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Abstract

With the exponential growth of the embedded systems and the so-called IoT objects, the need of reducing power consumption for environmental and economic considerations requires better power-saving techniques without compromising circuit performances. However, CMOS transistors are achieving their physical limits in terms of scaling and the opportunities to enhance the integrated circuit will be more on the design side than on the technology side. Thereto, it is noticeable that complex digital circuits spent a significant amount of energy during idle periods and tend to activate much more blocks than needed. This drawback results from the usage of the synchronous paradigm. Asynchronous circuits provide intrinsic and local signals that mitigate the unnecessary block activation in circuits and offers an intrinsic idle mode.

Moreover, these signals are usable to locally manage body-bias voltages in Fully Depleted Silicon On Insulator (FD-SOI) in order to save power. This thesis proposes a design strategy dedicated to asynchronous circuits exploiting the body-biasing facilities of the FD-SOI technology. Firstly, an analysis of the FD-SOI technology has been made in order to analyze the new degrees of freedom offered to the designers by mainly controlling the transistor threshold voltage (Vth) thanks to body-biasing effect. This latter is indeed able to change the transistor speed and power consumption. Secondly, a body-biasing standard cell based on a level shifter architecture has been designed in order to locally adapt the body-biasing voltage.

Thirdly, we proposed a distributed activity-driven strategy easily managing a large number of Body-Biasing Domains (BBDs). Lastly, the aforementioned techniques have been implemented and tested in a chip designed in 28 nm FD-SOI technology from St Microelectronics. Keywords: Asynchronous Circuits, FD-SOI, Automatic Biasing Control, Boostcell, Design Flow.

Résumé

Avec la croissance exponentielle des systèmes embarqués et des objets appelés IoT, les besoins de réduction de la consommation d'énergie pour des raisons environnementales et économiques requièrent de meilleures stratégies de gestion de l'énergie qui ne compromette pas les performances des circuits. Or, les transistors CMOS atteignent aujourd'hui des limites physiques en dimension et les possibilités d'amélioration des circuits intégrés sont désormais plutôt du côté de la conception.A cet égard, il est intéressant de noter que la consommation énergétique des circuits numériques complexes est excessive durant les périodes d'inactivité et qu'ils ont une propension à activer plus de blocs logiques que nécessaire durant les périodes d'activité. Ces inconvénients résultent essentiellement du paradigme synchrone. Les circuits asynchrones possèdent, quant à eux, des signaux de synchronisation locaux qui limitent l'activation inutile des blocs dans les circuits permettant ainsi d'avoir un mode « faible consommation » natif. De plus, ces signaux sont également utilisables pour gérer localement la polarisation du substrat dans les technologies FD-SOI (Fully Depleted Silicon On Insulator) afin d'économiser de l'énergie. Cette thèse propose une stratégie dédiée aux circuits asynchrones pour qu'ils exploitent efficacement la polarisation du substrat dans les technologies FD-SOI. Tout d'abord, une analyse de la technologie FD-SOI a été réalisée afin de comprendre les degrés de liberté supplémentaires offerts aux concepteurs, notamment en contrôlant la tension de seuil des transistors (Vth) grâce à la polarisation du substrat. Cette dernière est en effet capable de modifier la vitesse du transistor et sa consommation d'énergie. Dans un second temps, une cellule standard dédiée à la polarisation du substrat a été conçue à partir d'une architecture de level shifter. Cette cellule permet d'adapter localement la tension de polarisation du substrat. Enfin, nous avons proposé un dispositif distribué de gestion de l'énergie, qui est piloté par l'activité. Ainsi, il est possible gérer aisément un grand nombre de domaines polarisés (BBDs). (a) cross-type Level Shifter (CMLS [START_REF] Tran | Low-power high-speed level shifter design for block-level dynamic voltage scaling environment[END_REF]); (b) a diode-type Level Shifter (LANSLS [START_REF] Lanuzza | An Ultralow-Voltage Energy-Efficient Level Shifter[END_REF]; a mirror-type Level Shifter (CAOLS [START_REF] Cao | An energy-efficient subthreshold level shifter with a wide input voltage range[END_REF]).. 
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INTRODUCTION

During the last decades new technologies have appeared targeting more reliable and faster circuits. Nowadays, with the autonomous and mobile devices, low-power and energy efficiency are also a concern and are at the heart of new researches [START_REF] Venkatachalam | Power reduction techniques for microprocessor systems[END_REF]. Such devices are progressively emerging in many important application domains such as biomedical, security, automotive and aerospace applications. This evolution also faces problems such as variability, process complexity and Short Channel Effects (SCE) that have to be overcome in the most advanced microelectronic technologies. These problems come along with the significant increase in the price of new technology nodes [START_REF] Jones | Economic impact of the technology choices at 28nm/20nm[END_REF]. Recently, new technologies as FinFETs and Fully-Depleted Silicon On Insulator (FD-SOI) have been developed [START_REF] Colinge | FinFETs and other multi-gate transistors (Integrated Circuits and Systems[END_REF][17] [START_REF] Skotnicki | Innovative Materials, Devices, and CMOS Technologies for Low-Power Mobile Multimedia[END_REF]. They offer new perspectives in term of power and speed while keeping further the Moore's Law [83][12]. At design level, the development of new design methods and the improvement of the older ones are mandatory. In this context, low-power circuits embedded in mobile applications require a specific attention from the designers in order to meet the device specifications. Therefore new design strategies have been developed for enhancing the circuit performances and better exploiting the offered new technological capabilities [17][79]. The asynchronous design methods are one of this paths offering new degrees of freedom to the designers [11][102][115].

This work explores the intrinsic features of the Ultra-Thin Body and Buried Oxide (UBTT) 28 nm FD-SOI technology from ST Microelectronics in order to leverage its potential with the asynchronous design paradigm. The main goal of this thesis is to exploit a fine grain body-biasing benefiting from the local synchronization of asynchronous circuits.

Managing small body bias domains is probably a simple idea when using the asynchronous paradigm, but this actually becomes challenging when implementing a global clock for synchronizing the whole circuit. Indeed, fine body bias requires accurate data localization for biasing step-by-step small circuit islands. This study presents a first attempt to manage fine grain body-biasing. I order to implement it, it has been necessary to better understand design rules and technology limitations. Dedicated cells, required for the power management of FD-SOI asynchronous circuits have been designed, simulated and, finally implemented in a testchip.

