invented and has extremely interesting characteristics. It corrects many of the problems encountered in STT and could surpass it in the near future. SOT is a new technique and its research is not as widely spread world wide as STT but this is slowly changing.

Today it is still unclear which technique between STT and SOT will become the reference of MRAM writing, mainly due to the fact that SOT is still young. SOT is interesting due to its speed, robustness and easy integration into logic (cache L1 and L2 memory); while STT is interesting due to its density, low power consumption and easy integration into logic (mass storage, cache L2 and L3 memory).

Other Emerging Non-Volatile Memories

There are currently other types of emerging resistive memories like MRAM being developed. These memories use different physical phenomenom to change the resistive properties of a combination of materials.
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Phase Change RAM (PCRAM)

Phase Change RAM (PCRAM) utilises the large resistivity contrast between crystalline (low resistivity) and amorphous (high resistivity) phases of the phase change materiel. To reset the PC-RAM cell into the amorphous phase, the programming region is first melted and then quenched rapidly by applying a large current pulse for a short time period. To set the PC-RAM cell into the crystalline phase, a medium electric current pulse is applied to anneal the programming region [START_REF] Hs | Phase Change Memory[END_REF]. Resistive RAM (ReRAM) also called OxRAM, is based on a conductive filament which is more or less separated from each other. By applying an electric field between the two electrodes, a conductive filament is heated by the Joule effect. This conductive filament expands, and makes the resistance vary [START_REF] Bocquet | Self-consistent Physical Modeling of Set/Reset Operations in Unipolar Resistive-Switching Memories[END_REF]. 

Quantitative Comparison of Emerging Memories

It remains difficult to compare different families of emerging non-volatile memory technologies, the performances demonstrated by each of them remain under evaluation and their maturity levels are very inhomogeneous, this makes it difficult to determine representative values.

The intensification of the research effort on emerging memories has made it easier to see the potential of each technology and it is interesting to try to evaluate them. This makes it possible to evaluate the relative strengths and weaknesses of the different memory technologies. The values shown in Table 2.1.2 should be seen as an approximation of the average performance levels established for comparison between memory technologies [4]. The different memories all have different and complementary advantages and all suffer from weaknesses. This can be explained by the low levels of maturity for some of them. This comparative assessment confirms, that no technology has a universal character that would allow widespread use, whatever the constraints and applications. However, this technological diversification allows more flexibility by proposing different options depending on the applications targeted [4].

Radiation Tolerant Emerging Non-Volatile Memory's

Out of the different emerging non-volatile memories presented in this chapter, only two are tolerant to radiation: MRAM and PCRAM [START_REF] Conraux | Effects of Swift Heavy Ion Bombardment on Magnetic Tunnel Junction Functional Properties[END_REF] [START_REF] Kund | Conductive Bridging RAM (CBRAM): An Emerging Non-Volatile Memory Technology Scalable to Sub 20nm[END_REF]. These two memories are immune to radiation effects because their different resistive states are programmed using magnetic orientation or phase change. As will be explained later on, radiation effects the electric charge. Since no electric charge is used to switch between resistive states in MRAM and PCRAM they can be considered immune to the effects of radiation. On the other hand, ReRAM and CBRAM both utilise the electric charge to change their resistive state, thus they could potentiality be effected by a radiative particle.
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Asynchronous Logic

Contents

Introduction

The historical dominance of synchronous circuits is an undeniable fact. Nowadays the design of digital circuits borrows synchronous hypotheses almost systematically. For years, the reductive timing hypothesis has exploited the potential of the integration of technologies and the design of circuits has become increasingly complex.

Thereafter, the performance of circuits has become a strategic point. In the race to the MHz, the clock period became a much more valuable resource; today the clock is no longer an ally. In particular for the design of high-performance processors, the decrease in clock period imposes new design methodologies: Using dynamic logic, sophisticated clock trees and super-pipeline micro-architectures.

The design of most integrated logic circuits is eased by two fundamental assumptions: Binary signals are handled, and the time is discretised. Binary signals allow simple implementation and provide an electrical design framework controlled by Boolean algebra. Discretisation of time allows the overcoming of the difficulties of combinatory loops and transient power fluctuations. If asynchronous circuits retain a discrete coding for signals and are most of the time binary, they become a distinguished class for larger circuits because their control can be provided by any alternative means.

What is Asynchronous Logic?

Asynchronous means that there is no timed relation between events that are not synchronised. From an external point of view, an asynchronous operator can be considered as a cell providing a clear function and communicating with its environment through unmarked communication channels. An asynchronous logic circuit starts its operation only after the preceding operator has completed its operation.

Asynchronous Operator Characteristics

An Asynchronous operator can be characterised by at least four fundamental parameters.

• Latency: The longest time for the operator's outputs to be a functional image of their inputs.

• Cycle time: The operator's minimum time between two accepted input data.

• Pipeline depth: The maximum amount of data the operator can memorise.

• Communication protocol: The protocol used by the operator to exchange data with its environment.

How Asynchronous Logic Works

An asynchronous operator must listen to incoming communications, start its operation and produce data on its outputs when all the information needed is available on its inputs [START_REF] Gopalakrishnan | VLSI Asynchronous Systems: Specification and Synthesis[END_REF]. It must also be able to inform the operator before itself when it is ready to receive new data. All this is done using three signals, Acknowledgement, Data and Request. The signification of these signals will be explained in the next section.

Communication Protocol

There are two main protocols used for the communication between operators: The 2 phase protocol and the 4 phase protocol. It should be noted that in both cases a change of a signal by the transmitter is Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications acknowledged by a change in a reception signal and vice versa. This is what ensures insensitivity to processing time. Any change of data is acknowledged by the acknowledgement signal and any change to this signal is acknowledged by a data change and so on, this is called handshaking [START_REF] Renaudin | Etat de l'Art sur la Conception des Circuits Asynchrones: Perspectives pour l'Intégration des Systèmes Complexes[END_REF].

2 Phase Protocol / Half-Handshake

In Figure 2.2.2 during the exchange n, when the receiving operator detects new data (t 1 ) it performs its operation and generates an acknowledgement signal (t 2 ). The transmitting operator detects this acknowledgement signal and generates new data (t 3 ). The first phase of this 2 phase protocol is between t 1 and t 2 ; the second phase is between t 2 and t 3 . The choice of the communication protocol is entirely up to the designer of the system. As will be explained in the following section, the choice of the communication protocol imposes a specific type of data coding which can be more or less suited depending on the application.

Data
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Data Coding

One question remains: how do we detect the presence of data and how do we generate a signal that indicates the end of the operation? The answer is in the adoption of a particular encoding for the data. It is impossible to use a single line per bit, because it makes it impossible to detect data that has the same value as the previous data state. Two solutions exist, the creation of a request signal associated with the data, or using a delay insensitive coding per bit [START_REF] Vivet | Une Méthodologie de Conceptionde Circuits Intégrés Quasi-Insensibles aux Délais: Application à l'Étude et à la Réalisation d'un Rrocesseur RISC 16-bit Asynchrone[END_REF].

Dual Rail Coding

With two lines per data bit, four states are available to express the logic values '0' or '1'. The two most commonly used codes are the three state codes and the four state codes [START_REF] Matheus | Proposal of an Exploration of Asynchronous Circuits Templates and their Applications[END_REF]. Three state coding One wire codes a '0' and another wire codes a '1'. When both wires are in their low state (00) there is no valid value. When the wire 0 goes high, this indicates a '0' and when the wire 1 goes high, this indicates a '1'. The high state ( 11) is a forbidden state and wont be recognised by the circuits. It is important to note that for data to pass from '0' to '1' or vice versa, it must pass by the invalid state. This is how the system can detect two successive bits of the same value.

Four state coding

The values '0' and '1' are coded with two combinations. One of the combinations is considered as even whereas the other is considered as odd. Every time new data is emitted its parity changes.

It is clear that the three state coding is best suited for the 4 phase protocol and the four state coding is best suited for the 2 phase protocol. The four state coding is more complex to implement than the three state coding because of the complexity of determining the parity of the bits but its communication protocol is much simpler to implement.

Bundled Data Coding

Dual rail coding is complicated and takes a lot of time to set-up as it doubles the number of wires. 

Advantages of Asynchronous Circuits

This section introduces the main advantages of using asynchronous circuits instead of synchronous circuits [START_REF] Hauck | Asynchronous Design Methodologies: an Overview[END_REF].

• Calculation time: The asynchronous operation mode has for consequence that an operator can evaluate a function in a variable time between a lower and an upper boundary. The calculation time can change depending on the inputs and the route the data takes in the operator.

• Elastic pipeline: The concept of an elastic pipeline corresponds to the fact that in asynchronous circuits the pipeline has a variable capacity. Thanks to the asynchronous protocols for local synchronization, the pipeline behaves like a FIFO stack. Thus, data can move through the pipeline as long as it does not encounter any occupied resources.

• Fixing metastability: In asynchronous circuits, it is possible to wait as long as necessary for the end of the metastable state because the functional correction does not depend on processing time.

• Absence of the clock: The obvious advantage of asynchronous circuits is due to the absence of the global clock. All the design problems associated with the handling of the global clock are suppressed. The elements of synchronisation are distributed throughout the circuit; their design is much easier to master.

• Low power consumption: The suppression of the clock and clock distribution control in the circuit structure eliminates the problems of peak consumption. The electrical activity of a synchronous circuit is better distributed over time. Asynchronous circuits allow naturally automatic shutdown of operators not in use at all levels of granularity thus lowering power consumption [78] [75]. The power consumption varying with the square of the voltage (P = U 2 R ), it is possible to lower power consumption by lowering the power voltage applied.

• Ease of migration: Not only are asynchronous circuits robust to variations in propagation times due to different technology, but they lend themselves more easily to different technology migration. Due to their property of local synchronisation, asynchronous circuits are functional regardless of the design of the cells, providing that the communication protocol remains respected.

• Modularity: The modularity of asynchronous circuits is due to the locality of the control used by all the operators of a well specified communication protocol.

Asynchronous Characteristics

As described in the previous sections, asynchronous circuits correct functionality does not depend on the propagation time in the lines and gates of the circuit. To be time independent, a new transfer protocol was developed: the handshake protocol. For this to work correctly the logic signals must be hazard free. Certain classes of circuits can reduce the time independent constraints and simplify the design.
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Asynchronous Hazards

In asynchronous circuits each signal transition can be interpreted as a data driven event. One of the main difficulties in asynchronous circuit design is the absence of hazards such as glitches for instance.

• Static hazards: A static hazard is when a signal must stay constant and it changes state twice in a row (spike).

• Dynamic hazards: A dynamic hazard is when a signal must change state once but it changes state several times in a row.

• Combinational logic hazards: Combinational logic hazard appearances depend on the distribution of delays in the logic. We talk about combinational logic hazards if their appearance depends on the logic function implemented.

• Combinational functional hazards: Hazards are called combinational functional hazards if they can be detected and suppressed at a higher level, by studying and modifying the specifications of the logic function.

• Sequential hazards: Sequential hazards appear in looped systems.

Different Delay Models

One way to differentiate different types of asynchronous circuits is to consider a model that takes into consideration the delays in the circuits and in the environment [6].

• Fixed delay: Has a known value.

• Bounded delay: Has a value situated in a known interval.

• Unbounded delay: Has a finite but unknown value.

Different Asynchronous Circuit Classes

When designing an asynchronous circuit the first point to consider is the communication protocol, followed by a data coding protocol and finally the class of the circuit. There are different classes of asynchronous circuits; Let us start by describing the class of asynchronous circuits whose functionality fundamentally respects the notion of asynchrony, then the derived class that introduce increasingly stronger temporal hypothesis leading to synchronous operations [START_REF] Beerel | Testability of Asynchronous Timed Control Circuits with Delay Assumptionstestability of asynchronous timed control circuits with delay assumptions[END_REF].

• Delay Insensitive circuits (DI): This class of circuits are purely asynchronous circuits. No time hypotheses are introduced; this means that they are functionally correct independently of the delays caused by the line and circuits [START_REF] Lee | New Ternary Data Encoding for Delay-Insensitive Asynchronous Design[END_REF].

• Quasi Delay Insensitive circuits (QDI): Quasi Delay Insentient circuits are the same as DI circuits but introduce the notion of isochronic fork [START_REF] Kees Van Berkel | Beware the Isochronic Fork. Integration[END_REF]. • Speed Independent circuits (SI): Speed independent circuits have the same properties for the delays in the circuits as DI and QDI but consider that the delays in the lines are negligible.

• Micro-pipeline circuits: Micro-pipeline circuits are composed of operators that are insensitive to delays Figure 2 • Huffman circuits: In Huffman circuits the delays in gates and wires are assumed to be known or limited by a known duration. This is the principle as in synchronous electronic design, where the clock pulses take place at an interval long enough for the signals to have propagated and stabilised throughout the circuit.

Globally Asynchronous, Locally Synchronous (GALS) Architecture

Globally Asynchronous Locally Synchronous architecture is composed of large synchronous blocks which communicate with each other on an asynchronous basis [START_REF] Muttersbach | Practical Design of Globally-Asynchronous Locally-Synchronous Systems[END_REF]. This architecture allows designers to use common tools to design synchronous operators and then integrate them into a larger asynchronous circuit where each synchronous block communicates with the others using the asynchronous protocol [74] [42].

As can be seen in Figure 2.2.9 each synchronous operator is surrounded by an asynchronous wrapper.

It is this wrapper which is the interface between synchronous and asynchronous worlds. By doing this, synchronous circuits gain the advantages of asynchronous circuits that were described in paragraph 2.8 of this section: lower power consumption due to the limited area of global clocks, elastic pipelines, ease of migration and modularity. The trade off is that this also increases the complexity of the circuit due the sensitive design of the asynchronous wrappers. The Asynchronous wrapper is the most complicated part of the GALS architecture and can be designed either on the base of Pausable-clocks or FIFO buffers or even Boundary synchronisations [START_REF] Krstic | Globally Asynchronous, Locally Synchronous Circuits: Overview and Outlook[END_REF].

• Pausable-clock avoids metastability by ensuring no clock pulses are generated when data is transferred [START_REF] Moore | Self Calibrating Clocks for Globally Asynchronous Locally Synchronous Systems[END_REF].
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• FIFO buffers between locally synchronous blocks are used to hide the synchronisation problem.

• Boundary synchronisation on the signals crossing the borders of the locally synchronous island without stopping the complete locally synchronous block during data transfer.

Simulations

In this section we will simulate a few simple asynchronous structures [START_REF] Christian D Nielsen | Evaluation of Function Blocks for Asynchronous Design[END_REF] starting with one of the most important gates in asynchronous: the Muller gate. All simulation results presented in this part were run with the Spectre simulator under Cadence Virtuoso platform using a 130nm technology from ST Microelectronics.

Muller Gate

The Muller gate is the most important structure in asynchronous design; it is the building block for many operators. As shown in Figure 2.2.8 the Muller gate is a memory structure. Its output will become identical (1) to its input if both inputs are identical [START_REF] Bocquet | Self-consistent Physical Modeling of Set/Reset Operations in Unipolar Resistive-Switching Memories[END_REF] and stay that way until they become identical (00) once again.

B A S vdd

Half Buffers

A half-buffer is a storage zone on a circuit that can temporarily stock a bit until another one comes to take its place.

To start computing all data lines are low and the acknowledgement lines are high. When data comes from the input lines (In 0 for 0 and In 1 for 1) the respective Muller gate will go low, lowering the L ack signal (t 1 , t 4 ). Once the data has propagated through to the next cell (t 2 , t 3 , t 5 , t 6 ), the R ack is lowered, the input data can be stopped and L ack goes back to a high state [3].

In0 IN1 L ack Out0 Out1 R ack C C
There are two types of half buffers, Weak condition half buffer and Pre-charged half buffer (PCHB) [START_REF] Chuang | Synthesis of PCHB-WCHB Hybrid Quasi-Delay Insensitive Circuits[END_REF].

• Weak condition half buffer (WCHB): its output being in a valid (or null) state implies all its inputs are in a valid (or null) state. As a result, it suffices to detect only the output to know the input state.

• Pre-charged half buffer (PCHB): it requires completion detection at its inputs to tell whether an input is ready in its valid (or null) state. Hence the output may finish evaluation even before all inputs are in valid states.