The first chapter of this thesis presents the FD-SOI technology and its features that can be used for power saving, especially the body effect. The second chapter introduces asynchronous circuit design and its intrinsic ability for the activity detection. In the sequel, the third chapter shows a first principle to integrate biasing mechanisms of FD-SOI transistors for reducing power or increasing speed of asynchronous system blocks. The next chapter discloses simulation analysis and results of cells designed for the biasing control of asynchronous circuits. Then a biasing control strategy using asynchronous circuitry and FDSOI body biasing facilities is presented. As the proposed method is able to body bias at very fine grain, a study on the most appropriated size for the body-bias regions has been made. Before presenting the simulation results and the testchip demonstrating the efficacy of this approach, a study of our tiny and local body-bias generator is also given. Finally, the conclusion summarizes this report and opens some research directions for future works.

CHAPTER 2 FULLY-DEPLETED SILICON ON INSULATOR (FD-SOI)

FD-SOI technology is a recent evolution of classic SOI process that uses silicon on an insulator in its wafers. Unlike classic SOI transistors whose channels become only partially depleted with the gate activation [START_REF]Fully Depleted (FD) vs. Partially Depleted (PD) SOI[END_REF][15], FD-SOI transistors fully succeed [START_REF] Singh | Silicon on Insulator Technology Review[END_REF]. The main physical innovation is an ultra-thin layer of monocrystalline silicon over a buried oxide of very small thickness, see figure 1 that compares a FD-SOI MOS with its counterpart in classic bulk technology.

The ultra-thin silicon layer and the buried oxide operate like barriers to reduce the leakage from source-drain channel [START_REF] Sakurai | Fully-Depleted SOI CMOS Circuits and Technology for Ultralow-Power Applications[END_REF]. In addition, the very reduced thickness of the buried oxide allows to efficiently control the effects of the substrate bias voltage on the channel [START_REF] Liu | Impact of back bias on ultra-thin body and BOX (UTBB) devices[END_REF],

opening the design possibility of modulating threshold voltages during the operation of components without the body-effect issues of classic bulk technologies. The biasing control of FD-SOI transistors is, therefore, very suitable for the power management of integrated system blocks. Commonly, ultra-thin layer of monocrystalline silicon is also known as ultra-thin body, and the substrate bias voltage as backplane voltage.

The FD-SOI technology is a recent evolution of the SOI process that uses silicon on an insulator to produce wafers. The channel of a Field Effect Transistor (FET) in FD-SOI becomes fully depleted with the activation of the gate, unlike the channel of an old SOI transistor that only succeeds partially. The full depletion of the channel is due to a very ultrathin monocrystalline silicon layer on a Buried Oxide (BOX) [START_REF] Ernst | Buried oxide fringing capacitance: a new physical model and its implication on SOI device scaling and architecture[END_REF], as figure below shows comparing with a traditional MOSFET. Silicon layers on the order of 6 nm of thickness are feasible today only thanks to an advanced wafer production method called SmartCut [START_REF] Nguyen | [END_REF] [114]. Furthermore, the channel is undoped, which makes the coefficient of variability of the threshold voltage in a FDSOI transistor approximately three times lower, when compared to a bulk technology in a equivalent node [START_REF] Weber | High immunity to threshold voltage variability in undoped ultra-thin FDSOI MOSFETs and its physical understanding[END_REF][19] [START_REF] Pelgrom | Matching properties of MOS transistors[END_REF]. The ultra-thin buried oxide in figure above represents a barrier to reduce the leakage between the source and drain [START_REF] Colinge | Recent advances in SOI technology[END_REF]. This barrier also eliminates the possibility of a latch-up [START_REF] Sakurai | Fully-Depleted SOI CMOS Circuits and Technology for Ultralow-Power Applications[END_REF], which is the creation of a parasitic thyristor based structure that induces a large current flow between V DD and Gnd. Due to the magnitude of this induced current, a latch-up is normally destructive and, for this reason, a major issue for circuit design [START_REF] Hu | A better understanding of CMOS latch-up[END_REF]. The transistor channel has thus a well-defined space between the gate oxide and the ultra-thin buried oxide that allows new design possibilities. The following sections show the biasing capabilities of the technology and the polybiasing options of the FD-SOI standard cell library.

BIASING CAPABILITIES ON FD-SOI TECHNOLOGY

The biasing process on FD-SOI is similar to the MOSFETs transistors. It is known that the biasing process can control the threshold voltage of the transistor. As we can see in equation ( 1) [START_REF] Rabaey | Digital Integrated Circuits, A design Perspective 2nd Ed[END_REF], the threshold voltage varies when a voltage is applied on the bulk, called substrate bias voltage.

V T =V T 0 + γ ( √ | -2 ∅ F +V SB | -√ | -2 ∅ F |) (1) 
Where:

V T is the Threshold Voltage;

V SB is the source-to-body substrate bias;

V T 0 is the Threshold Voltage at V SB =0 , mostly a function of the manufacturing process;

∅ F (phi) is the Fermi Potential; and γ (gamma) is called Body-Effect Coefficient.

In FD-SOI technology, the difference consists of biasing by applying a different voltage at the region below the Buried Oxide. The region below the BOX is also called Backplane (BP) to differentiate it from the classical Bulk region, because both transistors can be build at the same chip. Applying a voltage in the BP ( V BP ) creates an electromagnetic field that influences the channel formation. The influence of this electromagnetic field is stronger when the thickness of the BOX is reduced. Figure 2 shows two BOX with 10 nm (a) and 25 nm (b). This gain is significant and having thinner BOX substrates, permits a better control of the Threshold Voltages. In the case of a higher V TH , a higher voltage must be applied to the gate to initiate the conduction between the Source and the Drain and vice-versa. With a higher

V TH , we have a slower transistor, but less consuming too. Now it is clear that the device performance and also the consumption can be controlled by the V SB , or in other words by V BP thanks to the BOX. This control capability is one of the main point of interest for increasing the speed (and make it comparable to the FinFET) or reducing the power consumption [START_REF] Akgul | Power management through DVFS and dynamic body biasing in FD-SOI circuits[END_REF][17]

[28][77] [START_REF] Taco | Exploring back biasing opportunities in 28nm utbb fd-soi technology for subthreshold digital design[END_REF].