Section 3

Radiation in Space 

Introduction

Even though space is an empty place, there are in reality hundreds of thousands of energetic particles of various kinds. The main contributors to this phenomenon are cosmic rays and the sun through permanent activities such as solar wind and occasional violent events such as solar flares and coronal mass ejections. Particles ejected in the form of plasma are continuously hitting the Earth and appear as northern and southern 'lights' when solar activity is intense. If these phenomena are a feast for the eyes, they are also a source of intense disturbance for electronic circuits and therefore a threat to the applications. The Earth's atmosphere acts as a natural shield by deflecting into space or by absorbing a large part of these particles; however the rest produces new particles by collision with the molecules in the atmosphere.

The following sections give an overview of the different particles found in outer space as well as their concentration, looks at how these particles effect electric circuits, investigates different ways to protect these circuits against the particles and finally studies strategies of testing the circuits before they are sent into space.

Space Environment and Radiation Sources

This section describes different types of radiation present in both space and terrestrial atmospheres and their interaction with integrated circuits [START_REF] Peronnard | Méthodes et Outils pour l'Évaluation de la Sensibilité de Circuits Intégrés Avancés Face aux Radiations Naturelles[END_REF].

Different Sources of Radiation in Space

In outer space, radiation comes from various different sources. Each of these sources produce a variety of particles that can cause different effects on various electronic components. 

The Ejection of Matter from the Sun

The ejection of matter from the sun regroups two phenomena:

Coronal Mass Ejection (Figure 2.3.1) is a ball of plasma whose size can become tens of times bigger than that of the sun. This phenomena principally emits high energy protons. 

Solar Wind

Solar wind (Figure 2.3.3) originates in the sun's core where the temperatures reach over a million degrees. This generates sufficient energy to allow the electrons to escape the sun's gravitational field. In reaction, protons and heavy ions are also ejected by the sun so as to conserve its neutral charge. 

Van Allen Radiation Belts

Van Allen radiation belts are two toroidal regions of the magnetosphere surrounding the Earth's magnetic equator as can be seen in Figure 2.3.5 and containing a large density of energetic particles. The magnetosphere is an area surrounding a celestial object in which physical phenomena are dominated or organised by its magnetic field. This region of space acts like a protective shield against radiation. • The outer belt: situated between 13 000km and 65 000km from the surface of the Earth, mainly contains high energy electrons.

Atmospheric Neutrons

Atmospheric neutrons are the result of collisions of cosmic rays (mainly photons) with the atoms present in Earth's high atmosphere. The result of these collisions is either the formation of ionised particles, or a nuclear reaction that produces mainly neutrons, protons, electrons... These reactions can be observed in Figure 2.3.6. 

Different Energies Involved

The following table is a summary of the sources of particles encountered in space as well as in the atmosphere. It also indicates their nature and energy. A circuit in outer space orbiting the Earth will most likely be confronted with particles from the sun, so the particles will have an energy of between a couple of keV and a few hundred MeV.

Particle Concentration

The graph in Figure 2.3.7 shows the concentration of particles depending on their energy and provenance in space. It can be noticed that the flux is higher for the particles ejected from the sun than particles emitted produced by cosmic radiation. However their energy is much lower. This means that most of the attacks the system will undergo will be of low energy, but every now and again the system will encounter a high energy particle [START_REF] Conraux | Préparation et Caractérisation d'un Alliage Amorphe Ferrimagnétique de GdCo Entrant dans la Conception de Jonctions Tunnel Magnétiques Résistance des Jonctions Tunnel Magnétiques aux Rayonnements ionisants[END_REF]. In a following paragraph the frequency of each type of particle depending on its provenance will be explained.

The Different Interactions

Natural particles interacting with integrated circuits are mainly photons, electrons and heavy ions. Here after is a brief description of how these particles act on the matter they encounter [START_REF] Goncalves | Conception sur Mesure d'un FPGA Durci aux Radiations à Base de Mémoires Magnétiques[END_REF].

Interaction with Photons

Photons are able to penetrate deep into the matter and can interact with the atoms of different materials.

• Photoelectric effect: The incident photon, provided its energy is lower than tens of keV, can transfer its energy to an electron. This excited electron can then create a small current in the structure that could lead to an error.

• The Compton effect: The incident photon, provided its energy is between tens of keV and a few MeV, can transfer some of its energy to an electron and continue its trajectory through the matter, and may encounter another electron. Thus it is dangerous for integrated circuits.

• Materialisation: High energy photons (>20 MeV) transform into two particles: an electron and a positron. These two particles can then create errors in different areas of the circuit leading to multiple errors due to one particle.

Interaction with Neutrons

The neutron is a particle with no electric charge but with a mass. It mostly strikes electrons. During these collisions various phenomena may occur.

• Elastic diffusion: The incident neutron can transmit a part of its energy to the atom it hits. If the atom receives enough energy it can leave its crystal lattice.

• Inelastic diffusion: The atom captures an incident neutron, recovers part of its energy, then releases it. The excited atom can then return to its original state by emitting γ rays. These γ rays can cause damage to the integrated circuit.
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• Transmutation: The incident neutron is absorbed by the atom it hits. The atom then transforms into another atomic element.

Interaction with Charged Particles

These charged particles are either protons, α particles and ions. The bigger their mass and energy, the more damage they create and the harder it is to stop or divert them.

For the range of energies that concern us, these particles interact through Coulomb ionisation, in other words by ionisation of the medium.

Alpha particles and ions are responsible for singular events (singular events will be explained in the next section) by ionising the traversed material by creating electron-hole pairs. An Alpha particle is an unstable nucleus made up of two protons and two neutrons bound together into a particle identical to a helium nucleus as shown in Figure 2.3.8 [8]. The difference between helium and an alpha particle is that the alpha particle does not have an electron, it just has a nucleus.

Interaction with Protons

Protons rarely generate a direct effect on electronic components. The nucleation reaction of these particles with the silicon is however possible, and may fragment the nucleus into two ions having the same mass and generates secondary products. • Sensitivity threshold (LET th ): This threshold is linked to the LET, it is the minimum LET that a particle must have to generate a singular event in the integrated circuit. [cm 2 /composant] or [cm 2 /bit]

The Effect of Radiation on Electronic Circuits

Different Types of Radiation Effects

There exist two different big families of radiation effects on electric integrated circuits. The Total Ionising Dose (TID) and the Single Event Effect (SEE) [START_REF] Elghefari | Radiation Effects Assessment of MRAM Devices[END_REF].
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Total Ionising Dose (TID)

The total ionising dose is almost exclusively due to the particles in the radiation belts and photons from solar activity. TID is the accumulation over time of charges in the insulating oxides of integrated circuits. An illustration of TID can be seen in Figure 2.3.9.

This results in the drift over time of the intrinsic characteristics of the components (increase of the leakage current, shift of the level threshold).

Single Event Effect(SEE)

When a particle passes through matter in a straight line, charges are deposited in an active region of a transistor, it is collected by the electric field and can be propagated through the circuit [START_REF] Foucard | Taux d'Erreurs Dues aux Radiations pour des Applications Implémentées dans des FPGAs à Base de Mémoire SRAM: Prédictions Versus Mesures[END_REF]. An illustration of SEE can be seen in Figure 2.3.9. • Single Event Transient (SET): A particle creates a peak of current that propagates through the circuit which can cause an error. This error is detectable and can be corrected if the necessary precautions are taken in the design of the circuit.

• Single Event Upset (SEU): A SET captured by a memory element causing it to switch state [START_REF] Normand | Single Event Upset at Ground Level[END_REF].

Once again this error can be detected and can be corrected if the necessary precautions are taken in the design of the circuit.

• Multiple Cell Upset (MCU): One particle causes the switch of several memory points geographically close.

• Multiple Bit Upset (MBU): Particular case of MCU where a particle creates several errors in the same logical word.

• Single Event Functional Interrupt (SEFI): A particle causing the loss of normal operation of a component. The component must be reinitialised.

Destructive Effects:

• Single Event Latchup (SEL): Conduction of parasitic PNPN structure(diode or thyristor) results in a sharp increase in current, leading to destruction.

• Single Event Burnout (SEB): Effects power transistors allowing the passage of a strong current and can cause their destruction.

• Single Event Gate Rupture (SEGR): Destruction of the gate oxide by the creation of a conductive path.

• Single Event Hard Error (SHE): An SEU causing an irreversible change in the component.
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Means of Prevention and Protection Against SEEs

The means of prevention and protection of integrated circuits against radiation can be applied to multiple levels of a circuit or a system.

Shielding

The shielding of a system aims to reduce the flow and energy of the particles to the integrated circuits. It is, in general, a sheet of aluminium a few tenths of a millimetre thick. If electrons are considerably slowed down by the presence of a shield, the effect on high energy protons is less. Shields become completely ineffective against particles from cosmic radiation as they have very high energy levels. As far as I know there is no effective way to shield highly energetic particles from cosmic radiation.

Hardening of Components

CMOS is the most common integrated circuit technology, it is even present on board satellites. Several methods have been developed to reduce the sensitivity of the CMOS integrated circuits against radiation, among which may be mentioned:

• SOI (Silicon On Insulator): This technology eliminates the parasitic PNPN structure (diode or thyristor), making it robust against latchups. Sensitivity to upset is also considerably reduced [START_REF] Ferlet-Cavrois | Insights on the Transient Response of Fully and Partially Depleted SOI Technologies Under Heavy-Ion and Dose-Rate Irradiations[END_REF] The following chapter will go into more detail about this technology.

• GaAs material: The velocity of the electrons in gallium arsenide (GaAs) is twice that of silicon. Thus charges created by particles will be evacuated quicker than in silicon. Furthermore, the components manufactured with this material provide a high tolerance to total ionising dose (TID) and are insensitive to latchups due to the absence of parasitic thyristor structure.

• Bigger dimensions for the transistors: Extending the length of the connecting channel can reduce the sensitivity to radiation. However, this solution goes against the current trend, although it can be used for some critical transistors in the strategic blocs, like majority voters for instance.

System Level Hardening

In addition to the means of protection against radiation described above, it is possible to adopt a systemlevel approach. Here are a few examples [START_REF] Lakys | Hardening Techniques for MRAM-Based Non-Volatile Storage Cells and Logic[END_REF].

• Redundancy: It can be done either materially or by software. The material redundancy method is to replicate the resources of the system. The most commonly used method is TMR (Triple Modular Redundancy) [START_REF] Di | A framework on Mitigating Single Event Upset using Delay-Insensitive Asynchronous Circuits[END_REF], but DMR (Dual Modular Redundancy) [START_REF] Gong | A New Approach to Single Event Effect Tolerance Based on Asynchronous Circuit Technique[END_REF] has also attracted the attention of designers because it requires only one replication of the system. Software redundancy, which is the sequential execution of a same task followed by a vote, resulting in a loss of performance without the material part of the application being modified [START_REF] Jang | SEU-Tolerant QDI Circuits[END_REF] [5].

• Detection and error correction [START_REF] Yang | Realizing Fault-Tolerant Asynchronous Sequential Machines using Corrective Control[END_REF]: This method involves adding extra bits, called control bits in each word memory. Different techniques are used to encode these bits (Hamming, CRC, M from N, ect.). They each have their own characteristics on the number of errors detected and corrected by word.

• Watchdog: It is a monitoring mechanism. It can be hardware or software and be implanted at different levels. The watchdog's role is to check that it receives a signal at a given time interval.

In case of non-reception of the signal the watchdog will perform a recovery operation (reset, power failure and send an error report).

Strategies for Testing Integrated Circuits

The methods of prevention mentioned before do not allow a total immunity against SEEs. It is therefore imperative to be able to predict the behaviour of an application against events that may cause undesired operations during its life.

There are two strategies for assessing the sensitivity of a component intended to provide an estimate of the average number of particles needed to cause a fault in a target circuit. Knowing the characteristics of the environment in which the application will run, it is possible to predict the failure rate or MTBF (Mean Time Between Failures MTBF) [hours]. The first test strategy, called static test is used to obtain measurements of the effective section for different types of particles and to plot the component's effective section. The second method, called dynamic test, is a prediction for a specific application.

Error Injection (During Design Stage)

This technique consists of manually injecting errors and observing the reaction of the system. This can easily be done during the simulation stage of design to confirm the detection and correction of errors in specific configurations.

Testing in an Artificial Environment

Accelerated tests provide results much faster than what can be expected from tests under real conditions.

• Radiation Sources: Is an inexpensive method and provides preliminary information on the sensitivity of a component. The sources generate low energy particles compared to those found in space.

• Different types of particle accelerators can produce a wide range of beams such as heavy ions, protons and neutrons. The advantage of these systems is the size of the beam that allows the irradiation of the entire surface of a chip at a single time.

• Laser Beams: Combines low beam diameter (a few microns) and a high sub-micron displacement accuracy so it is thus possible to perform an accurate mapping of sensitive areas.

Testing in a Real Environment

The field trials are used to operate the device in a natural environment. For this, it can be implemented either in a space environment or in a high altitude environment. In all cases, these experiments require the implementation of a large number of components to compensate for the relatively low density of particles of the natural environment.

Section 4

Silicon On Insulator Technology 

Introduction

As the expectations of the general public become higher and higher in regard to speed, power consumption and reliability of the various devices they own (Smart phones, Tablets, Computers), chip makers are pushed to develop new techniques to increase the performance of their chips. One of these techniques is the use of Silicon On Insulator (SOI).

Silicon On Insulator (SOI)

Silicon On Insulator is a wafer structure consisting of an insulating layer sandwiched between two silicon layers. This insulator can take many forms: it can be sapphire (Silicon-On-Sapphire), air (Silicon-On-Nothing) or silicon dioxide (SiO2). This technology is a promising alternative to classical silicon in the production of transistors. Despite its higher development cost compared with conventional technologies on bulk substrate, the performance gain is estimated at between 20% and 35%. With the use of highly resistive substrates, power losses through leakage are reduced and the global performance is improved [START_REF] Planes | 28nm FDSOI Technology Platform for High-Speed Low-Voltage Digital Applications[END_REF]. It is generally accepted that SOI technology saves a chip generation. It is widely recognized in the field of microelectronics that integrated circuits manufactured on SOI substrates are more robust to radiation due to the smaller volume of the active areas of the transistors [START_REF] Roche | Technology Downscaling Worsening Radiation Effects in Bulk: SOI to the Rescue[END_REF] and also thanks to the possibility of local insulation provided by the manufacturing process (Figure 2.4.1).The radiation-induced errors are very localised and therefore cannot be spread from one block to another. SOI also opens the world of body biasing [START_REF] Flatresse | Ultra-Wide Body-Bias Range LDPC Decoder in 28nm UTBB FDSOI Technology[END_REF]. Body biasing is the possibility to locally polarise the bulk on a transistor in a way that influences its threshold voltage (V t ). There exist two type of SOI devices: PD-SOI (partially depleted SOI) and FD-SOI (fully depleted SOI). For PD-SOI the sandwiched film between the gate oxide and buried oxide is thick. Where as in FD-SOI the film is very thin. In FD-SOI the front gate supports less depletion charges than the bulk so an increase in inversion charges occurs resulting in higher switching speeds.

Advantages of Silicon On Insulator

Below is a list of the main advantages of a Silicon On Insulator substrate over a classical Bulk substrate [START_REF] Balestra | Nouveaux Matériaux et Dispositifs pour la Nanoélectronique[END_REF] [66]:

• Lower parasitic capacitance due to isolation from the bulk silicon, which improves power consumption at matched performance.

• Resistance to latch-up due to complete isolation of the n-and p-well structures. A latch-up is a parasitic structure that is equivalent to a thyristor that is created between one of the nodes and the substrate of a transistor, this can be very dangerous for electronics as is can create short circuits in a chip.

• Possibility to realise low threshold voltage together with low leakage current for low voltage, low power IC's by utilising body biasing.

• Reduction of the parasitic capacities of source/drain junctions for HF operation due to the burred oxide and reduction of the active area of silicon.

• Reduced temperature dependency due to the absence of doping.
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Introduction

This study has for objective to determine the performance of asynchronous logic in a harsh radiative environment using a very advanced process (28nm FD-SOI) compared to synchronous logic. We designed two memory elements of synchronous and asynchronous design. A flip-flop and a half-buffer for respectively synchronous and asynchronous design techniques. These two structures conduct the same role in the two worlds and were designed to have the same timing characteristics so they could be compared coherently.