STANDARD CELL LIBRARY

In the 28 nm FD-SOI design kit, many design possibilities -in terms of body-biasing, sizing and transistor types -are ready to be used, thanks to the Standard Cell Library. For the digital part, the library gives the possibility to choose between the drives, the height of the cells (8 or 12 Tracks), the transistor types (Low-or Regular-Vt) and the polybiasing (0, 4, 10 and 16 nm) [START_REF] Flatresse | UTBB-FDSOI Design & Migration Methodology[END_REF]. This work provides the required knowledge to analyze the FDSOI potential in order to benefit from its biasing capabilities.

This section explores the options proposed for implementing the wells (Conventional and Flip Wells) and their consequences on the threshold voltage and its range for biasing. This is followed by a short introduction to the polybiasing options.

Well types and Vt types

The first important feature presented by the 28 nm FD-SOI is the possibility to flip the well type. As it is presented in Figure 3, the dopant type can be inverted, thanks to the Buried Oxide that creates isolation between the transistor channel and the Backplane. In a non-SOI wafer, the absence of the Buried Oxide does not allow to switch the backplane dopant type, because this creates a short circuit between the Source, Drain and Bulk which, in this case, would be with the same dopant type. The normal bias configuration (noBB) for the Regular-Vt transistor connects the PMOS-BP to V DD and the NMOS to Ground (GND). For the Flip Well transistor, the voltage should be GND for both, PMOS and NMOS. To avoid a direct polarization on the PN junction, the ranges of the backplane voltage V BP differ. The limit of 300 mV in both directions avoids any conduction of the PN junction. In this way, a Regular-Vt transistor has two options of conduction: noBB and RBB. For a Low-Vt, the options are noBB and FBB. In other words, to be precise, the Regular-Vt transistor can be slowed down in a RBB configuration and the Low-Vt can be speeded up(the fastest transistor for this technology).

Polybiasing

The polybiasing is the possibility to create a transistor with a longer channel. This is not new, but the interest here is to see the influence of the polybiasing in the circuit performance and consumption. A longer polybiasing permits the creation of a stronger barrier between the part the minimum size for the channel length and, in (c), an enlarged channel length to implement a polybiasing [START_REF] Flatresse | UTBB-FDSOI Design & Migration Methodology[END_REF].

In the FD-SOI library, 4 types of polybiasing are available: 0, 4, 10 and 16 nm. The nomenclature of polybiasing is, respectively, P0, P4, P10 and P16 (for the cells names) or even PB0, PB4, PB10 and PB16 (for polybiasing description). This gives the options to have a transistor channel with the real length in between 24 and 40 nm.
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CHAPTER 3

PRINCIPLES OF ASYNCHRONOUS CIRCUITS

Nowadays the largest part of integrated circuits in electronic equipments is based on an oscillator to start, process, and finalize all of their operations. The main reason for such success is due to the simplicity of its global synchronization [START_REF] Beerel | A Designer's Guide to Asynchronous VLSI[END_REF]. The electronic systems are thus synchronous with a signal frequency well determined to reach all circuit parts, note . We can say that the first digital circuits were all asynchronous due to the lack of the clock signal. Nevertheless, the name "asynchronous" is a little bit tricky.

Indeed, asynchronous circuits usually mean well-synchronized, but synchronization is made locally thanks to a communication protocol.

As we can see, the data synchronization in synchronous architecture is made by the clock signal, which provides the data transfer in a timely manner. On the other hand, an asynchronous method needs request and acknowledgment signals to determine the beginning and the end of data processing. The lack of clock signal in an asynchronous circuit helps reducing the energy, which usually comprehends between 20 and 45% of circuit's total energy consumption [START_REF] Sitik | Design Methodology for Voltage-Scaled Clock Distribution Networks[END_REF]. In addition, as circuit activity in a synchronous design is concentrated on the positive edge of the clock signal, it generates a significant Electromagnetic Interference (EMI), which is not the case for its asynchronous counterpart [100][116][102] [START_REF] Germain | A High Level Current Modeling for Shaping Electromagnetic Emissions in Micropipeline Circuits[END_REF]. In terms of performances, an asynchronous circuit can be faster and less consuming than a synchronous one, because it doesn't depends on worst-case latency [START_REF] Williams | SPARC64: a 64-b 64-active-instruction out-of-order-execution MCM processor[END_REF]. In point of fact, an asynchronous circuit can reduce circuits power consumption in up to 80%, which was the case for an error correcting circuit of a Digital Compact Cassette [START_REF] Van Berkel | Asynchronous circuits for low power: a DCC error corrector[END_REF]. However, depending on the timing assumptions, the circuit area can be larger leading to a proportionally larger static power dissipation [START_REF] Sparsø | Principles of Asynchronous Circuit Design: A Systems Perspective[END_REF].

Furthermore, an asynchronous circuit is more robust to a power supply, temperature and manufacturing process variations [START_REF] Otto Aureliano Rolloff | Exploiting reliable features of asynchronous circuits for designing low-voltage components in FD-SOI technology[END_REF].

ASYNCHRONOUS DATA ENCODING

As previously mentioned, clock signal defines the moment of the arrival of valid data.

In other words, when clock allows the registers to sample new computation results the data computation must be completed Asynchronous circuits, on the other side, define the end of calculations by using request and acknowledgment signals.

As it has been already said, a request is sent when new data arrives and an acknowledgment is sent back to indicate the end of the calculations. To do so, there are several encodings in asynchronous circuits depending on the circuit class. As an example, we present two classes of asynchronous circuits: delay insensitive and bundle data [102][117]. In both logics, the acknowledgment is done by a dedicated signal, as presented in red on both parts of figure 6. Figure 6 shows that for delay insensitive circuits, the encoding embeds data and request signals while for bundle-data, the encoding separates the data and the request. To be more precise, a classical encoding with delay insensitive logic is made by the so-called dual-rail logic. This can easily be extended to the more general 1-of-m encoding [START_REF] Ferretti | Single-track asynchronous pipeline templates using 1-of-N encoding[END_REF]. For bundle-data, the binary data are kept as they are and simply the request signal is added. 

BUNDLED-DATA ENCODING

As aforementioned, the channel encoding in bundle-data is made as follows: the binary data are kept and dedicated request and acknowledgment wires are added as shown in figure 6 (b). In this case, a specific part of the asynchronous blocks is in charge of the synchronization [117][138]. In order to meet the local timing constraints, a delay is required to ensure the data will arrive before the request signal. In practice, as shown in figure 7, the launch path must be shorter than the capture path [START_REF] Furber | AMULET2e: an asynchronous embedded controller[END_REF][54] [START_REF] Nielsen | Designing asynchronous circuits for low power: an IFIR filter bank for a digital hearing aid[END_REF]. Notice that compare to synchronous circuits, the timing assumptions are weaker because the whole circuit is not considered. This relaxes the constraints on process and voltage variations but also makes the computation time shorter.

Indeed, the computation time can be seen as an average time.

Figure 7 -Local timing assumptions in bundle-data circuits

DELAY INSENSITIVE ENCODING

An alternative way to bundled-data is merging validity and data information in the same signal. This eliminates the delay between the arrival of the data and the request signals which

gives no temporal assumption between both signals. Therefore this encoding is named Delay Insensitive.

In this encoding system, data is sent thanks to a multi-rail encoding. There are many ways to implement the multi-rail encoding [START_REF] Ferretti | Single-track asynchronous pipeline templates using 1-of-N encoding[END_REF][99], such as M-of-N encoding (where N is the required number of wires for transferring data and M is the number of wires for coding one data). Exempli gratia, the most popular M-of-N is the 1-of-2, also known as dual-rail encoding, represented in figure 8. As the table presented in figure 8 (b) , the state where both data wires are equal to 1 is not used. The "0" is sent by data wire Data0 and the "1" by Data1. When the both wires are equal to 0, there is no data. As seen in the sequel, the protocol ensuring the synchronization requires to go trough this invalid data state corresponding to a return-to-zero protocol. Indeed, the return-to-zero is required between two valid bits of information to distinguish the arrival of two different bits of the same value. The communication protocol that permits the transfer of information between two asynchronous blocks is detailed in section 3.5.

ASYNCHRONOUS CIRCUIT CLASSES

As there are many ways to designing asynchronous circuits, they can be sorted in several classes [START_REF] Kondratyev | Design of asynchronous circuits using synchronous CAD tools[END_REF]. This can be done by analyzing the timing assumptions, which determine each of the proposed circuit classes [START_REF] Sparsø | Principles of Asynchronous Circuit Design: A Systems Perspective[END_REF]. This leads to a general rule, which can be expressed as follows: stronger the circuit timing assumptions, simpler the circuit and the synchronization mechanism. It is interesting to notice that the simpler one is synchronous.

The timing assumption of this latter, made on the circuit critical path, is very strong. Another observation shows that a weak timing assumption (a fortiori no timing assumption) makes the circuit 

HUFFMAN

Huffman circuits use a bounded delay model as the synchronous ones. As shown in figure 9, it is the less robust asynchronous class. In these circuits, gate and interconnection delays are known and also bounded. Its correct behavior is ensured thanks to the internal circuit delays, which help respecting a minimal waiting time before a request is sent.

Therefore, it is required to well-characterized all the gate and interconnection delays, which make this class very sensitive to its characterization. Finally, special attention to PVT (Process-Voltage-Temperature) variations has to be paid in order to guarantee its functionality.

MICROPIPELINE

In June 1989, Ivan Sutherland introduced this approach in its eponymous work As Figure 11 shows in its control part, the synchronization is made locally between asynchronous controllers working as a clock for the memory elements lying in the data path, which is as the one of a synchronous circuit. To avoid an arrival of a request signal (req) before the end of the combinational logic computation, a delay element is inserted between the control blocks as shown in Figure 11 (D(capture) must be greater than D(launch), which is highlighted in figure 7).

SPEED INDEPENDENT (SI)

Initially described in [START_REF] Miller | Switching theory[END_REF]. Switching theory. Vol. 10). All the gate delays are unbounded in this class. Indeed, this class guarantees a correct behavior whatever the delays in the gates. The price to pay is an increased circuit complexity and a hazard free logic, which is more difficult to design.

DELAY INSENSITIVE

Delay Insensitive (DI) [20][123] is the most robust class of asynchronous circuits, as presented on figure 9. It operates with unbounded delays in wires and gates. This means that whatever the delays in gates and wires, the circuit behavior correctness is guaranteed by construction. Here also as SI circuits, the price to pay is also increased complexity and hazard free logic. In return, this circuit class is particularly robust to PVT variations. At gate level, designing DI circuits require to implements multi-output gates [START_REF] Martin | The Limitations to Delay-Insensitivity in Asynchronous Circuits[END_REF]. For this reason, the Quasi Delay Insensitive (QDI) class is usually preferred because of almost comparable robustness but with the advantage to be designed with 1-output gates.

QUASI DELAY INSENSITIVE

Our work is mainly focused on Quasi Delay Insensitive circuits because of their robustness. As [START_REF] Martin | The Limitations to Delay-Insensitivity in Asynchronous Circuits[END_REF] showed the impossibility to implement DI circuits with only 1-output gates, he considered that QDI circuits were the best implementable approach [START_REF] Duc | Synthèse automatique de circuits asynchrones QDI[END_REF].

The QDI implementation has been obtained by relaxing the "not at all timing assumption" of the DI circuits by a weak timing assumption known as the "isochronic fork" [70][71]. This makes this class more robust to PVT (Process, Voltage, Temperature) and aging variations 136. The structure of a QDI circuit is shown in figure 10.

A QDI circuit is basically composed by C-Elements, described in the sequel. C-Elements allow easily synchronizing the different stages of the circuit. The synchronization is made locally thanks to communication protocols, which are presented in the next sub-section.

2-AND 4-PHASE PROTOCOLS

The communication protocol, or handshake protocol, in asynchronous circuits is 

TWO-PHASE PROTOCOLS

To better understand Two-Phase Protocols, it is necessary to differentiate not only protocol phases but also its data encoding. Data encoding defines if the request is merge or not with data (case of figure 12 and 13, respectively). The first one is called a dual-rail or 1of-2 encoding. And in the second one, the request for data treatment is made by using a dedicated interconnection. In addition to the data encoding, the number of phases, which also defines its name, represents the two necessary steps (phases) to treat data, where:

• Phase 1 is the time between the request for treatment of new data until the acknowledgment is done, showed as period "1" at part (b) of figures 12 and 13; and As it is shown in figure 12, the request signal is embedded with data. However, in bundled data encoding, another dedicated request net is required. The request net defines the beginning of a communication. Data process begins with the arrival of the request signal and it ends with the acknowledgment signal as presented in figure 13. 