All simulation results presented in this chapter were run with Spectre electrical simulator under Cadence Analog Design Environment platform using the 28nm FD-SOI technology from ST Microelectronics.

Particle Injection

In our study we chose to simulate the effect of heavy ions since they are one of the most energetic and dangerous particles for electronic circuits orbiting the Earth [8]. By studying the effect of heavy ions we cover the effect of the other particles which have lower energies. Heavy ions are produced by solar wind or flares and have energies from a few keV to 10M eV (Figure 2.3.7).

We simulate the heavy ions effect by a current pulse that is determined by the following equation [START_REF] Cha | A Logic-Level Model for Alpha-Particle hits in CMOS Circuits[END_REF] [86]:

I inj = Q inj τ 1 -τ 2 (e -t τ 1 -e -t τ 2 )
Where Q inj is the charge in Coulombs of a particle that varies from -2pC to 2pC, τ 1 and τ 2 are material dependant constants, here respectively 150ps and 50ps (which are the values of deposit and evacuation of electrical charges brought by a radiative particle). The effect of a heavy ion hitting a transistor has been documented in the past and has shown that the most sensitive strike location of a transistor is the drain [START_REF] Ferlet-Cavrois | Statistical Analysis of the Charge Collected in SOI and Bulk Devices Under Heavy Ion and Proton Irradiation-Implications for Digital SETs[END_REF] (Figure 3.1.2). In our simulations we consider the worst case: we inject particles that have energies at the limit of what is potentially destructive and consider that all the particles hit the drains of the transistors. This means that we inject current pulses of 1.8mA into schematic, this corresponds to the energy that a Xenon particle could deposit.

This current pulse will be sequentially injected in all the sensitive nodes of the evaluated circuit to determine the global sensitivity of the circuit. A sensitive node being any internal node except nodes connected to the supply voltage, ground, or any of the inputs or outputs. Figure 3.1.3 illustrates a particle injection in an OR gate. In this example the OR gate has two inputs (four input combinations) and two sensitive nodes. A current pulse is then injected in each sensitive node for all the different input combinations and the output is verified for errors. For the sake of this example lets call the sensitive node between the two PMOS transistors SN1 and the sensitive node between the two NMOS transistors SN2. Let's also say that SN1 is only sensitive for one of the four input combinations and SN2 is sensitive for two of the input combinations. This allows us to determine that SN1 is sensitive 25% of the time and SN2 is 50% of the time. Since the OR gate has two sensitive nodes we can calculate the relative sensitivity of the gate which is : (25% + 50%)/2 = 37.5%. By applying this method, we can compare the relative sensitivity of circuits having a different number of inputs and sensitive nodes.

Simulation Protocol

The first step in any simulation is the generation of a schematic. The schematic is a graphical representation of the different elements (transistors, logic gates . . . ) that make up the circuit that we want to simulate. Once the schematic is complete a netlist composed of all the elements in the schematic is generated. The netlist consists of a list of the electronic components from the circuit and a list of the nodes they are connected to. Each electronic component is then linked to its model. Models are the electrical representation on a physical component and describes their behaviour. The next step is to define the stimuli for the circuit, and in our case to define the instant that an error will be forced on the circuit. Stimuli are the different values and patterns that the simulator must present on the inputs of the circuit. The final step it to launch the simulator, the simulator will take all the information it is provided with (netlist, models and stimuli) and generate the outputs of the circuit.

Radiation Induced Errors Impact on 28nm FDSOI

In this paragraph we explore the impact that radiation induced errors have on the 28nm FDSOI technology we will be using to design our circuit.

Influence of the Supply Voltage

We conducted simulations of particle strikes at different supply voltages. From the simulations we have observed the inverse relationships between supply voltage and the amplitude on the induced pulse. In other words, as we increased the supply voltage for different particle strikes with identical energies, the effect of the particles decreases. This can be explained by the fact that, as the supply voltage increases the conductance of the transistor increases and also eases the dissipation of external energies. So in our future design we will use the highest supply voltage permitted by the technology.

Impact of the Threshold Voltage

In the 28nm FD-SOI design kit we have the choice between LVT (Low V t) and RVT (Regular V t) transistors. In our initial hypothesis RVT transistors would be more robust to pulses induced by particle strikes than LVT because of their superior V t, thus less sensitive to commutations. The simulation results demonstrated that LVT are finally more robust. This can be explained by the fact that LVT transistors have a higher leakage current than RVT, so the induced current pulses are evacuated quicker due to the lower resistance. So once again, in our future design we will use LVT transistors.

Influence of Body Biasing

FD-SOI enables us to use body biasing to play around with the V t of transistors. We then looked at the influence of vbb (voltage body biasing) in the case of particle induced errors with an energy of 470f C. In RVT transistors, as vbb increased (boost configuration, V t decreases, Figure 2.4.2) the global number of errors induced by heavy ion strikes on the circuit decreased, this can be seen by the decrease of the green curve in Figure 3.1.5. Since the transistors response is boosted the accumulated charges caused by particle strikes can be evacuated quicker. Concerning LVT transistors, being already more robust to particles than RVT, increasing or decreasing vbb has no further effect on them as the purple curve shows. So in our future design we will have the choice to use body biasing or not. 

The Effect of Non-Volatility Towards Robustness in a Simple Structure

The next step in our study was to see how the introduction of MTJs in the half-buffer and flip-flop would effect or protect their robustness towards particle strikes.

Non-Volatile Flip-Flop

To design a non-volatile (NV) flip-flop we used the classic flip-flop from the previous section and replaced one of the latches with an NV latch. We chose to use a dual MTJ Latch cell (HASS) for its robustness towards radiation [START_REF] Martins | Une Étude des Mémoires Magnetiques Appliquées aux Processeurs et FP-GAs[END_REF]. 

Non-volatile Half-Buffer

The design of an NV half-buffer was achieved by replacing the C-elements by NV C-elements previously designed in our laboratory, Spintec Lab [START_REF] Zianbetov | Non-Volatility for Ultra-Low Power Asynchronous Circuits in Hybrid CMOS/Magnetic Technology[END_REF] 

Simulation Results

Current pulses were injected into sensitive nodes as described earlier (Figure3.1.3). Depending on the simulated circuit (volatile/non-volatile, synchronous/asynchronous) the number of sensitive nodes varies from 15 to 24 since the complexity and the number of transistors are different. For each sensitive node we conducted successive simulations for all the possible input combinations, this lead to around 2500 individual simulations. The outputs of the flip-flop and half-buffer as well as the magnetic states of the MTJs were compared to simulation results previously obtained without error injection using TAS-MTJ, SOT-MTJ and STT-MTJ compact models described in Verilog A language that was developed in our lab [1], Spintec Lab.

Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications Simulation results showed that due to the high energies involved (470f C) in some particle strikes, an error induced by a particle could write or even destroy an MTJ depending on where the particle hits. Some work [START_REF] Conraux | Préparation et Caractérisation d'un Alliage Amorphe Ferrimagnétique de GdCo Entrant dans la Conception de Jonctions Tunnel Magnétiques Résistance des Jonctions Tunnel Magnétiques aux Rayonnements ionisants[END_REF] has shown that MTJs are robust against radiation, but like integrated circuits, it is the CMOS transistors that are sensitive towards particle strikes and indirectly cause bit flip on MTJ memory cells. Indeed, the current generated is high enough during a non-negligible time to induce such a behaviour. Moreover, an important thing to keep in mind when designing a circuit for radiative environments is the size of the transistors (The transistor sizing will be developed further in Chapter 3). The bigger the transistors are the less a particle hit will effect it and its surroundings. This can be explained by the fact that as transistors get bigger their resistance decreases, thus the amplitude of the voltage created by the current pulse will be lower.

To render MTJ more robust to radiative environment a solution is to increase their dimensions:

Influence of the MTJs Dimensions for STT

As the dimensions of the MTJ increases more current is needed to write the junction. This is explained by the resistance of the MTJ decreasing as its size increases. 3.1.1 shows this, as the dimensions of the STT-MTJ increase, the robustness of the MTJ increases due to the fact that more current is needed to write the junction, thus the number of errors visualised decreases. The number of errors is determined by the actual number of errors visualised at the circuits outputs and/or magnetic states. These numbers are normalised to the number of inputs and sensitive nodes so as to have a coherent comparison, as was described in section 1,2 therefore , a non-minimal STT-MTJ size must be considered for our work.

Circuit type Number of Errors

Influence of the stripe dimensions for SOT

The switching mechanism for SOT-MTJs is dependant on the current density that passes under the junction in the conduction line. If the dimensions of the conduction line are increased the current density that passes under the junction for a same given current will be lessened thus less efficient. Thus increasing the dimensions until a point where the current pulses induced by particle strikes will not create a sufficient current density under the junction to write the junction is a way of increasing its robustness. 3.1.2 shows this with several simulations that have been performed where the width of the SOT stripe was increased. As the stripe increases so does the robustness of the SOT-MTJ. These simulations were performed with SOT junctions that had a diameter of 40nm. We can notice that this technique has a relativity low efficiency since we can reach only 0.40 errors compared to 0.43 by multiplying the stripe width by three, and thus the power consumption.

Circuit type Number of Errors

Results and Interpretation

The inclusion of MTJ in the flip-flop or half-buffer has not rendered them more robust to particle strikes. This can be explained in the following manner: the addition of non-volatility in an elementary circuit Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications increases the number of sensitive nodes as well as the global complexity. The more sensitive the nodes the more a circuit is sensitive to errors induced by particles.

Circuit type

Number x height)for SOT and diameter of 40nm for TAS, STT and SOT. The energy needed to write such an STT-MTJ with a current pulse of 44µA/2.7ns is 0.15pJ. This energy is twice less than the energy needed for the flip-flop to change its output (0.3pJ). To render the junction more robust towards particle strikes, the MTJ switching energy should be increased. This can be done by increasing the dimensions of the MTJ or through customising the magnetic post-process.

We can see that volatile half-buffer is very slightly more robust than volatile flip-flop, and the addition of MTJs decreases their robustness. We can also see that SOT is also very slightly more robust than STT. This is due to the writing stripe; more current is needed to write the junction so it is less sensitive than STT, but TAS is the most robust type of junction tested. The NV half-buffer is a lot less robust than the NV flip-flop. This can be explained because the HASS structure used in the flip-flop is the most robust architecture compared to a classical half buffer structure which is composed of two NV Muller cells each one having two differential MTJs. Finally we can conclude that TAS-MTJs are much more robust than STT and SOT, this can be explained by the fact that to write the TAS-MTJ the junction must be heated and in the presence of a magnetic field combining two simultaneous needs. For a TAS-MTJ to be accidentally written a radiative particle (or group) must simultaneously effect the heating current and the magnetic field generation circuits.

Conclusion

This preliminary study has allowed us to fully understand the influence of heavy ion strikes on transistors in elementary circuits. We have seen the influence of the supply voltage and body biasing on both LVT and RVT transistors when confronted with particle strikes. The simulation results have demonstrated that using the highest supply voltage permitted by the technology, in conjunction with LVT transistors is the best option to harden a system at transistor level. We also investigated the influence of MTJ in elementary circuits. The integration of MTJs in elementary circuits is not the solution to harden circuits even though they are intrinsically immune to radiation. Their integration at an architectural level with standard structures to limit the number of sensitive nodes could be the solution. Concerning the differences between synchronous and asynchronous design, it is difficult to determine which one is more robust at transistor level. The differences are based on the communication protocols; the robustness of one design method over the other should become visible in a more complex architecture such as a pipeline structure.

Introduction

For aviation and/or spatial applications, it would be desirable to provide an asynchronous circuit that is rendered robust against the effects of radiation. Indeed, the presence of ionising particles at high altitudes or in space can induce currents in integrated circuits that may be enough to cause a flip in the binary state held by one or more gates. This may cause the circuit to malfunction, this is known as a single event upset (SEU). It has been proposed to provide dual modular redundancy (DMR) or triple modular redundancy (TMR) in an asynchronous circuit design in order to provide radiation protection. Such techniques rely on duplicating the circuit in the case of DMR, or triplicating the circuit in the case of TMR, and detecting a discordance between the outputs of the circuits as an indication of the occurrence of an SEU. A problem with the DMR technique is that it does not permit the error to be corrected, and thus when an error is detected, the circuit is simply reset or goes into an erroneous state. This adds a time delay, as the processing operation must be restarted. Furthermore, if SEUs occur at a relatively high rate, it may even be impossible for a processing operation to be completed before a reset is required. The TMR technique does allow the error to be corrected, by selecting the output value generated by two out of three of the circuits. However, a drawback with the TMR technique is that the area and power consumption of the circuit are increased by a factor of three. There is thus a need in the art for a circuit having relatively low area and power consumption, and that allows recovery following an SEU without requiring a reset. This structure is composed of a pipeline that comprises a first series of asynchronous stages, there being four such stages respectively implementing an adder, a multiplier, a multiplier accumulate, and a further stage which could be any type of operator or data path. This pipeline is duplicated, the second series of stages (differentiated by an ') being also an adder, a multiplier, a multiplier accumulate, and a further stage which could be any type of operator. The second series of stages are functionally equivalent to the first and will generate identical output signals in the absence of errors. There is a comparator coupled to the output data lines of each of the stages. Each comparator generates an error signal when a mismatch is detected between the data signals from corresponding pipeline stages. can reperform its calculation, thus correcting the error. This is made possible by the delay insensitive properties of asynchronous communication. The circuit can be paused locally, waiting for the dissipation of an error without effecting the global functionality of the system. Additionally, if an error is detected by the comparator of a stage, the non-volatile storage circuit of the previous stage is adapted to output its stored value, which will overwrite the value provided by that stage. This way the circuit is immune to any further SEU occurring in any stage. The non-volatile storage circuits not only allow the restoration of error free data but also permit the pipelines to be reinitialised from a stored state following a reset or power down.

An Error Correcting Asynchronous Structure

A Non-Volatile Error Correcting Asynchronous Structure

Advantages/Disadvantages of the Proposed Structure

Below is a list of the advantages and disadvantages of the proposed structure as well as a comparative table.

Advantages:

• DRM that detects and corrects errors.

• Multiple errors can simultaneously be corrected in different areas of the circuit.

• Low power consumption due to asynchronous nature.

• Non-volatile.

• Any circuit design is compatible and thus can be hardened.

Disadvantages:

• Cannot correct non-reversible stuck bits (but stuck bits are considered destructive).

• Asynchronous architecture is not well known by designers and could intimidate them.

• Asynchronous circuits have a larger footprint than synchronous circuits.
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Conclusion

The main difference between this structure and the ones that exist in the state of the art is that this one acts independently to the operators. In the state of the art the structures that we have come across either reset the circuit/operator or do not allow an operator to generate an erroneous output, they harden the operators. The proposed structure takes a whole different approach. It allows an entire system to be hardened independently of the robustness of the individual operators. Meaning any circuit designer can design a circuit using the techniques and tools they know well (Synchronous or Asynchronous). When the circuit is complete they can then integrate it into the proposed structure and it will become automatically hardened. It will consist of building a GALS architecture. Contrary to what exists, in our case the individual operators do not know if they are producing an erroneous output or not. It is the surrounding environment that detects an erroneous output from an operator and refeeds it with the same inputs so its output will be automatically recalculated. The proposed structure also has a smaller footprint than classical asynchronous TMR structures since it only uses a duplication and it has a lower power consumption due to its asynchronous nature. It has an equivalent size compared de synchronous TMR but due to its asynchronous nature is more robust to SEEs.
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Introduction

This chapter will cover in detail the process used to design and test the structures described in the previous chapter. The Figures representing the circuit are simplified versions to increase comprehension.

Asynchronous Communication

The first step in designing the proposed structure was to design the asynchronous pipeline and choose what type of operators to use. We chose to implement a 16 bit asynchronous adder in an eight stage pipeline. We judged that eight stages were sufficiently long enough to be able to fully test the structure but not too long so the simulation would be of a reasonable length. Having eight stages also allows us to test single event transients (SETs) as well as multiple cell upsets (MCUs). We decided that a 16 bit adder for the operator in the pipeline was a good choice. 16 bits means that the adder is sufficiently complex to have a reasonable volume for radiation attacks but also allows for easy verification of the outputs. The 16 bit adder pipeline progressively adds the result from the previous adder with an external signal as shown in Table 3 The clocked dual rail converter serves two purposes: First, it allows the injection of simple rail data to limit the number of inputs on the circuit. Second, with its clock input connected to the acknowledgement signal of its corresponding adder, this allows the data to be sent to the adder when it is asked for through the acknowledgement signal, thus respecting the asynchronous protocol. 

Comparator

Once the asynchronous pipeline has been designed, the next step was to move on to the next part of the proposed structure: the comparator. The objective of the comparator is to compare the outputs from the adder and its duplication: if a discordance is detected then it generates an error signal.

The comparator compares each bit from the outputs of the adder and its clone with an X-OR logic gate. The outputs from the X-OR logic gates are then all grouped together using successive OR logic gates so as to have one distinct error signal (out), This is illustrated in Figure 3.3.3. We also included a Correct Enable (CE) signal. This signal will allow us to generate (or not) the error signal. The CE blocks the error signal with an AND logic gate. By doing this we can decide if we want to use the detecting and correcting capabilities of the proposed circuit. 

Acknowledgement Pause

The final step in designing the proposed structure illustrated in Figure 3.2.1 is the mechanism that allows the acknowledgement signal to be paused in the event of an error. If the comparator detects a discordance between an operator and its clone, it will produce an error signal, this error signal will be used to block the acknowledgement signal going to the previous operator. In the event of an error, the forcing of the acknowledgement signal high means that the previous Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications operator never receives the confirmation of reception (acknowledgement signal going low) of its outputs from the affected operator. The previous operator will thus continue to supply its outputs allowing the affected operator to repreform its operation once the induced current from the particle strike has dissipated.

Simulating Particle Strikes on the Volatile Version of the Proposed Structure

Once the different circuits that make up the volatile version of the proposed structure are designed and functional, the next step is to put them all together and test the structure thoroughly against injected errors. To inject an error into the structure the procedure was to manually flip a random bit on a given bus at any given moment. This was achieved by temporarily inserting a logic AND gate or OR gate (depending on if we wanted to force a logic low or high) on a bit of one of the buses (Figure 3.3.8). The input of the inserted logic gate that is not connected to the bus is connected to a signal used to force a wrong value (simulating a particle strike). This was done on all the buses all over the circuit. We can identify three different situations caused by a particle strike: 1) An error occurs either in the dual rail converter or in the 16 bit adder causing an erroneous result from the adder. 2) An error occurs in the acknowledgement pause circuit causing an error on the acknowledgement signal. 3) An error occurs in the comparator causing an error on the comparator's output.

Erroneous Result from the Adder

The 16 bit adder being the biggest and most complex part of the structure will be subjected to the vast majority of the particle strikes, thus errors. It is essential that these errors are detected and corrected to ensure a correct functionality of the circuit. In the eventuality of an error occurring in one of the dual rail converters or 16 bit adders, the output for that specific adder will be in discordance with its clone. This discordance will be detected by the comparator which will inform (if the CE signal is high) the acknowledgement pause circuit through its output signal. The acknowledgement pause circuit when receiving the information from the comparator will force the acknowledgement signal high and locally pause the communication. The acknowledgement signal will stay high as long as the comparator detects a discordance between the output of the adder and its clone. After a short while the energy deposited Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications by the particle will dissipate. Thanks to the blockage of the acknowledgement signal the effected adder still has the same inputs and can reperform its calculation. The comparator should thus no longer detect a difference between the adder and it duplication and by informing the acknowledged pause circuit the acknowledgement signal is released and goes back to its normal state. This is illustrated in Figure 3.3.9. 

Error on the Acknowledgement Signal

If an error occurs on the acknowledgement signal of a given stage it will misinform the previous adder, by doing this the previous adder thinks that it is ready (or not) to receive new data. When the new data (or invalid state) is produced by the previous adder a discordance will be detected by its comparator, thus locally blocking the pipeline. When the error is dissipated all will return to normal.

Error on the Comparators Output

An error caused in one of the comparators would cause its output to be wrong. This wrong output would be interpreted by the acknowledgement pause circuit which would block the acknowledgement signal. Due to the delay insensitive properties of the asynchronous architecture blocking the acknowledgement signal has no effect on the circuit apart from delaying it a bit.

Multiple Error Correction

We also tested the simultaneous injection of multiple errors at multiple areas of the circuit. In the presence of an error the circuit is locally paused, when several errors occur at the same time the circuit is paused in different areas, but this has no effect on the global functionality of the circuit as it is delay insensitive by design.

Limits of Correction

It is now time to talk about the limits of the proposed structure. Let us say for instance that two particles hit an operator and its clone causing an error. If the error is identical on both operators then the comparator will not be able to detect a difference between them, thus no error signal will be produced. While this is possible, the chances that this happens are very slim. For the error to not be detected the two incoming particles would have to cause an error that takes exactly the same time to dissipate which is usually 1 to 2ns (have exactly the same energy) in a location that would cause the same output error. As mentioned before, this is possible but extremely unlikely. Typically a circuit in orbit around the Earth receives 1000 particle hits per second and per cm².

Another limit of the proposed structure would be if an error occurred in the comparator, forcing its output low when it should be high (an error has been detected elsewhere). This would mean that an error elsewhere would not be corrected. Once again, this is possible but very unlikely because in the Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications presence of an error the comparators output is high until the error has dissipated. The errors dissipate quite quickly (a few hundred of ps) so for this to happen a particle strike must occur in this small window causing an error that would force the output low. To render the comparator more robust to this, it was designed to be as simple as possible to reduce the number of sensitive nodes, and the transistors used are larger to increase their robustness.

False Errors

The comparator compares the output of each operator and its clone. If their outputs are not exactly synchronised, meaning changing logic level exactly at the same time, then the comparator will detect a discordance and an error signal will be produced. We call this a false error. These false errors will be treated as if they were real errors and the acknowledgement signal will be paused. This has no effect on the whole circuits functionality as it is insensitive to delays. However, these false errors may pose problems when wanting to determine the real number of errors the circuit has detected and corrected during tests. This will be developed later on in this manuscript.

Non-Volatile Section

The volatile version of the structure being finished and tested, the next step is to add the elements for the non-volatile version as shown in Figure 3.2.2. The addition of non-volatility will increase the robustness of the previous structure in two main ways: firstly, in the event of a power failure the current state saved in the memory could be restored. Secondly, the MRAM memory used are immune to radiation [START_REF] Conraux | Effects of Swift Heavy Ion Bombardment on Magnetic Tunnel Junction Functional Properties[END_REF], so in the event of an error, the restoration is done from the MRAM and not the previous operator (who could have been affected by a particle strike). The non-volatile section is divided into three parts as can be seen in Figure 3.3.10: first, non-volatile cell, where the memory, reading and writing of the memory mechanisms are. Second, pause cell, where a delay can be inserted to slow the pipeline to be compatible with the reading and writing of the MRAMs. Third, multiplexor cell, which allows the choice of the volatile or non-volatile functionality of the structure.

Non-Volatile Cell

The non-volatile cell is by far the most important cell in the non-volatile section. It is this cell which houses the MTJs as well as their reading and writing mechanisms. Figure 3.3.11 shows an internal view of one of the 34 cells needed for each stage (one for each bit). The internal view can be divided into four sections: The MTJs (boxed in green), the writing of the MTJs (boxed in red), the reading of the MTJs (boxed in blue) and a flip-flop (boxed in orange).

The Magnetic Tunnel Junctions: The magnetic tunnel junction used here are of the STT type and manufactured in Spintec laboratory. They have a diameter of 80nm, a TMR of 60% and an RA of 20 Ωµm 2 . Due to the non-maturation of the magnetic process and the quality of the equipment available in our lab's clean room, it is possible that the diameter of the MTJs vary. This leads us to intensely test the MTJs compatibility with the surrounding CMOS circuits no matter their final characteristics.

Writing the MTJs: As explained in the MRAM Section of Chapter 2, writing STT-MTJs requires passing a current through the junction in a certain direction to write a certain state. The reason that we use two MTJs in the non-volatile cell will be explained a little later in the "Reading of the MTJs paragraph". Let us consider here that to be able to read the MTJs they must be written in opposite Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications states. This is achieved by passing a current through both junctions in opposite directions. When the W R signal is high it opens a conductive path from V DD to GN D passing through both MTJs, the direction of the circulating current is controlled by the Z in signal.

As described in Chapter 2, the output from the operators is stored in the memory once the comparator does not detect any errors. To be able to respect the asynchronous protocol we decided to use the acknowledgement signal as our write signal combined with the V _N V signal (which determines if the circuit is in volatile or non-volatile mode). The acknowledgement signal is only active in the absence of errors, so the outputs of the operators will only be saved in the memory when there is no error and we are sure that we are writing correct values. The Z in is logicically controlled by one of the 34 bits present at the output of the adders.

Reading of the MTJs: The reading of the MTJs is achieved by using a Magnetic-Latch (M-Latch) based on duplication and comparison for detecting bit flips. This structure is highly inspired by the SEU-tolerant 13T M-Latch circuit proposed by [START_REF] Rajaei | Soft Error-Tolerant Design of MRAM-Based Nonvolatile Latches for Sequential Logics[END_REF]. During a high state of the RD signal nodes n2 and n4 on Figure 3.3.11 stay in a high state while nodes n1 and n3 go to a low state. n5 is connected to the parallel MTJ for instance, which has a lower resistance than n6 which is connected to the anti parallel MTJ. A pull-down path from n5 to GN D will be constructed during the positive level of the RD signal and consequently, nodes n1 and n3 are pulled down and fall to a low logic state. When the RD signal is in a low logic state, all nodes from n1 to n4 go to a high logic state, the M-Latch is disconnected from the MTJs and the circuit is ready to be programmed once again. As each sensitive node has a dual node, a particle effecting a single node cannot alter the read data when RD signal is high. Nodes n1 and n2 are respectively duplications of nodes n3 and n4. However, a simultaneous particle strike on nodes n1 and n3 or n2 and n4 could be able to alter the read data.

Since the MTJs only need to be read in the eventuality of an error, the read signal is controlled by the Err signal.

The Flip-Flop: The last but not least important part of the non-volatile cell is the flip-flop. The flip-flop is used to stabilise the data to be reinjected into one of the operators, this is needed because the Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications RD signal is controlled by the Err signal which is only active in the presence of an error and goes low as soon as the error has dissipated.

Reading Current

STT-MTJ are quite sensitive in the reading phase. If the reading current is too high we could accidentally write the MTJ while wanting to read it. It is essential that the reading current be below the minimum writing current. Figures 3.3 We can conclude from cross referencing the data in Tables 3.3.2 and 3.3.3 with the curves present in Figure 3.3.13, 3.3.14 and 3.3.15 that the transistor sizing that determines the intensity of the reading current are correct. In no case during normal operation will the reading current be strong enough to write the MTJs. 

Transistor Sizing

The correct sizing of the different transistors is a crucial stage of designing any electronic circuit. The size of the transistors determines the amount of current that they can allow to flow through. The method used to correctly size the different transistors was to run multiple parametric simulations with the width of the transistor changing in each simulation while watching the current flowing through the transistor.

Once the current has reached the correct value the transistors will be correctly sized. The Parametric simulations were run in three phases: Firstly, the width of the transistor would vary in big steps to identify the rough sizing required. Secondly, the width would vary in a finer step around the previously determined rough width to identify the optimal sizing. Finally, a series of Monte-Carlo simulations were run to confirm that the transistor sizing is compatible with the process variation that may occur.

Specific vdd for MTJ Writing Transistors

Due to the problems of MTJ device fabrication raised earlier, we thought it would be wise to decorrelate the vdd used for the writing of the MTJ from the general vdd used for the circuit. By doing this we can, if needed, increase the writing vdd which in turn will increase the writing current.

Unbalancing of the MTJ Branches

The reading section of the MTJ cell is quite sensitive to unbalanced branches when reading the MTJs. As the reading is done by detecting the difference of resistance on both branches containing the MTJs, these must be designed to be as identical as possible. This is why we can see a grouping of four transistors connected to node n2 which do not have any function apart from mimicking the effect of the flip-flop being connected on the other branch (node n1). We also decided to see up to which point a mismatch of MTJ diameters could effect the reading as well as a maximum difference of resistance acceptable per branch. After simulations we found that a difference of 16nm in MTJ diameter compared to the other branch would still allow a correct reading of these junctions. The reading would also still be possible with a difference of 1kΩ per branch.

Pause Cell

The next part of the non-volatile section is the pause cell. The asynchronous communication being autonomous, it functions at a rather high speed, which is that of the CMOS (in our case about 1.6ns) and there is no natural way of slowing it down. This causes a problem for the writing of the MTJs as they cannot be written that fast. The solution we chose to implement is to insert a delay on the acknowledgement signal when in non-volatile mode. This delay would slow down the whole pipeline rendering it compatible with the writing of the MTJs. A more elegant solution would be to delay the acknowledgement signal by using a secondary circuit that detects when the junctions are written. Even though this solution would be more dynamic, it would involve complex circuitry and greatly increase the number of sensitive nodes, thus decrease the circuit robustness towards radiation. The pause cell is constructed around a two to one multiplexor with the V _N V signal controlling whether we are in volatile mode or non-volatile mode (Figure 3.3.16). When in volatile mode nothing happens, the ack in signal is directed to the ack out signal. When in non-volatile mode, the ack in signal is delayed by the delay block before reaching the ack out signal.

As explained earlier, we are aiming for an 80nm diameter MTJ, but due to the academic tool process variations we might end up with a slightly lager diameter. To determine the right duration for the inserted pause so that the MTJs are written correctly, we drew up three curves (Figures 3. We can see for the nominal size of the MTJs (80nm) with a writing current of 118µA the junctions are written in 8ns. The writing transistors in the non-volatile cell are sized to deliver 118µA for an 80nm junction, but as shown previously this value can change depending on the MTJs diameter. The pause duration was chosen at about twice that of the necessary writing time so as to have a margin for varying MTJs diameters: the pause duration is thus of 15ns.

Multiplexor Cell

The Multiplexor cell, as its name implies, is a multiplexor. Its role depends on the mode (volatile or non-volatile) of the circuit to connect the inputs of an operator to its previous operator outputs or to the output of the non-volatile cell. This means, in the eventuality of an error, the data used for the recalculation will either come from the previous operator, or from the non-volatile memory cell. 3.17 shows the structure of the multiplexor cell. We can see that the multiplexor will transfer the non-volatile outputs to its output if the circuit is in non-volatile mode and that there is an error and that the acknowledgement signal is blocked. There is also a small delay inserted after the input of the Err signal, this delay is to make sure that the MTJ have been read before their outputs are transferred.

Simulating Particle Strikes on the Non-Volatile version of the Proposed Structure

The non-volatile section can now be inserted into the previous structure shown in Figure 3.3.7 to reproduce the non-volatile version of the structure presented in Figure 3.2.2. Depending on the values of the V _N V signal we can control whether the structure is in volatile mode or non-volatile mode.

The structure can even be switched dynamically between the two different modes at will. This new non-volatile version of the structure can be seen in Figure 3.3.19.

As before we will go over the effects of a particle strike causing an error in the new element of the non-volatile version of the structure and how these errors are dealt with.

Erroneous Result from the Adder

As explained before, in the eventuality of an error occurring in one of the dual rail converters or 16 bit adders, the output for that specific adder will be in discordance with its clone. This discordance will be detected by the comparator which will inform (if the CE signal is high) the acknowledgement pause circuit and the MTJ cell through its output signal. The acknowledgement pause circuit on receiving the information from the comparator will force the acknowledgement signal high and locally pause the communication and the MTJ cell will initiate the reading procedure. The acknowledgement signal and the reading signal will stay high for long as the comparator detects a discordance between the output of the adder and its clone. After a short while the energy deposited by the particle will dissipate. Thanks to the blockage of the acknowledgement signal, the reading of the MTJ and the multiplexor cell, the effected adder still has the same inputs and can reperform its calculation. The comparator should thus no longer detect a difference between the adder and it duplication and by informing the acknowledged pause circuit the acknowledgement signal is released and goes back to its normal state. This is illustrated in Figure 3 The detection and correction of an error on the acknowledgement signal or on the output signal of the comparator functions in the same manner as in the volatile version, but this time the data restored is restored from the MTJs so can be considered more accurate than before.