•

FOUR-PHASE PROTOCOL

As the previous two-phase protocol, the four-phase protocol also can be implemented using bundled encoding (figure 14) or dual-rail encoding (figure 15). This protocol is equally named Return to Zero (RTZ) due to its end, where both request and acknowledgment return to zero. This RTZ is implemented by setting {Data1,Data0} = 00, as formerly described in section 3.4.4. The first phase starts with thee arrival of the request signal. This request is implemented with a dedicated net in the bundled-data encoding as presented in figure 14 (b), or with the arrival of new data in the channel, as for example with data A arrival in figure 15 (b). In the second phase, the sender receives acknowledgment signal and resets the request by sending it directly (case of bundled data encoding) or by resetting the data channel (case of dual-rail encoding). In the third phase, the receiver detects the arrival of the acknowledgment signal or the end of the data treatment. Lastly, the sending block detects the reset of the acknowledgment signal which, consequently, frees up the channel to receive new data.

At was shown above, the two-phase protocol needs fewer transitions than its four-phase counterpart. At first sight, having fewer transitions gives the impression that a two-phase circuit demands less dynamic power. This is, however, not the case. Thanks to the smaller number of transitions, circuits designed using two-phases protocol are indeed faster than its four-phase counterpart [START_REF] Beerel | A Designer's Guide to Asynchronous VLSI[END_REF]. Nevertheless, the sensitive circuitry required in the two-phase protocol makes circuit larger and more complex, which makes circuit consuming more power.

Therefore, two-phase protocols are used when a designer seeks to make faster circuits. Fourphase protocol circuits are nonetheless often chosen to provide a greater degree of freedom, helping to better balance components latency, which contributes to increase circuit performance [11][104]. 

C-ELEMENTS

C-elements play a role of memory cells in asynchronous circuits. This gate was proposed by David Eugene Muller in 1963 [START_REF] Muller | Asynchronous logics and application to information processing[END_REF] and that is way it is also known as Muller gates. The function of a C-element is basically to compare the logic states of its inputs. If inputs are identical, the logical state of its output will be updated to reflect the state of its inputs. A C-element in this condition works as a buffer. In case inputs are not identical, the Celement will operate as a memory element and its output state will be preserved. Figure 16 shows the most classic schemes of the C-elements with 2 inputs: conventional proposed by [START_REF] Sutherland | [END_REF] [START_REF] Sutherland | [END_REF] (a), symmetric by van Berkel (1992) [START_REF] Van Berkel | Beware the isochronic fork[END_REF] (b), and weak feedback by Martin (1989) [71] (c).

C-Elements are also commonly called Muller Gates. In practice, both names are indistinctly used. It is a "sequential logical" gate. A 2-input C-Element sets 0 on its output when both entries are 0, and sets 1 when both entries are 1. When the inputs differ, the Celement maintains its previous value. This is described in the Truth Table 1. This gate can be implemented in many ways. Some specific applications need to adapt their structure. Four architectures of C-Elements retain our attention: the Conventional, the Dynamic, the Symmetric and the Weak Feedback. Their schematics are shown in Figure 16.

Table 1 -2 inputs C-Element's Truth Table. A(n) B(n) Y(n) 0 0 0 0 1 Y(n-1) 1 0 Y(n-1) 1 1 1
As we can see, the transistor count may vary depending on the architecture choice.

Except for the Dynamic architecture, the three others include a keeper part. In this work, those architectures have been analyzed in terms of area, power consumption and speed.

C-ELEMENT POWER AND TIMING PERFORMANCES

C-Elements are specific cells for asynchronous circuits and play an important role when designing QDI circuits. Its role has been described in chapter 3.4.5 and four basic architectures have been presented: the Conventional, the Dynamic, the Symmetric and the Weak Feedback. Here the analysis is done with different polybiasing but with a fixed V DD at 1,00 V. The stimuli are two square signals, once with a frequency two times higher than the other. This provides a test case covering the four possible input vectors.

First of all, the Average and Normalized Delays are shown in the figure 17. It is possible to compare not only the effect of a chosen architecture, but also the impact of the transistors with different polybiasing types. We observe that the Low-Vt (LVT) transistors are faster than the Regular-Vt (RVT). The variation is between the averages delays are from 18% (Conventional) to 32% (Dynamic) depending on the circuit architecture. Then, the delays are increased with the elongation of the polybiasing. The smallest difference is for the Conventional architecture with 48% to 70% for the Dynamic architecture.

The Power Consumption is also higher with a Low-Vt transistor and with a smaller polybiasing. The number of transistors has an influence on the power consumption but do not explain everything. The Power Consumption of a Dynamic and of symmetrical architectures are significantly higher when compared to the others due, respectively, to the lack of feedback and to the greater number of transistors in the architecture. The dynamic architecture has a power consumption and a power consumption per number of transistors much higher. Even if the speed is increased, this is not enough to justify its choice for our application. The Conventional architecture has the smaller power consumption with an intermediate average delay.

With these characteristics in mind, the better choice of architecture for a C-Element is the Conventional justified by its relative gain in speed with a smaller Power Consumption. To understand circuit limitations it is necessary to study its component limitations. The conjunction of asynchronous circuits with FD-SOI biasing features were already studied in literature [START_REF] Hamon | Automatic leakage control for wide range performance QDI asynchronous circuits in FD-SOI technology[END_REF], exploiting the capacity of asynchronous circuits to adapt to delay variations in 

EXPLOITING INTRINSIC FEATURES OF QDI ASYNCHRONOUS CIRCUITS FOR SAVING POWER

Traditional power saving strategy for integrated systems simply applies lower operation voltages rather than the nominal one. For FD-SOI technology, some works demonstrate its capabilities to work properly in low voltage [START_REF] De Streel | Impact of back gate biasing schemes on energy and robustness of ULV logic in 28nm UTBB FDSOI technology[END_REF][69] searching for save power. Low voltages, on the other hand, increase the delay of system components, making timing violations more probable in synchronous circuits. QDI asynchronous circuits present three intrinsic features that allow low operation voltages and the power management of integrated systems:

1. the absence of a clock eliminates the several related timing assumptions;

2. the tolerance to any delay variation on their gates and on majority of their wires; and Hence, at the expense of a delay increase on their gates, QDI circuits are able to operate with low voltages for saving power. In addition, as they are modular, circuit blocks can be designed to entry in hibernation whenever no switching activity is locally detected. Signals of data and acknowledgment would have to be thus exploited by a simple logic to detect switching activity and to enable nominal voltage, which would make the block waking up from the sleep mode.