Error in the Pause Cell

Having an error in the pause cell is ultimately the same as having an error on the acknowledgement signal. If an error occurs, the acknowledgement signal of a given stage will misinform the previous adder, by doing this the previous adder thinks that it is ready (or not) to receive new data. When the new data (or invalid state) is produced by the previous adder a discordance will be detected by its comparator, thus locally blocking the pipeline. When the error is dissipated all will return to normal.

Error in Multiplexor Cell

If an error was to occur in the multiplexor it could change its output value. Once again, this would be in discordance with the multiplexors clone and would be detected by the comparator. The comparator would initiate the correcting process and after a short while everything would go back to normal.

Error in the Non-Volatile Cell

The non-volatile cell is the most important part of the non-volatile section. Let us see what happens if this cell encounters any errors. As described before the non-volatile cell can be divided into four parts, the MTJs, the reading part, the writing part and the flip-flop.

The reading part being highly inspired by an SEU tolerant M-latch proposed by [START_REF] Rajaei | Soft Error-Tolerant Design of MRAM-Based Nonvolatile Latches for Sequential Logics[END_REF] is immune to radiative particle strikes due to its duplication architecture.

The writing part of the cell can be considered immune also, because to write the junctions a current must circulate from vdd to gnd. To do this a group of particles must effect three distinct areas of the writing part simultaneously. This is somewhat possible but extremely unlikely.

The flip-flop, in the presence of an induced error would have an erroneous output. This erroneous output would be detected by the comparator and the correction mechanism would perform its role.

Finally, the MTJs. As explained earlier, MTJs are immune to radiation because the data is stored in a magnetic form, but when they are integrated into a circuit the surrounding CMOS elements are not immune. These surrounding CMOS elements, if effected by particles could inject an unwanted current through the junction that could write or even destroy the MTJs.
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Multiple Error Correction

As before, the non-volatile structure can still correct multiple errors arriving in different areas of the circuits at the same time. In the presence of an error the circuit is locally paused. When several errors occur at the same time the circuit is paused in different areas. This has no effect on the global functionality of the circuit as it is delay insensitive by design.

Limits of Correction

All the limits described in the previous section are still valid here. The non-volatile version brings MTJs which are immune to radiation alone. However when integrated could be subject to errors induced in the surrounding CMOS.

Until now, all incoming particles were simulated with an extremely high energy of 470f C (≈ 2.9M eV @1V ). Unfortunately, this energy is too high for the MTJs. Our simulations show that a 470f C particle strike will produce a 4v pulse which will destroy the junctions. An MTJ can withstand 1v maximum which is the typical breakdown voltage for such a device. We continued our simulations of particle strikes around the MTJs to see what the maximum non-destructive energy was. We found that the MTJs survive up to 100f C (≈ 624KeV @1V ).

A Few Extra Things

There are a few extra elements that we have implemented into the structure which have not yet been talked about. There is a general reset signal that allows the reset of the whole circuit at any moment and a start signal to restart the calculation after a reset. This can be used to reset the chip in the eventuality of a stuck bit for example. Finally, we implemented a way to manually inject errors from an external signal. This allowed us to inject errors at precise times to verify the correct functionality of the circuit. This was done in a similar way in our simulations. On one of the stages, a logic gate is connected to one bit of a bus. This allows us to force a state on this bit, thus inducing an error.

Conclusion

This chapter gives a complete overview of the different elements that are used in the designing of the proposed structure in a volatile or non-volatile way such as the adder pipeline, the comparators and MTJ integration. Each of the different elements are presented in depth and their functionality in the different modes is explained (if the structure functions in a volatile or non-volatile mode, with or without correction). We also over-viewed how each element reacts to induced errors caused by radiative particles as well as the various limitations of the proposed elements. Because these individual elements are not robust, the robustness has to be considered at a higher level on a global manner as detailed previously in Section 2 of this Chapter (Figure 3 

Introduction

The previously designed circuit being of asynchronous nature functions at the CMOS speed. This means that its outputs vary at a high frequency, in the range of th GHz. Having outputs that vary at a high frequency causes problems when the signals need to be dealt with off the chip. To get a signal off a chip it must pass through the chip's pads, the higher the frequency the more attenuated the signals will be passing through these pads due to their resistance, the range of accepted frequency for these pads is 100M Hz to 200M Hz. This can cause great problems when wanting to extract data from the output signals to be able to characterise the circuit.

One solution to this problem is to processes all the data on the chip and to then deliver the results. This chapter describes the on chip test architectures used to test the structures' performances.

What to Measure?

As described earlier, in the event of an error being detected in the error correcting structure, the circuit can be paused thanks to the delay insensitive properties of asynchronous design. This means that every time an error is detected the circuits output is delayed. The delay impact of errors is thus important to know to be able to fully characterise the circuit as it is the direct consequence of the correction method used. Other important characteristics to know about the circuit are the effect the errors have on the consumption of the circuit and the error rate.

Effect of Errors on the Consumption:

The effect of errors on the consumption of the circuit can be determined by measuring the supply voltage current of the circuit in the presence of varying amounts of induced errors. This measurement does not need to be integrated on the chip and can be performed off the chip.

Error Rate: The error rate is the rate that a circuit produces erroneous outputs. It is usually expressed as the Mean Time Between Failures (MTBF) or the number of Failures In Time (FIT). This can be determined by statistical analysis of the circuit's outputs in the presence or not of induced errors. This measurement once again does not need to be integrated on the chip and can be performed off chip.

M T BF = Σ(start of down timestart of uptime) number of failures (4.1)

F IT = λ = 1 M T BF (4.2)
Effect of Errors on Latency: The output delay caused by errors can be measured by counting the time between the start of a calculation and the end of that same calculation in the presence or not of errors. This measurement has to be done on the chip due to the high frequency of the structure and to guarantee precise results.

Test Circuit

To limit the number of inputs and outputs for the circuit in order to reduce the cost, and to simplify testing, the finished demonstrator will communicate internally between blocks and with the exterior through a Serial Peripheral Interface (SPI) protocol. Figure 3.4.1 shows a simplified view of the complete circuit with SPI internal communication, integrated test modules and proposed structure. The SPI communication and integrated test modules will be explained below. A very similar test architecture was kindly given to us by the CEA-LETI/DACLE/LISAN which was modified to suit the needs of our application.

All the elements in this section were designed and tested in the VHDL description language with Model Sim and then synthesised with Design Vision tools. 

Serial Peripheral Interface (SPI)

To simplify the internal communication and configuration of the different modules of the circuit and to limit the number of inputs and outputs, an SPI bus interface was implemented.

Serial Peripheral Interface [START_REF] Wikipedia | Serial peripheral interface bus -Wikipedia, the free encyclopedia[END_REF] The Serial Peripheral Interface (SPI) bus is a synchronous serial communication interface specification used for short distance communication, primarily in embedded systems. The interface was developed by Motorola and has become a standard. SPI devices communicate in full duplex mode using a master-slave architecture with a single master. The master device originates the frame for reading and writing. Multiple slave devices are supported through selection with individual slave select (SS) lines. See figure below. To begin communication, the bus master configures the clock, using a frequency supported by the slave device, typically up to a few M Hz. The master then selects the slave device with a logic level 0 on the select line.

During each SPI clock cycle, a full duplex data transmission occurs. The master sends a bit on the MOSI (Master Out Slave In) line and the slave reads it, while the slave sends a bit on the MISO (Master In Slave Out) line and the master reads it. This sequence is maintained even when only one-directional data transfer is intended.

The SPI control module is controlled from off the chip and is used to configure all the different modules on the circuit. The data needed to start a calculation in the structure (A, B, C, CE, V_NV) are sent to the SPI control module which then transfers them to the structures input register. The structure output register can be read by the SPI control module when asked and transfer the stored data off the chip. The SPI control module can also be used to configure the different modules used for the integrated testing. This allows us to limit the number of pins needed for the circuit.

Counter

The next part of the test circuit is the counter. This 16 bit counter counts the time between the start and the end of a calculation. The counter module is actually composed of two 16 bit counters, a normal counter which functions at the global clock frequency (10MHz) and a fast counter which functions at 2.4Ghz. The fast counter is needed for high precision due to the high speed of the asynchronous circuit of about 1.5ns from the start of a calculation to the end of a calculation in volatile mode with no errors (660 Mhz). The regular counter gives a rough idea of the time taken for an operation where the fast counter gives a much more precise value. The counter module is configured by the SPI control module. During this configuration we can choose whether we want to use the normal counter, the fast counter or both counters. The counters stop counting when they receive a stop signal, this stop signal is generated by the acknowledgement signal from the last stage of the structure. Once the calculation is complete the SPI control module can read the stored value of the two counters and transmit it to the exterior of the circuit.

This counter module also controls the start signal for the tested structure. Once the counter or counters are configured the SPI control module sends the 'begin measure' command, the counters start counting and generate the start signal for the structure. This was chosen so that the start signal is precisely synchronised with the counters. Before the start signal reaches the structure it passes through a Muller gate. This choice was made for two reasons: First, to disconnect the structure for debugging tests of the counter; Secondly to allow the structure to continue to run after the counter has stopped, or to run the structure without the counter.

Frequency Locked Loop (FLL)

To be able to generate a precise high speed clock signal for the fast counter a Frequency Locked Loop (FLL) was used. In an FLL the frequency of a Voltage Controlled Oscillator (VCO) is compared through an arrangement of logic gates with a reference oscillator. The logic gates automatically raise or lower the frequency of the oscillator until its frequency is identical to that of the reference. The difference between a Phase Lock Loop (PLL) and an FLL is that the reference frequency and the generated frequency are not necessarily in phase. 

Repeater

The final part of the test circuit is the repeater module. In the structure, a cycle (time between the start edge and the last stage acknowledgement edge) is rather short (1.5ns). The repeater module allows to wait for several acknowledgement edges before transmitting the stop signal to the counter module. This way the measurement can be performed for much longer. This is important for radiation testing because we need the circuit to be active for as long as possible to make sure there have been particle strikes. The repeater module is configured by the SPI control module, this configuration allows the choice of the number of repetitions from 1 to 65536. After this the repeater module is configured, its single data frame defines the number of repetitions of the structure wanted. This is followed by the configuration of the FLL module and its four data frames which define the FLL's output frequency and starts the generator. Next the counter module is configured, its two data frames determine the counters that are to be used. Once all the modules are configured a 'begin measure' data frame is transmitted, this launches the counters and validates the start signal. Once the structure has finished its calculation (or several calculations depending of how many repetitions the repeater module is set up to do) the stop signal is transmitted to the counter module and the counters are stopped. The values of the counters can now be read and the time of the calculation (or calculations) can be determined.

Simulation

Conclusion

To conclude, this chapter has over-viewed the integrated test circuit for the proposed structure. This test circuit allows the inputs and outputs of the structure to be controlled simply through an SPI communication interface that limits the number of pins on the final circuit, as well as allowing the measurement of the duration of a cycle (or several cycles) of the structure. 

Introduction

A very important step in any design is the validation of the whole circuit through different simulations before the circuit is sent to be manufactured. In our case, the whole circuit can be split into two main sections: the structure itself designed electrically, and the integrated test or BIST (Built-In-Self-Test) designed digitally and supplied by the CEA-LETI/DACLE/LISAN. Due to the mix of different design techniques the validation must be performed in three stages: validation on the electric part, validation of the digital part, validation of both parts together. 

Electric Simulations

The aim of the electric simulations is to validate the functionality of the innovative structure that was designed. These simulations were performed at different stages during the design of the added pipeline to confirm the functionality of the different elements before combining them. During this phase the complete pipeline was simulated successfully. 

Digital Simulations

The digital simulations were performed in two stages: First, functionality simulations at RTL level; Second, post synthesis simulations. The BIST was successfully simulated at the RTL level. However, the post synthesis simulations caused a few problems generated by the FLL bloc. This bloc having been designed and tested by the CEA-LETI/DACLE/LISAN, we only had access to a behavioural verilog file and the layout of the FLL. This meant that we could not successfully synthesise the FLL for the post synthesis simulations. To be able to validate the rest of the BIST, we decided to temporarily replace the FLL by a simple clock generator. This was successful and the BIST (without the FLL) was validated. 

Mixed Simulations

Unfortunately due to its asynchronous nature, the adder pipeline could not be simulated digitally. This meant that mixed signal electric/digital simulations were needed. Once again the FLL posed problems, but the simulations were successful when the FLL was temporarily replaced by a clock generator.

Conclusion

This was a very long and painstaking part with lots of obstacles to overcome along the way to be able to successfully validate the chip (with exception of the FLL, that has been fully validated by the CEA-LETI/DACLE/LISAN). To be able to do all the different simulations, various new programmes had to be mastered as well as becoming comfortable modifying netlists.

Section 6

Physical Implementation Contents

Introduction

Once the circuit is fully designed the next step was the physical design and implementation of the different elements that make up the full circuit. The circuit described in the previous chapters consists principally of standard cells. This means that the physical layout of the transistors have already been designed and are provided by the foundry in their Process Design Kit (PDK) in our case ST Microelectronics. However, one cell used in the structure is a fully custom cell that was designed at transistor level. This cell is the MTJ CELL described in Chapter 3 and does not have a physical implementation. This chapter is divided into two sections, the design of the layout for the custom cell called MTJ CELL, and the placement and routing of the whole circuit.

Layout of MTJ CELL

To be able to manufacture a circuit all the cells used need to have their physical layout of the component used (mainly transistors and MTJ in the present case). In our case only the MTJ CELL described in Section 3 of this Chapter needs a layout as all the other cells used are standard cells from th PDK.

Layout

The first step in designing a layout is to import the physical implementation of all the elements used in the schematic to the layout editor. The MTJ CELL is composed of 32 transistors, 2 MTJs and 1 standard cell (flip-flop).

Due to the limitations of the clean room facilities available in Spintec lab for the MRAM post process of the circuit during which the MTJs are made, the MTJs and their vias are quite large. It is thus them that will determine the dimensions of the Layout for this Cell. Once the MTJs are placed in the layout the next step is the placement and connection of the different transistors. As described in Chapter 3 the MTJ cell is quite sensitive to unbalanced branches when reading the MTJs. As the reading is done by detecting the difference of resistance on both branches containing the MTJs, these must be designed to be as identical as possible. This is also true for the layout, each connection between the transistors of the two branches must be the same length and must have the same number of contacts and vias. This is important as each branch needs to have a resistance as close as possible to the other branch, and each via and length of connection adds a resistance. A zoom on the reading part of the MTJ CELL can be seen in Figure 3.6.1, all the connections for the two branches are of the same length and each branch has an identical number of vias.

Once again, trying to keep the layout as balanced and symmetrical as possible the final transistors are placed and are connected as well as the flip-flop. Figure 3.6.2 shows the completed layout of the MTJ CELL, to make the figure more visually friendly some layers have been removed. Design Rule Check [START_REF] Wikipedia | Design rule checking -Wikipedia, the free encyclopedia[END_REF] Design rules are a series of parameters provided by semiconductor manufacturers that enable the designer to verify the correctness of their design. Design rules are specific to a particular semiconductor manufacturing process. A design rule set specifies certain geometric and connectivity restrictions to ensure sufficient margins to account for variability in semiconductor manufacturing processes, so as to ensure that most of the parts work correctly.

After correcting the different violations reported by the DRC tool, the layout must meet all the constraints required to be successfully manufactured.

Layout Versus Schematic (LVS)

Even though our layout has passed the DRC, before we go any further we need to check that this layout corresponds to the original schematic we wanted. This is done with Layout Versus Schematic (LVS) methods and tools.

Layout Versus Schematic [START_REF] Wikipedia | Layout versus schematic -Wikipedia, the free encyclopedia[END_REF] LVS checking software recognises the drawn shapes of the layout that represent the electrical components of the circuit, as well as the connections between them. This netlist is compared by the "LVS" software against a similar schematic or circuit diagram's netlist.