Another strategy of power management in QDI circuits is identifying the most power consuming blocks or components, and thus applying low voltage techniques only on them.

For instance, C-elements, which compose the logic blocks in figure 16 (b), could be powered with low voltages for reducing power when the block is not switching. As discussed in next sections, the major challenge of this strategy is to determine the minimum voltages that Celements are able to operate.

Furthermore, the biasing advantages of FD-SOI technology associated with the previously mentioned properties of QDI circuits could be also exploited to speed up components operating with low voltages Reverse and forward body biasing on FD-SOIdesigned circuit was already studied for synchronous [START_REF] Ferré | Local variations compensation with dll-based body bias generator for UTBB FD-SOI technology[END_REF] and for asynchronous [START_REF] Hamon | Automatic leakage control for wide range performance QDI asynchronous circuits in FD-SOI technology[END_REF].

ANALYZING MINIMUM VOLTAGES OF C-ELEMENTS

This section analyzes the minimum operation voltages of the C-element schemes detailed in figure 16. In addition, power and delay overheads are evaluated, and the best scheme for operating at low voltages is presented.

Description of the simulation setup

C-elements transistors were sized in this work with minimum channel length and the diffusion widths of the minimum NAND and NOR standard cells of the target technology process. In fact, NOR pull-up and NAND pull-down transistors allow sizing PMOS and NMOS C-element transistors. Feedback parts of the schemes were sized to make C-element operational. Equations ( 2) and (3) summarize the widths detailed in figure 16 [START_REF] Bastos | Evaluating transient-fault effects on traditional c-element's implementations[END_REF]. The factor f PMOS produces a C-element cell with an output of similar rise and fall times, and factor f load makes the output cell capable to drive the largest capacitive standard load of a target celldrive capability.

W PE =W PI =W P 4=f load ⋅f PMOS ⋅W min (2) W ¿ =W NE =W N 4=f load ⋅W min (3)
The C-element schemes in figure 16 were designed by using FD-SOI 28 nm and bulk 65 nm CMOS technologies, as already mentioned in sub-Section 2.2. The design factors f load defined are two for conventional and for symmetric schemes; and three for weak feedback one. To evaluate the full potentials of the referred technologies in terms of low power consumption, transistors with the highest and the lowest threshold voltages were used, namely RVT and LVT for the former technology and HVT and LVT for the latter.

The inputs and outputs of the C-element were connected to the smallest standard inverter of the respective technology library. The input inverters were connected to two different stimuli and the output inverter was connected to the minimum capacitance load of each technology. The stimuli are square wave signals with a slope of 5 ps, and 1 and 2 MHz to comprehend all the four possible logical inputs.

The minimum operation voltage analysis was performed in the intervals between nominal and 0 voltages. Several electric-level simulations were done to determine the lowest operation voltages of the proposed C-element schemes. The iterations were done using bisection principle of the interval with up to two decimal places. For evaluation purposes, it is defined that a C-element scheme works properly only if its output voltage presents an offset lower than 1 mV for both logic levels. At the performed simulations, corners SS and FF were analyzed at 25 °C, and corner TT was analyzed at -40 °C, 25 °C, and 125 °C.

To evaluate the differences between the voltage borders of this analysis (minimum and nominal), power consumption and delays were performed. In this case, the analysis was carried out using only with TT 25 °C corner.

Minimum operation voltages

The minimum operation voltage in different corners (SS, TT and FF) at -40 °C, 25 °C and 125 °C were determined as previously described. 57

Conversely, weak feedback scheme needs a higher voltage to operate properly. The pulldown part in a weak feedback part cannot flip from high to low logic level. However, this problem is minimized with the use of FD-SOI 28 nm LVT transistor. In fact, the lower operation voltage found for all the schemes and transistors options was 0.20 V using weak feedback scheme and FD-SOI LVT transistor.

For the RVT and HVT transistors, higher temperatures allow a lower operation voltage as well as the faster corners. For both LVT, this tendency is observed only for the weak feedback scheme in bulk technology. Weak feedback with LVT in FD-SOI achieves the same minimum operation voltage (0.20 V) at 25 °C; for the other temperatures (-40 °C and 125 °C), it tends to be operated in a higher minimum operation voltage. Conventional and symmetric schemes did not present a tendency in relation to temperature and corners, but it needs a higher operation voltage for the corner TT at 25 °C.

Delay and power consumption

Delays and power consumption are shown in Tables 2 and3 The relation between nominal and minimum voltage delays demonstrates that the delay increases with voltage reduction. Weak feedback scheme shows that they did not became as slow as in other schemes at the lower operation voltage, but their minimum operation voltage.

are nearly two times the minimum voltage of the others schemes. On that account, weak feedback scheme is less able to reduce power consumption.

However, weak feedback using 28 nm LVT transistor can operate at the lowest voltage as shown in sub-Section 4.2.2. Therefore, their delays increase by three orders of magnitude, with rise and fall delays in the order of 150 ns. Even with the lowest operation voltage, weak feedback scheme consumes 32% more power than the conventional scheme.

Note that weak feedback in FD-SOI is the unique scheme who consumes less power with LVT transistor and it is explained by its hight minimum operation voltage. For the others, the consumption is higher in FD-SOI technology with LVT transistors. The higher power consumption is explained by its static power caused by its lower threshold voltage, which allows a higher leakage between source and drain. The static power for these LVT transistors comprehends 17% and 30% of the total power consumption using, respectively, the conventional and the symmetric schemes. In bulk technology both static power consumption represents less then 1% of the total power. It can be noted that conventional scheme is faster and consumes less power than the symmetric scheme for all transistor types. Their differences in terms of power consumption range from 1.54 to 2.05 times for FDSOI transistors and from 1.09 to 1.94 times for bulk transistors.