Once the LVS checking software says that the schematic and layout correspond the layout for the MTJ CELL is finished.

Library Exchange Format (LEF)

Since the MTJ Cell is only a small part of the final circuit, and the complete circuit is too complex to have its layout done by hand, we must extract a Library Exchange Format (LEF) file. This file contains a simplified view of the layout called abstract, only representing polygons as blockages where the different connections on the different levels of metal on the layout are placed as well as the location of the pins. This is done so that an automated tool can place and connect the cell to other cells without creating short circuits and meeting all the PDK design rules. 

Place and Route of the Whole Circuit

As stated earlier, the complexity of the circuit, about 10k gates, means that doing the full layout by hand would be an extremely tedious endeavour. A place and route tool takes all the abstract views (LEF files) of all the cells in a circuit design, places them automatically following rules the user set up in a script and then routes them to create the layout of the schematic the user wants. The place and route tool used was Encounter, which is part of the Cadence suite of programs.

Initialise Design

The first step in the Encounter design flow is the initialisation of the design. This step consists of loading the netlist of the circuit needing to be placed and routed, followed by loading the LEF files of all the cells used in the design as well as all the rules Encounter must respect for the technology it is being used for. This is a crucial step in the design flow and Encounter will not function correctly if this is not done correctly.

Power Distribution Grid

Once the design has been initialised by Encounter without any errors, the next step is the actual design of the chip. The first step is the power distribution grid, this makes sure that the supply voltages are correctly distributed all across the chip. This consists of a series of different vertical and horizontal lines on different metal levels that were defined by the manufacturer for an optimal power distribution. It is also during this phase that the well taps are placed. The well taps allow the proper polarisation of the N-Wells and P-Wells. 

Design Placement

Once the power distribution is complete, the next step in the design flow is the placement of all the cells that make up the circuit. If no instruction is given to Encounter, it will place the cells as it sees best, optimising the distance between neighbouring cells. In most cases this is sufficient for the circuit being designed. However, in our case due to the nature of the circuit we wanted certain cells to be in certain locations.

The circuit is based on a DMR architecture, this means that there are two identical parts of the circuit. The two parts need to be geographically placed as far away from each other as possible so that when an incoming particle strikes one part of the circuit, its duplication will not be effected. To be able to geographically place certain parts of the chip in a given location, the first step was to separate the circuit into various groups of cells and then tell Encounter where to put each group. In As can be seen the blue and red groups are on opposite sides of the chip, in the top and centre is the integrated test and bottom centre are the comparators. Having the layout of the different groups of cells in this way will also help during the radiation campaigns, as we can aim for a specific area of the chip and we know which cells are there. To make this even easier the blue and red groups are sub-divided into functionality groups. All the cells of each adder in the pipeline are grouped together and placed next to the following group of cells that make up the next adder. This means that we know geographically where each adder is and can induce an error in a given stage of the pipeline.

Design Route

Next comes the routing of the circuit, this step consists of connecting all the cells that need to be connected together. Encounter uses powerful algorithms to find the optimal routing paths for all the interconnections. When no path on a given layer of metal is found to connect two cells, Encounter moves up to the next level and so on.
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Export Design

The final step in the Encounter design flow is to export the design so it can be loaded into Cadence Layout editor so as to run DRC and LVS checks. The DRC and LVS tools are used to verify that no design rule has been violated and that the final circuit is manufacturable. The final layout of the circuit can be seen in Figure 3.6.6.

In the 28nm FD-SOI PDK, the bounding blocks (bluish-green squares around the perimeter of the chip) are separated from the pads due to their size (53.55µm x 53.55µm). Their role is to allow the connection of the bonding wires to connect the chip to the packaging. The pads' role on the chip is to buffer the outputs of so they can be successfully used once off the chip, as well as providing electrostatic discharge protection so as not to destroy the chip when it is handled.

The bounding blocks have a pitch of 34.2µm. The chips core dimensions are 295.6µm x 299.5µm, and the whole chips dimensions are 789.6µm x 793.3µm (core, pads and bounding blocks). 

Conclusion

The physical implementation is a key part of any circuit being designed. It is a slow and complicated process which involves lots of verifications along the way to ensure that all the different design rules are being respected for the technology being used. This chapter described the process involved in manually producing a layout for a single cell and the different steps involved for placing and routing with an automated tool to produce the full layout of the circuit for manufacture. It can be noted that usually, for synchronous design, a clock tree synthesis is mandatory. Since our circuit uses a clock-less architecture, this step was not not necessary. 

Single Error Output of the Laser Tests

For the laser induced SEE testing we also need a single output that goes high in the event of an error to feed back to the laser tester. This was achieved quite simply by combining the already present "err" buses (output from the comparators in the structure) from the three chips with a succession of OR gates to get one signal directly on the PCB. 

Connectors

For the input and output signals we decided to use HE10 connectors. Since the output of each chip is composed of 10 signals we decided to use a 10 pin variant of the HE10 connector for each of the chips outputs. By doing this it is easy to understand that a given flat cable corresponds to a given chip output. Since there are 8 inputs for the chips, we decided to use an HE10 10 pin connector for the inputs too, this will keep everything tidy and easy to interact with. For the different power signals we used BNC connectors. This is a versatile, easy to use cable that is readily available in most test facilitates.

PCB Component Placement

For the placement of the different components we had to make sure that we left 10mm of empty space around the edge of the circuit board, kept the three chips aligned and centred as well as placing all the connectors in a way that all the cables arrive and leave the PCB on the same side to make manipulation as easy as possible and have M3 screw holes.

On Figure 4.1.2 it can be easily seen that all the BNC connectors (J5 -J13) are all aligned on the bottom edge, just above them are the HE10 connectors (J1 -J4 , J17). This allows easy access to the different cables and makes it easier when manipulating the PCB as all the cables will be on the same side. It can also be seen that the three chips (U27 -U29) are aligned and centred on the board.

Below the chips are the series of jumpers to allow the switching between the active and passive voltage adaptations circuits, and above the chips are the variable resistances for setting the passive voltage Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications 

Chip Packaging

Once the chip has been fabricated it needs to be put into a housing or package. Since our chip has 28 pins it was logic to orientate our choice to a 28 pin package. We chose a Dual In Line 28 pin (DIL28) package, which is a standard package that is readily available and easy to implement onto a PCB. However, there remains one issue to consider, for the different tests we need a front and back access to the chip, as described in Table 4.1.1.

Gaining front side access is not that difficult, we only need to leave the lid of the package open. However, the back side access is not that straightforward. We need to create an opening in the back side of the package that is big enough so that the core of our chip can receive particles during the heavy ions tests but also that provides enough support to keep the chip maintained in the package.

Our chip dimension are 789.6µm x 793.3µm and its core dimensions are 295.6µm x 299.5µm so an opening of 300µm x 300µm could be sufficient to allow access to the core of the chip. The only problem is that if the chip is not placed over the opening with extreme precision we might not have access to all of the core. If decided to make the opening in the package 400µm x 400µm then we allow a 50µm offset in all directions as well as leaving sufficient area for the chip to be correctly mounted in the package. This is illustrated on the left of Figure 4.1.3. To validate this, we got a 400µm x 400µm opening laser cut in the centre of one of our DIL28s from a subcontractor. We then got a dummy piece of silicon cut to the same dimension as our chip from another subcontractor. We then sent the dummy piece of silicon and the DIL28 with the laser cut opening to a third subcontractor who confirmed that the placement of the silicon in the package was successful, right hand side of 

The PCB

The PCB was fabricated in two slightly different versions, one version where the three DIL28 will be directly soldered to the board and another where the three DIL28 will be placed on circuit supports. The first version is to be used for the laser induced SEEs test, but can also be used for the other tests. Since the laser needs to have access to the back side of the chip, the chip needs to be as close to the laser as possible. This is why it is directly soldered to the PCB and both the PCB and the DIL28 have openings in them. The other version uses supports for the DIL28s allowing us to swap out different chips easily if needed. However, with the use of supports the chips sit a lot higher above the PCB and the supports obstruct the back side of the chips. So the version with the supports cannot be used for the laser testing. 

Introduction

The slightest process variation during the fabrication phase of a circuit could generate defects that lead to a circuit malfunction. Therefore, it is necessary to check whether the final circuit is conform to the simulations results previously performed. This is the objective of the test phase. To test circuits, the user must inject a series of test vectors which make it possible to control and observe all the states of the circuit. Thus the first tests that the chip will undergo are functionality tests. These tests aim to test all the different modes of the chip to make sure that the chip is behaving in the same manner as is designed. In our case, the different modes and inputs can be varied.

Diamond D10 Circuit Tester

These functionality tests will be performed on Spintec lab digital and mixed-signal circuit tester, a Diamond D10 by LTX Credence.

The Tester

The Diamond D10 is intended for testing digital, analogue and mixed signal circuits. It can handle up to 768 digital signals and 16 power supplies. In addition, it can hold up to 10 test cards. At Spintec Lab, we have only two cards:

• VIS16: It is an analogue board that has 16 independent four-quadrant current/voltage sources. The maximum voltages are ±20V with ±300mA and ±60V with ±100mA. We will use it for the power supplies Macro Declaration: A macro is called during a test sequence and is composed of a group of defined waveforms.

Test Vector Declaration: This is the highest level in the STIL language, a test vector (called 'Pat-ternBurst' in STIL) is a group of defined Macros and waveforms. The Diamond D10 circuit tester can also be used to test the continuity of all the signal pins. This is a great help while debugging a circuit.

The Field Programmable Gate Array (FPGA) Interface for Test

Once we have confirmed that the chip is functioning as wanted, we can move on to the test that will determine how well it performs in a radiative environment (laser test and heavy ion test). Before we can put the circuit in these testers we need to develop a way of controlling the inputs and recovering all the circuit outputs. The ideal solution would be to use the Diamond D10, but since the laser test will take place in the CNES in Toulouse, France and the Heavy Ion test will take place in UCL in Louvain, Belgium, it is not possible to transport the Diamond D10 due to its large size.
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Test Vector Declaration: In this part, the series of test vectors that the tester must apply to the DUT are described.

Once the JSON file is completed it is loaded onto the SD card where it will be read by the software and transferred to the DUT.

Pulsed Laser Test

Radiation effects engineers increasingly turn to pulsed lasers to obtain information about single-event effects because it has been demonstrated that the light pulses the laser emits are capable of simulating the effects of heavy ions in integrated circuits [START_REF] Buchner | Single-Event Transients in Bipolar Linear Integrated Circuits[END_REF]. Their increasing popularity is due to their ability to provide spatial and temporal information about SEEs non-destructively and in a laboratory setting. Provided the photon energy is greater than the band-gap, photons are absorbed as the pulse propagates through the material, creating a track of electrons and holes in the process [START_REF] Buchner | Comparison of Single Event Transients Generated at Four Pulsed-Laser Test Facilities-NRL, IMS, EADS, JPL[END_REF]. To be able to reach the active area of the chip the laser pulses must be administered from the bottom of the substrate. This is because the light would not be able to penetrate through all the different layers of metallisation if it was administered from the top. The pulsed laser that we will be using to determine the sensitive areas of the chip, as well as to demonstrate its error correcting capabilities, is located in the CNES in Toulouse, France. The laser has a wavelength of 1064nm, has a pulse duration of 7.19ps, has an energy per pulse form a few pJ to 1.5nJ, and also has the capability of mapping the sensitive areas of the chip on an optical image.

Heavy Ion Test

Radiation tests with heavy ions are used to simulate the effects of primary cosmic rays in outer space on semiconductor devices. Cyclotrons provide the greatest flexibility of test options, since they can supply ions at a number of different energies [START_REF] Malone | A Guideline for Heavy Ion Radiation Testing for Single Event Upset (SEU)[END_REF].

Tests at the cyclotron accelerator will be performed at "Université Catholique de Louvain" (UCL) (Louvain-La-Neuve, Belgium). In collaboration with the European Space Agency (ESA), the needed equipment for single events studies using heavy ions was built and installed on the HIF beam line in the experimental hall of Louvain-La-Neuve cyclotron. CYCLONE is a multi-particle, variable energy, cyclotron capable of accelerating protons, alpha particles and heavy ions. For heavy ions, the covered energy range is between 0.6M eV /AM U and 27.5M eV /AM U . The heavy ions are produced in a double stage Electron Cyclotron Resonance (ECR) source. Such a source allows producing highly charged ions and ion "cocktails". The ion cocktails are injected into the cyclotron, accelerated and extracted separately by a fine tuning of the magnetic field or a slight changing of the RF frequency. This method is very convenient for a quick change of ions (in a few minutes) which is equivalent to a LET variation [2].

Unlike for the pulsed laser, to be able to reach the active area of the chip the heavy ions must be administered from the top of the substrate, this means that to have a maximum amount of heavy ions reach the chip the lid of the chip package must be open. 

Introduction

This chapter covers the different groups of vectors as well as the programme used to drive the chip in all the different modes and in the different situations that the chip will be tested. As described earlier, the first test will be a functionality test: the functionality test checks the functionality of the whole chip by putting it through all its different modes and situations that the chip might be in. After this the chip will be put through a pulsed laser test and finally a heavy ion tests. These test will allow us to demonstrate the error detection and correction capitulates of the chip. During all these tests the chip needs to be driven with a certain combination of vectors present on the chips inputs to make sure the chip is behaving in the wanted manner.

The Test Programme

Driving the chip is a rather simple affair. It only consists of configuring all the various parts of the circuit in order, launching the calculation, polling for the end of calculation signal (STOP) and reading the results. The algorithm used can be seen in a simplified form in The algorithm starts with the configuration of the structure by setting the values of A, B, C, CE and V_NV in their corresponding registers. Next comes the configuration of the repeater block that allows the structure to repeat a calculation a certain number of times. Followed by the computation of the integrated tests by which consists of setting up the FLL and counters. Once all this is done the chip is fully configured and the calculation can be launched. While the structure is running the programme constantly polls the output waiting for the end of calculation signal to go high (STOP). During this time the outputs are constantly read. Once the end of the calculation is detected the program reads the outputs as well as the result from the counters. All is done with several sequences of vectors that are applied to the inputs of the chip. shows the inputs generated by the FPGA interface that will be applied to the DUT during the different test campaigns. Where signal 0 is "Resetn"; signal 1 is "CLK_REF"; signal 2 is "SS_n"; signal 3 is "SCLK"; signal 4 is "MOSI"; signal 5 is "START"; signal 6 is "ERR_IN"; signal 7 is "VDD_WR". It can be noted once again that these inputs are identical to what was originally tested during the simulation phase (Figure 3.4.4). This researched work started with a preliminary study that allowed us to fully understand the influence of heavy ion strikes on transistors in elementary circuits. We saw the influence of the supply voltage and body biasing on both LVT and RVT transistors when confronted with particle strikes. The simulation results demonstrated that using the highest supply voltage permitted by the technology, in conjunction with LVT transistors is the best option to harden a system at transistor level. We also investigated the influence of MTJs in elementary circuits. This integration of MTJs in elementary circuits is not the solution to harden circuits even though they are intrinsically immune to radiation. Their integration at an architectural level with standard structures to limit the number of sensitive nodes could be the solution. Concerning the differences between synchronous and asynchronous design, it was difficult to determine which is more robust at transistor level. The differences are based on the communication protocols, the robustness of one design method over the other should become visible in a more complex architecture such as a pipeline structure.

The Different Programme Variations

We then went on to describe our innovate error correction structure. The main difference between our structure and the ones that exist in the state of the art is that this one acts independently to the operators. In the state of the art the structures that we have come across either reset the circuit/operator or do not allow an operator to generate an erroneous output for which, they harden the operators. The proposed structure takes a whole different approach. It allows an entire system to be hardened independently of the robustness of the individual operators. Meaning any circuit designer can design a circuit using the techniques and tools they know well (Synchronous or Asynchronous). When the circuit is complete they can then integrate it into the proposed structure and it will become automatically hardened. Contrary to what exists, in our case the individual operators do not know if they are producing an erroneous output or not. It is the surrounding environment that detects an erroneous output from an operator and re feeds it with the same inputs so its output will be automatically recalculated. The proposed structure also has a smaller footprint that classical TMR structures since it only uses a duplication and it has a lower power consumption due to its asynchronous nature.

After that we gave a complete overview of the different elements that are used in the designing of the proposed structure in a volatile or non-volatile way. Each of the different elements are presented in depth and their functionality is explained. We also over-viewed how each element reacts to induced errors caused by radiative particles as well as the various limitations of the proposed structure.

Next we overviewed the integrated test circuit for the proposed structure. This test circuit allows the inputs and outputs of the structure to be controlled simply through an SPI (Serial Peripheral Interface) communication interface that limits the number of pins on the final circuit, as well as allowing the measurement of the duration of a cycle (or several cycles) of the structure. This is followed by the description of the process involved in manually producing a layout for a single cell and the different steps involved for placing and routing with an automated tool to produce the full layout of the circuit for manufacture.

Finally we described the different tests that the chip will be subject to as well as the different test vectors that will be applied to the chip during these tests.

Once the chips come back from being manufactured, the first steps will be the functionality tests followed by the laser and heavy ions tests. Future perspectives for this work could be the production of a demonstrator with MTJs to fully prove their benefits in the structure. It would also be interesting to integrate the proposed architecture into a more complex system like a processor at different levels of granularity to determine its most efficient level.
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  [START_REF] Jabeur | Compact Modeling of a Magnetic Tunnel Junction Based on Spin Orbit Torque[END_REF] [56][START_REF] Garello | Ultrafast Magnetization Switching by Spin-Orbit Torques[END_REF].
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 4 .1 Terminology • Flux: the number of incident particles per surface unit and time. [particule/cm 2 .s] • Fluence: integration of the flux over time. [particule/cm 2 ] • Linear Energy Transfer (LET): The quantity of ionising energy deposited per surface unit. [cm 2 /composant] or [cm 2 /bit] • Effective Section (σ): is the ratio between the number of disturbances and the fluence received by the circuit. [cm 2 ]
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  Figure 2.4.2 illustrates forward Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications and reverse body biasing (FBB & RBB). By applying a positive or negative body biasing voltage (vbb), we can increase or decrease the transistor speed.

  Figure 3.1.1 gives a few plotted curves of the equation for several values of Q inj . Even thought the values used for this equation were established for bulk CMOS, it can be used as a rough guide for our preliminary simulation on an FD-SOI substrate.
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 3 Figure 3.1.6: Dual MTJ Latch Cell (Hass): (a) STT Version, (b) SOT Version

  [START_REF] Di Pendina | C-Element with Non-Volatile Back-Up[END_REF].

  Figure 3.1.7 show the architecture used for both STT and SOT NV C-elements. Once again a similar architecture was used for TAS.

Figure 3 .

 3 Figure 3.1.7: Non-Volatile C-Element: (a) STT Version, (b) SOT Version

Figure 3 .

 3 Figure 3.2.1 shows the error correcting asynchronous structure we propose.This structure is composed of a pipeline that comprises a first series of asynchronous stages, there being four such stages respectively implementing an adder, a multiplier, a multiplier accumulate, and a further stage which could be any type of operator or data path. This pipeline is duplicated, the second series of stages (differentiated by an ') being also an adder, a multiplier, a multiplier accumulate, and a further stage which could be any type of operator. The second series of stages are functionally equivalent to the first and will generate identical output signals in the absence of errors. There is a comparator coupled to the output data lines of each of the stages. Each comparator generates an error signal when a mismatch is detected between the data signals from corresponding pipeline stages.

Figure 3 .

 3 Figure 3.2.1: An Error Correcting Asynchronous Structure

Figure 3 .

 3 Figure 3.2.2 represents an asynchronous pipeline which is very similar to the pipeline described in Figure 3.2.1 and will not be described in detail again. The differences between the previous structure is that this structure adds non-volatile storage circuits represented by NV on the figure. There is a non-volatile storage circuit associated with each stage in the pipeline and has an input and its output coupled to the data output lines of the corresponding stage, and the other inputs coupled to the output of the comparator of the current stage and that of the following stage. Each non-volatile storage circuit is configured to store the data signals at the output of the corresponding pipeline stage if the comparator of the stage does not indicate any error, in other words if the data signals match in the duplicated pipelines.

Figure 3 .

 3 Figure 3.2.2: A Non-Volatile Error Correcting Asynchronous Structure

Figure 3 .

 3 Figure 3.3.1 illustrates a portion of the asynchronous pipeline designed. Three stages are represented, each stage is composed of a 16 bit adder and a dual rail converter.Each of the adders communicates with its neighbours using a four phase protocol with a three state data coding. We chose this because it is the most wide spread communication protocol used and is rather simple to implement. Due to the asynchronous nature of the structure the delicate part is injecting signals from the outside (signal In) that respect the communication protocol. This was achieved by using a clocked dual rail converter.
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 3 Figure 3.3.1: Portion of an Asynchronous Pipeline Composed of Adders
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 332 Figure 3.3.2: Input and Output Signals of Stage n
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 333334 Figure 3.3.3: External and Internal View of the Comparator

Figure 3 . 3 . 5 :Figure 3 . 3 . 6 :

 335336 Figure 3.3.5: External and Internal View of the Acknowledgement Pause Circuit
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 33 [START_REF] Balestra | Nouveaux Matériaux et Dispositifs pour la Nanoélectronique[END_REF] shows a portion of the complete eight stage volatile structure.
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 337 Figure 3.3.7: Portion of the Complete Eight Stage Volatile Structure

Figure 3 . 3 . 8 :

 338 Figure 3.3.8: Example of Injecting an Error on a Bit of one of the Buses
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 339 Figure 3.3.9: Timing Diagram Showing the Detection and Restoration from an Error

Figure 3 . 3 . 10 :

 3310 Figure 3.3.10: Non-Volatile Section and its Three Sub Cells

Figure 3 . 3 . 11 :

 3311 Figure 3.3.11: External and Internal View of the Non-Volatile Cell

  .13, 3.3.14 and 3.3.15 show the writing current as a function of pulse width for three different MTJ diameters. Tables3.3.2 and 3.3.3 show the read current for different MTJ diameters (where A is the amplitude after the reading pulse, B in the amplitude of the current pulse and C is the width at 50% of the current pulse. Please refer to Figure3.3.12 for the graphical representation).

Figure 3 . 3 . 12 :

 3312 Figure 3.3.12: Reading Current Pulse: A, Amplitude after reading, B,

Figure 3 .

 3 Figure 3.3.13: Writing Current as a Function of Pulse Width for a 60nm MTJ Figure 3.3.14: Writing Current as a Function of Pulse Width for an 80nm MTJ Figure 3.3.15: Writing Current as a Function of Pulse Width for a 100nm MTJ

Figure 3 . 3 . 16 :

 3316 Figure 3.3.16: External and Internal View of the Pause Cell
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  .13, 3.3.14 and 3.3.15) of the writing current as a function of pulse width for three different MTJ diameters. Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications
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 3 Figure 3.3.17: External and Internal View of the Multiplexor Cell
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 3318 Figure 3.3.18: Timing Diagram Showing the Detection and Restoration from an Error in Non-Volatile Mode

  .2.1 and Figure 3.2.2). Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications
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 3319 Figure 3.3.19: Portion of the Complete Eight Stage Non-Volatile Structure
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 3 Figure 3.4.1: Simplified View of the Complete Circuit with SPI Internal Communication, Integrated Test Modules and Proposed Structure

Figure 3 . 4 . 2 :

 342 Figure 3.4.2: SPI Bus: Single Master and Multiple Slaves[START_REF] Wikipedia | Serial peripheral interface bus -Wikipedia, the free encyclopedia[END_REF] 
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 343 Figure 3.4.3: Simplified Schematic of an FLL Once again it is the SPI control module that configures the FLL by choosing an output frequency and when to start the generator.

Figure 3 .

 3 Figure 3.4.4 shows a Register Transfer Level (RTL) simulation of the test circuit. This simulation just tests the test circuit and not the structure because the structure was designed analogically and can not be simulated in ModelSim with the digitally designed test structure.
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 344 Figure 3.4.4: Register Transfer Level (RTL) Simulation of the Test Circuit
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  Figure 3.5.1, Figure 3.5.2 and Figure 3.5.3 show the different parts of the chip that were validated during the different simulation phases.
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 3 Figure 3.5.1: Validation During the Electric Simulations Figure 3.5.2: Validation During the Digital Post Synthesis Simulations Figure 3.5.3: Validation During the Mixed Signal Simulations

  Figure 3.5.4 shows an example of an electric simulation.
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 354 Figure 3.5.4: Simulation of an MTJ (Reg Curve: Writing Current, Green Curve: Magnetic State)

Figure 3 .

 3 5.5 shows an example of a digital simulation.
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 355 Figure 3.5.5: Simulation of the Test Circuit: Generation of the Adder Pipeline Inputs

Figure 3 .

 3 Figure 3.6.1: Zoom on the Reading Part of the MTJ CELLs Layout

  Figure 3.6.2 has been divided into four sections: The MTJs (boxed in green), the writing of the MTJs (boxed in blue), the reading of the MTJs (boxed in red) and a flip-flop (boxed in orange). Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications
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 362 Figure 3.6.2: Full Layout of the MTJ CELL

Figure 3 .

 3 6.3 shows the simplified view of the MTJ Cell's layout called abstract. This view is used to generate a LEF file that will be used in the place and route program.Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications
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 363 Figure 3.6.3: Abstract view of the MTJ CELL
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 364 Figure 3.6.4: Zoom on the Power Distribution of the Chip

Figure 3 . 6 . 5 :

 365 Figure 3.6.5: Placement of the Different Cells of the Chip (Left: Simplified View, Right: View in Encounter)

Figure 3 .

 3 6.5 the four different groups and their locations are represented. • Blue group: The pipeline • Red group: The duplicated pipeline • Orange group: The comparators • Green group: The integrated test
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 366 Figure 3.6.6: The Final Layout of the Circuit

  Figure 4.1.1 shows the succession of OR gates.
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 4 Figure 4.1.1: The Combination of the "err" Buses to Create a Single Error Signal for the Laser Tester
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 4 Figure 4.1.2: PCB Component Placement

  Figure 4.1.3. Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications
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 4 Figure 4.1.3: Left: Gaining Back side Access to the Chip, Right: Photo of a Dummy Piece of Silicon Cut to the Same Dimension as our Chip in the Packaging

Figure 4 .

 4 Figure 4.1.4: Photo of the Two Versions of the PCB

•:

  DPIN96Allows the testing of digital circuits with up to 96 independent digital signals. For each channel, voltage, current, timing, measurement formats and parameters can be controlled independently. The test vectors have a maximum frequency of 100 MHz, a maximum signal voltage of 12V, and each channel can store up to 32M vectors in memory.

Figure 4 .

 4 Figure 4.2.1: Diamond D10 by LTX Credence

  Global Test Program:The global test program is written in C++ language and runs on the tester control computer. It calls the different test vectors that are defined in the C++ code and this is what controls the test performed on the device under test (DUT).
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 422 Figure 4.2.2: Sample of Code from the Diamond D10 Circuit Tester

Figure 4 . 2 . 4 :

 424 Figure 4.2.4: Left: Illustration of SEE, Right: Illustration of a Pulsed Laser Induced SEE

  Figure 4.2.4 shows a comparative illustration of the SEE provoked by an energetic particle and an SEE provoked by a laser pulse.
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  Figure 4.3.1.
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 4 Figure 4.3.1: Simplified View of Control Programme

  The test program previously described can be launched in[START_REF] Engel | A 4-Mb Toggle MRAM Based on a Novel Bit and Switching Method[END_REF] different modes. Each mode having a different group of vectors to configure the structure in a different configuration, being the values of A, B Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications
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 5 The FPGA Interface for Test Below can be observed in Figure4.3.4 a photo of the FPGA interface for test and PCB, showing the set-up that will be used during the laser and heavy ion campaign of tests.
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 434 Figure 4.3.4: Photo of the FPGA Interface for Test and PCB

Figure 4 .

 4 Figure 4.3.5shows the inputs generated by the FPGA interface that will be applied to the DUT during the different test campaigns. Where signal 0 is "Resetn"; signal 1 is "CLK_REF"; signal 2 is "SS_n"; signal 3 is "SCLK"; signal 4 is "MOSI"; signal 5 is "START"; signal 6 is "ERR_IN"; signal 7 is "VDD_WR". It can be noted once again that these inputs are identical to what was originally tested during the simulation phase (Figure3.4.4).
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 435 Figure 4.3.5: DUT Inputs Generated by the FPGA Interface

  

3

  Radiation in Space 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2 Space Environment and Radiation Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 Different Sources of Radiation in Space . . . . . . . . . . . . . . . . . . . . . . . . 3.2.2 The Ejection of Matter from the Sun . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.3 Solar Wind . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.4 Cosmic Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.5 Van Allen Radiation Belts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.6 Atmospheric Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.7 Different Energies Involved . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.8 Particle Concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3 The Different Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.1 Interaction with Photons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.2 Interaction with Neutrons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.3 Interaction with Charged Particles . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3.4 Interaction with Protons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4 The Effect of Radiation on Electronic Circuits . . . . . . . . . . . . . . . . . . . . . . . . . 3.4.1 Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4.2 Different Types of Radiation Effects . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5 Means of Prevention and Protection Against SEEs . . . . . . . . . . . . . . . . . . . . . . 3.5.1 Shielding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5.2 Hardening of Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5.3 System Level Hardening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6 Strategies for Testing Integrated Circuits . . . . . . . . . . . . . . . . . . . . . . . . . . . . Influence of the Supply Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4.2 Impact of the Threshold Voltage . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4.3 Influence of Body Biasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5 The Effect of Non-Volatility Towards Robustness in a Simple Structure . . . . . . . . . . 1.5.1 Non-Volatile Flip-Flop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5.2 Non-volatile Half-Buffer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5.3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5.4 Results and Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 Innovative Error Correcting Structure: Functional Mechanisms 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Innovative Error Correcting Structure: Design and Test 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2 Asynchronous Communication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3 Comparator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4 Acknowledgement Pause . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5 Simulating Particle Strikes on the Volatile Version of the Proposed Structure . . . . . . . 3.5.1 Erroneous Result from the Adder . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5.2 Error on the Acknowledgement Signal . . . . . . . . . . . . . . . . . . . . . . . . . 3.5.3 Error on the Comparators Output . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5.4 Multiple Error Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5.5 Limits of Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5.6 False Errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6 Non-Volatile Section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6.1 Non-Volatile Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6.2 Pause Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6.3 Multiplexor Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.7 Simulating Particle Strikes on the Non-Volatile version of the Proposed Structure . . . . . 3.7.1 Erroneous Result from the Adder . . . . . . . . . . . . . . . . . . . . . . . . . . . . Library Exchange Format (LEF) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.3 Place and Route of the Whole Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .IV Demonstrator and Tests1 Design of the Printed Circuit Board 1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 PCB Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 PCB Schematic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3.1 Number of Chips on the PCB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3.2 Power Adapters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3.3 Single Error Output of the Laser Tests . . . . . . . . . . . . . . . . . . . . . . . . . 1.3.4 Connectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4 PCB Component Placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5 Chip Packaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.6 The PCB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The Field Programmable Gate Array (FPGA) Interface for Test . . . . . . . . . . . . . . Pulsed Laser Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.5 Heavy Ion Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Left: Illustration of SEE, Right: Illustration of TID . . . . . . . . . . . . . . . . . . . . 2.3.10 Triple Modular Redundancy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3.11 Dual Modular Redundancy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4.1 Silicon On Insulator vs. Bulk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4.2 Body Biasing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.1 Examples of the Induced Current Pulses Generated by a Particle Impact, Waveforms are Simulated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.2 Examples of Transients Measured for Different Ion Strike Locations Along the Source -Drain Axis of a 0.25 µm Bulk Transistor. The Gate Length is 0.25 µm and the Transistor Width is 25 µm [32] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.3 Example of a Particle Injection (Current Pulse) in an OR Gate . . . . . . . . . . . . . . 3.1.4 Graphical Representation of the Simulation Protocol . . . . . . . . . . . . . . . . . . . . 3.1.5 Graphical Representation of the Number of Particle Induced Errors Depending on the Body Biasing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.6 Dual MTJ Latch Cell (Hass): (a) STT Version, (b) SOT Version . . . . . . . . . . . . . 3.1.7 Non-Volatile C-Element: (a) STT Version, (b) SOT Version . . . . . . . . . . . . . . . . 3.2.1 An Error Correcting Asynchronous Structure . . . . . . . . . . . . . . . . . . . . . . . . 3.2.2 A Non-Volatile Error Correcting Asynchronous Structure . . . . . . . . . . . . . . . . .