In terms of delays, conventional scheme can be up to three times faster than the symmetric one for the same voltage and transistor type (RVT transistor at 0.38 V).

CONCLUSIONS

This work presents the minimum operation voltages of classic C-elements schemes in FD-SOI 28 nm and bulk 65 nm CMOS technologies. Results will be useful for creating new strategies of low-power mode in asynchronous circuits. Moreover, this paper shows that the best classic scheme of C-element for designing low-voltage components in FD-SOI is the conventional one. Although low-voltage C-elements induce higher delay overheads, intrinsic property of asynchronous circuits are able to compensate it, allowing thus the design of systems that save more power.

CHAPTER 5 BIASING CONTROL FOR POWER MANAGEMENT

The biasing control of FD-SOI transistors is very suitable for low-power management.

As it has been seen in the previous chapter, asynchronous circuits operate by using request A standard scheme for detecting data activity in QDI asynchronous circuits is presented in this chapter. In addition, two different architectures of level shifter cells are discussed as options for implementing boost cells: the Conventional Level Shifter (CLS) and the Contention Mitigated Level Shifter (CMLS).

(

PRINCIPLES OF THE AUTOMATIC BIASING CONTROL SYSTEM

Automatic Biasing Control System identifies the request of the circuit and activates it when necessary. The principle for an automatic biasing control is given on figure 22. With a QDI circuit structure, the first part is made with XOR gates and the second part is made with an OR gate. The XOR compares the acknowledgments from the input and the output of the memory cells. Then, the signal from the XOR arrives to an OR gate, which determines if the logical block needs to be biased or not. When necessary, the Boost Cell is activated to increase the speed of the circuit thanks to a local Body Biasing. Indeed, the boostcell is necessary for shifting the Voltage Level issued from the detection signal to the Biasing Voltages (Vhigh > Vdd and Vlow < GND). To implement this, a Level Shifter is used. The next subsection presents some basic architectures of Level Shifters that can be used as Boost

Cell. A cell is necessary to shift the Voltage Level from the detection signal to the Biasing Voltages (Vhigh > Vdd and Vlow < GND). To implement this part, a Level Shifter will be used. The next subsection presents some basic architectures of Level Shifter that can be used as Boost Cell.

BOOST CELLS BASED ON LEVEL SHIFTERS

Level Shifter circuits are used to transfer a digital signal from a part of an integrated circuit to another part when both parts use different voltage levels. There are different architectures of Level Shifter cells. Depending on the application, some cells among them have one or two supply voltage (only V DDH or V DD and V DDH together, respectively), Figure 23 presents an example of an input of a level shifter (in a V DD voltage domain) and its Output (in a higher voltage domain, which V High ). The fundamental operation of a LS architecture consists in switching its primary output (named V X ) from Gnd to V DDH whenever a voltage level (on the order of V DDL ) is applied at its primary input (herein EV DDH in figure 24 and figure 26 2). The function of EV DDH is, therefore, to enable a transition of V X from Gnd to V DDH . If the goal is to use the LS architecture in a forward BB scheme, V X is connected to V B of a n-well island (subcircuit 63 designed with flip-well configuration [95][96]; otherwise if the target is a DVS scheme, V X and V X are separately connected to the gate terminals of two PMOS transistors that operate to switch the V DD of a subcircuit from V DDH to V DDL (or from V DDL to V DDH ). A cell that changes from a positive to another positive but higher voltage domain (VDD to VDDH) is called a Positive Level Shifter (PLS). The cell that changes from a Positive voltage domain to a negative one is so called a Negative Level Shifter (NLS), i.e. The negative LS is evenly sensitive to the request signal in a positive domain (from Gnd to V DD ) and produces an output signal (from Gnd to Vlow). Figure 25 shows the required signals for an PLS and an NLS for the same input. 

Conventional Level Shifter

A Conventional Level Shifter (CLS) is basically composed of 3 parts: a Level Shifter Part, an Inverter to activate the inversion of the signal and an Output Buffer. To implement the complementary negative part, a similar implementation is necessary. It is also possible to take advantage of the inverter output signal, which can be used for both parts. The resulted architecture is shown in figure 26.

However, the CLS shows a contention between pull-down transistors (case of the a positive CLS) when an inversion is needed. The same contention happens in a negative CLS scheme, but as a mirror-scheme of the positive CLS, it is in this case the pull-up part that contributes to the contention. The contention ends by increasing both rising/falling delays and consequently dynamic power consumption [START_REF] Tran | Low-power high-speed level shifter design for block-level dynamic voltage scaling environment[END_REF]. In order to mitigate this effect, some changes are suggested as it is shown in the following architecture. 

Contention Mitigated Level Shifter

The Contention Mitigated Level Shifter, or simply CMLS, is a CLS with the inclusion of 2 new transistors in the level shifter part. Figure 27 

BOOST CELL ANALYSIS

The biasing control of asynchronous sub-systems in FD-SOI 28 nm requires designing and analyzing dedicated cells that do not exist in the standard cell libraries. The aim of this chapter is to compare the performances and power consumption of the two types of boost cells presented in the previous Sections.

Firstly, this chapter shows the simulation-based analysis methodology; after the results for the C-elements and boost cells. The influence of the transistor type (Regular-Vt and Low-Vt) was also studied. A second variant was the polybiasing distance.

ANALYSIS METHODOLOGY

The analysis consists of electrical simulations. The circuit description is made thanks to a Spice netlist where the transistors have a minimal size by default. In order to evaluate the circuit performances, the measures are performed on the rise and the fall times. The power consumption is measured too.

Two circuits were chosen as Reference: C-Element Conventional architecture and Conventional Level Shifter. The condition of reference is a design with a Regular-Vt transistor and V DD source at 1,00 V. The normalization is all made in relation to the characteristic of the reference circuit at the conditions mentioned before.

The Normalized Power Consumption ( P Normalized ) is defined by equation ( 4):

P Normalized = P Circuit P ReferenceCircuit (4)
For the Delay normalization, two steps were necessary. The first is the calculation of the average delay between the Rise and the Fall delays, defined by equation (5).

Delay average = Delay Rise +Delay Fall 2 (5) 
Then the normalization is made using the Average Delay of the reference, as equation ( 6) shows.

Delay Circuit A Normalized = Delay Circuit A Delay ReferenceCircuit ( 6 
)
The comparisons are made in a graphic format and they are presented in the sequel.