3.6.1 Error Injection (During Design Stage) . . . . . . . . . . . . . . . . . . . . . . . . . 3.6.2 Testing in an Artificial Environment . . . . . . . . . . . . . . . . . . . . . . . . . . 3.6.3 Testing in a Real Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 Silicon On Insulator Technology 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2 Silicon On Insulator (SOI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3 Advantages of Silicon On Insulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

III Innovative Error Correcting 28nm FD-SOI Circuit

1 Preliminary Study 1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 Particle Injection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 Simulation Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4 Radiation Induced Errors Impact on 28nm FDSOI . . . . . . . . . . . . . . . . . . . . . . 1.4.1 2.2 An Error Correcting Asynchronous Structure . . . . . . . . . . . . . . . . . . . . . . . . . 2.3 A Non-Volatile Error Correcting Asynchronous Structure . . . . . . . . . . . . . . . . . . 2.4 Advantages/Disadvantages of the Proposed Structure . . . . . . . . . . . . . . . . . . . . . 2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications 3 3.7.2 Error on the Acknowledgement Signal or Comparators Output . . . . . . . . . . . 3.7.3 Error in the Pause Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.7.4 Error in Multiplexor Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.7.5 Error in the Non-Volatile Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.7.6 Multiple Error Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.7.7 Limits of Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.8 A Few Extra Things . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 Integrated Test Structure 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.2 What to Measure? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3 Test Circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.1 Serial Peripheral Interface (SPI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.2 Counter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.3 Frequency Locked Loop (FLL) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.4 Repeater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.3.5 Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 Partial Validation Through Simulations 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.2 Electric Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.3 Digital Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4 Mixed Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 Physical Implementation 6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2 Layout of MTJ CELL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2.1 Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2.2 Design Rule Checking (DRC) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2.3 Layout Versus Schematic (LVS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.2.4 6.3.1 Initialise Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.3.2 Power Distribution Grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.3.3 Design Placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.3.4 Design Route . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.3.5 Export Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications 6.4 2 The Different Chip Tests 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2 Diamond D10 Circuit Tester . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2.1 The Tester . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.2.2 Controlling the Tester . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3 2.3.1 FPGA Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.3.2 Controlling the FPGA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4 3 Driving the Chip 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2 The Test Programme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3 The Different Programme Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.4 The Diamond D10 Circuit Tester . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.5 The FPGA Interface for Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

V Conclusion and Perspectives

VI Publications

Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications 2.3.9

  Table of STT and SOT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.1.2 Evaluation of the Performance of Emerging Non-Volatile Memory Technologies (1: Poor Performance, 5: Very High Performance) [4] . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.1 Comparative Table of Influence of the STT-MTJs Dimensions Towards the Number of Errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.2 Comparative Table of Influence of the SOT-MTJs Stripe Width Towards the Number of Errors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1.3 Comparative Table of Synchronous/Asynchronous, Volatile/Non-volatile and TAS/ST-

T/SOT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2.1 Table Showing the Differences of DMR, TMR and the Proposed Structure . . . . . . . . 3.3.1 Table Showing the Inputs of the 16 bit Adders and their Expected Outputs . . . . . . . 3.3.2 Table Showing the Read Current for Different MTJ ∅ in an AP State . . . . . . . . . . 3.3.3 Table Showing the Read Current for Different MTJ ∅ in a P State . . . . . . . . . . . . 4.1.1 Table Showing the Different Specifications for the Different Tests . . . . . . . . . . . . . 4.3.1 Table Showing the Different Inputs of the Test Modes . . . . . . . . . . . . . . . . . . .

  Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2 Spintronics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 Magnetoresistance Effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3.1 Giant Magnetoresistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3.2 Tunnel Magnetoresistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4 Magnetic Random Access Memory . . . . . . . . . . . . . . . . . . . . . . . . 1.4.1 Reading in MRAMs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

	Section 1
	MRAM Memory and Emerging
	Non-Volatile Memory
	Contents 1.1 1.4.2 Field Induced Magnetic Switching (FIMS) . . . . . . . . . . . . . . . . . . . . . Chapter II State of the Art
	1.4.3 Field Induced Magnetic Switching: Toggle Switching . . . . . . . . . . . . . . .
	1.4.4 Thermally Assisted Switching (TAS) . . . . . . . . . . . . . . . . . . . . . . . .
	1.4.5 Spin Transfer Torque Switching (STT) . . . . . . . . . . . . . . . . . . . . . . .
	1.4.6 Spin Orbit Torque Switching (SOT) . . . . . . . . . . . . . . . . . . . . . . . .
	1.4.7 Comparing STT and SOT Performance . . . . . . . . . . . . . . . . . . . . . .
	1.5 Other Emerging Non-Volatile Memories . . . . . . . . . . . . . . . . . . . . .
	1.5.1 Phase Change RAM (PCRAM) . . . . . . . . . . . . . . . . . . . . . . . . . . .
	1.5.2 Conductive Bridging RAM (CBRAM) . . . . . . . . . . . . . . . . . . . . . . .
	1.5.3 Resistive RAM (ReRAM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
	1.5.4 Quantitative Comparison of Emerging Memories . . . . . . . . . . . . . . . . .
	1.5.5 Radiation Tolerant Emerging Non-Volatile Memory's . . . . . . . . . . . . . . .

Table 2

 2 Table1summarizes the main pros and cons of both STT and SOT MTJs[START_REF] Jabeur | Study of Spin Orbit Torque (SOT) and Spin Transfer Torque (STT) Magnetic Tunnel Junctions (MTJs)[END_REF] [10][START_REF] Jabeur | Ultra-Energy-Efficient CMOS/Magnetic Non-Volatile Flip-Flop Based on Spin-Orbit Torque Device[END_REF].

	STT	SOT
	+ Size / Density (2 terminals)	-Size / Density (3 terminals)
		± Writing needs high current
	+ Low writing current	density (but possibly low current if
		writing strip is thin)
	+ Low reading current	+ Low reading current
	-Common read and write paths	+ Separate read and write paths
	-Non-symmetrical current to	+ Symmetrical current to
	switch from parallel to anti-parallel switch from parallel to anti-parallel
	-Stress on the MTJ barrier	+ Choice of R p /R ap values
	during writing	
	-Read operation can switch	-Small magnetic field is required
	the magnetisation state	to avoid stochastic switching
		-Less mature technology

.1.1: Comparative Table of STT and SOT

Table 2

 2 

		PC-	Re-	CB-	SOT	Perp. STT	Plan. STT	TAS	FIMS	Flash
		RAM	RAM	RAM	MRAM	MRAM	MRAM	MRAM	MRAM	
	Endurance	4	4	2	5	5	5	5	5	3
	Consumption	2	3	3	3	4	4	3	2	1
	Integrability	3	5	4	3	2	2	2	2	3
	Scalability	4	5	5	4	4	3	3	2	1
	Retention	5	4	4	3	3	3	3	3	3
	Speed	4	3	3	5+	5	5	4	5	1
	Maturity	3	3	2	1	2	2	3	4	5

.1.2: Evaluation of the Performance of Emerging Non-Volatile Memory Technologies (1: Poor Performance, 5: Very High Performance)

[4] 

  .2.8.

	R in		delay			delay	R out
	C		C		
		C			C
	Ack in	delay		delay		Ack out
		A		A 0	B 0	S 0
		C	S	0 1	1 0	S-1 S-1
		B		1	1	1

Figure 2.2.8: Micro-pipeline Circuit Based on Muller Gates: Muller Gate Symbol (Bottom Left) and Muller Gate Truth Table (Bottom Right)
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Table 3 .

 3 1.1: Comparative Table of Influence of the STT-MTJs Dimensions Towards the Number of Errors Table

		Junction ∅: 40nm Junction ∅: 80nm
	NV STT Flip-Flop	0.47	0.42
	NV STT Half-Buffer	0.82	0.75

Table 3 .

 3 1.2: Comparative Table of Influence of the SOT-MTJs Stripe Width Towards the Number of Errors

		Strip width: 50nm Strip width: 80nm Strip width: 160nm
	NV SOT Flip-Flop	0.43	0.42	0.40
	NV SOT Half-Buffer	0.66	0.61	0.57

Table

  

Table 3 .

 3 1.3: Comparative Table of Synchronous/Asynchronous, Volatile/Non-volatile and TAS/STT/-SOT

		of Errors
	CMOS Flip-Flop	0.41
	NV STT Flip-Flop	0.47
	NV SOT Flip-Flop	0.43
	NV TAS Flip-Flop	0.37
	CMOS Half-Buffer	0.35
	NV STT Half-Buffer	0.82
	NV SOT Half-Buffer	0.66
	NV TAS Half-Buffer	0.40

Table 3 .

 3 1.3 gives a synchronous/asynchronous, volatile/non-volatile with TAS/STT/SOT comparison to particle strikes. The junctions used had a writing stripe of 200nm × 50nm × 5nm (length x width

Table 3 .

 3 2.1 compares synchronous DMR, TMR and asynchronous DMR, TMR with the proposed structure in volatile and non-volatile versions. A 50% area overhead is considered for asynchronous verses synchronous, and the area of a non-hardened circuit is A.

		Synchronous	Asynchronous	Proposed structure
		DMR TMR DMR TMR	V	NV
	Error Detection	yes	yes	yes	yes	yes	yes
	Error Correction	no	yes	no	yes	yes	yes
	Footprint	≈ 2A	≈ 3A	≈ 3A	≈ 4.5A ≈ 3A	≈ 3.5A

Table 3 .

 3 2.1: Table Showing the Differences of DMR, TMR and the Proposed Structure

Table 3 .

 3 .3.1.

	Stage	Input A	Input B	Outupt
	0	0000 0000 0000 0001 0111 1111 1111 1111 1000 0000 0000 0000
	1	0000 0000 0000 0001	Output stage 0	1000 0000 0000 0001
	2	0000 0000 0000 0001	Output stage 1	1000 0000 0000 0010
	3	0000 0000 0000 0001	Output stage 2	1000 0000 0000 0011
	4	0000 0000 0000 0001	Output stage 3	1000 0000 0000 0100
	5	0000 0000 0000 0001	Output stage 4	1000 0000 0000 0101
	6	0000 0000 0000 0001	Output stage 5	1000 0000 0000 0110
	7	0000 0000 0000 0001	Output stage 6	1000 0000 0000 0111

3.1: Table Showing the Inputs of the 16 bit Adders and their Expected Outputs

Table 3 . 3

 33 

	88	19	53.9	76
	80	19	50	77
	72	19	45	82

.2: Table Showing the Read Current for Different MTJ ∅ in an AP State MTJ ∅ (nm) A (nA) B (µA) C (ps)

Table 3 . 3
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.3: Table Showing the Read Current for Different MTJ ∅ in a P State
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Introduction

While the chip was under fabrication by ST Microelectronics, the next stage was to design the Printed Circuit Board (PCB) to be able to interface with the chip all the inputs and outputs needed to perform all the different tests as well as having a form factor that is compatible with all the different test environments. The chip will undergo three different test procedures in three environments. First, the chip will undergo a functionality test on the Diamond circuit tester from LTX Credence, available at Spintec Lab. Then the chip will undergo a laser stimulated SEE test performed at the CNES in Toulouse. Finally the chip will undergo a heavy ion SEE test performed a Université catholique de Louvain (UCL) in Belgium. These different tests will be described in detail below.

PCB Constraints

Since the chip is going to be tested in three different locations we must make sure that the PCB is compatible with all of the different environments and specific specifications of each of them. The last column of Table 4.1.1 gives us the specification that we will need to implement so that the PCB can be used in all the different tests.

PCB Schematic

With the different specifications determined, the PCB schematic was designed:

Number of Chips on the PCB

We decided to have three chips on the PCB to be able to have one, two or three of the chips working at any given time. We could for example bombard one chip with radiative particles and use another one as a reference. Each of the three chips have their independent power supplies. This allows us to only use a chosen chip and not the others, as well as monitoring the individual power consumption of each chip.

Power Adapters

All three chips have the same inputs but have independent outputs. As described in an earlier chapter, the chip uses a 1.1V power supply, meaning that all its inputs and outputs are between 0V and 1.1V . The equipment used to generate the input signals and monitor the output signals has a power supply of 3.3V (this equipment will be described fully in a later chapter), meaning that it is not directly comparable with the chips. To overcome this issue we inserted power adapter components on all the input and output signals to convert the 3.3V and 1.1V for the inputs and 1.1V to 3.3V for the outputs. However, these components being active, they could eventually be subject to stray particle hits during the heavy ion testing. For this reason we also integrated a passive means of adapting the signals through voltage divider bridges. The active or passive signal routes can easily be chosen with a series of jumpers.

Section 2

The Different Chip Tests The solution we chose was to implement a tester structure in an FPGA that we could easily transport to the various test locations. This FPGA interface for test has to be able to generate all the input test vectors that the chip needs and to analyse and stock all the output data the chip provides. This solution had already been developed in the Centre Interuniversitaire de MicroElectronique et Nanotechnologies (CIME) in Grenoble during an internship in 2016 by Dienstmann Felipe, Meireles João Pedro and SchuH Matheus, supervised by Portolan Michele and Rolland Robin. The solution the CIME had was lacking the possibility to send different inputs depending on a given output, the possibility to send 4000+ test vectors, the possibility to drive 38 inputs/outputs, and the ability to save all the outputs to be processed a later time. So to render the already existing solution more compatible with our needs, it was modified by a member of our lab. The architecture of the FPGA can be seen in Figure 4.2.3. The solution is contained within a Zynq-7000 System on Chip developed by Xilinx. The ARM processor runs an embedded Linux, which is booted from an SD card which also stores the input vectors, while the programmable logic interfaces the ARM processor with the Device Under Test (DUT). The DUT is interfaced with the testing system through a daughter-board which is connected to the FPGA's Mezzanine Connectors (FMC) [START_REF] Matheus | Digital Test Platform[END_REF].

Controlling the FPGA

As before the input vectors and their location on the tester must be programmed, this FPGA uses a JSON file format as input. Below is a brief description of the program needed to test a chip.

{

" c i r c u i t -name " : " t r i g g e r " , " f r e q -d i v i d e r " : 1 , " i n p u t s " : {" i n p u t s " : [ 1 8 , 1 7 , 1 6 , 1 5 , 1 4 , 1 3 , 1 2 , 1 1 ] } , " o u t p u t s " : {" miso " : 1 0 , " ack_out " : 9 , " e r r " : [ 8 , 7 , 6 , 5 , 4 , 3 , 2 , 1 ] } , " t r i g g e r " : {" ack_out " : 1 } , " v e c t o r s " : [ { " i n " : {" i n p u t s " : 7 } , " out " : {} } , { " i n " : {" i n p u t s " : 3 } , " out " : {} } ] } Signal Declaration: This part of the JSON file concerns the declaration of the signals as an input or output as well as the pin to which this signal is connected.

Trigger: This part of the JSON file allows to define the output to watch to trigger an event when it changes.

Ph.D: Design of an Innovative Asynchronous, Non-Volatile Integrated Circuit for Space Applications or C, if the structure is in correction mode or not (CE), if it is in volatile or non-volatile mode (V_NV) and finally the number of repetitions the structure will have before generating the STOP signal. Table 4.3.1 gives a rundown of the differences of the different modes. Modes 1 through 7 are the general functionality modes. A, B and C have values that make the output easy to exploit as it was described in Chapter 3, Section 3, the chip is in its volatile mode and the correction is enabled. The only thing that changes between these modes is the number of repetitions that the structure will do before it generates the STOP signal (1, 4, 8, 16, 32, 64 and 127). Modes 9 through 15 are identical to modes 1 through 7 but this time the structure is in non-volatile mode. Modes 16 through 29 are identical to Modes 1 through 7 and 9 through 15 but this time the corrections capability of the circuit are disabled. Finally Modes 8 and 30 have values of A, B and C that make every adder stage overflow, this allows us to test the adders fully to make sure everything in the pipeline is working as expected.
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