BOOST CELLS

The Boost Cells are a strategic part of the circuit biasing control system. Its role is to provide the V DDL (negative) and V DDH (positive) sources for biasing when required.. The stimulus is a square wave to represent the two digital state options, logical 1 (equals to V DD ) and logical 0 (equals to ground).

Firstly, the comparison of Average and Normalized Delays for the different Boost Cells architectures (CLS and CMLS) is presented in Figure 28. Secondly, the results of different polybiasing configuration are analyzed.

In the next figure, the power consumption for the same options of architectures and transistors are also shown. First and foremost, the CLS circuit exhibits a faster (smaller delay)

and it is less consuming when compared to the CMLS architecture. The differences of delay are less expressive than the power consumption differences, except for the Regular-Vt transistor which has an average delay approximately 50% higher than the Low-Vt. Indeed the power consumption can be more than two times higher for CMLS architecture. With the analyzed aspects as performance and power consumptions, it is clear that the CLS architecture presents superiority towards the CMLS. The tendency of Delays is similar to that observed for the C-Elements:. Low-Vt is faster and a smaller polybiasing presents also a faster behavior. It means that the theoretical characteristics were verified. Cell with 0 nm of polybiasing, Regular-Vt transistor and V DD source at 1.00 V.

CHAPTER 7 ENERGY-EFFICIENT ADAPTIVE BODY BIASING STRATEGIES FOR ASYNCHRONOUS CIRCUITS

Implementing an effective adaptive body biasing scheme requires changing circuit's V BB during circuit operation. The idea is to decrease V th during active periods, to guarantee performance, and increase it during idle periods to prevent unnecessary leakage. Therefore, for implementing FBB, the circuit is biased as soon as data is available for processing, and biasing is turned off as soon as the circuit becomes idle. Changing the operation mode to high performance requires charging the back plane capacitance (C b ), which consumes an energy E bias :

E bias =C b V bb 2 (7) 
The extra energy cost E bias has to be compensated with energy savings during a sufficiently long idle period. Therefore, precisely sensing the circuit activity is crucial for switching from high performance to low leakage mode as soon as possible, thus increasing the energy savings and the attractiveness of the adaptive body biasing schemes.

In QDI asynchronous architectures, as previously discussed in section 3.4.5, the acknowledgment signals can be directly used for signaling activity. Processing a combination of consecutive acknowledgments allow controlling body-biasing activation. Figure 30 shows the logic blocks responsible for detecting activity of the QDI asynchronous circuits for different granularity levels, called activity detectors. The work was published in VLSI-SoC 2019 [START_REF] Fesquet | A Distributed Body-Biasing Strategy for Asynchronous Circuits[END_REF]. The differences between the strategies depicted in figure 30 will be detailed in the following subsection. 

BBD GRANULARITY

For a target system, as shown in figure 31, the goal of this work is to determine the number of separate body biasing domain (BBD) in order to get an efficient adaptive body biasing strategy. In this work, each BBD is a sub-circuit of the target system composed of a single activity detector that controls the activation of a boost cell independently of other BBDs.

Figure 31 -Representation of an asynchronous pipeline.

For asynchronous circuits, the discussion of BBD granularity is closely related to the system pipeline. 

ENERGY EFFICIENCY OF BODY BIASING STRATEGIES ON ASYNCHRONOUS

CIRCUITS

There will be advantages on applying one of the body biasing strategies discussed in section 7.1 if the energy they consume (E ABB ) is smaller than the energy consumption of an always biased counterpart (E alwaysBB ), a system that is always connected to de the same V BB potentials, independently of circuit activity. In ( 8), E ABB represent any of the strategies discussed in section 7.1. Changing from low to high performance modes leads to energy overheads (E bias ), as described in the beginning of this chapter. Therefore, satisfying [START_REF] Otto Aureliano Rolloff | Exploiting reliable features of asynchronous circuits for designing low-voltage components in FD-SOI technology[END_REF] requires energy saving during idle periods to be greater than E bias .

E ABB < E AlwaysBB (8)
Analyzing a coarse-grain strategy Figure 32 show the activation and deactivation of body biasing when input vectors are processed by a system with a single BBD (body biasing strategy depicted in figure 30 (c)).

The system is active during the period ∆t BB and idle during ∆t noBB .

As shown by the blue curve in figure 32 (b), the complete circuit is biased on the arrival of the first input vector and unbiased only when the pipeline is completely empty. Therefore, the total energy (E ABB ) consumed during ∆t BB and ∆t noBB is:

E ABB =E BB + E noBB +2 E bias (9)
E BB =Δ t BB (P SYS + P ad +P bc )

E noBB =Δ t noBB ( P leak 0 +P ad , leak

0 + P bc , leak 0 ) (11) 
P sys corresponds to the total power consumption of the target system, including dynamic and leakage power consumption. Thus, it varies with the values chosen for V DD and V BB . P bc In this context, the total energy overhead (E 0 ) caused by implementing the body biasing strategy described in figure 30 

Finally, the inequality in [START_REF] Cao | An energy-efficient subthreshold level shifter with a wide input voltage range[END_REF] will only be true if the saved energy is greater than E 0 .

E ABB < E alwaysBB ⇔ E S > E 0 ( 14 
)
Substituting equations ( 12) and ( 13) in [START_REF] Cao | An energy-efficient subthreshold level shifter with a wide input voltage range[END_REF] enable deriving the relation between ∆t BB and ∆t noBB for which (8) is true.

Δ t BB (P ad + P bc )+2 E bias <Δ t noBB (P leak Vbb -P leak 0 -P ad,leak

0 -P bc , leak 0 ) (15) 
The above condition is simplified considering that the power consumption (dynamic and static) of the activity detection and boost cells are negligible if compared to the total power consumption of the target circuit. Therefore equation ( 15) is simplified to:

Δ t noBB > 2C b V bb 2 P leak Vbb -P 0 leak ( 16 
)
As previously mentioned in in the beginning of this chapter, C b represents the back plane capacitance that is proportional to the area been biased, and is a technology dependent factor. Equation ( 16) determines the minimum ∆t noBB that equals the energy overhead with the energy savings, commonly known as minimum idle time (MIT) [START_REF] Xu | Novel Vth Hopping Techniques for Aggressive Runtime Leakage Control[END_REF].

Analyzing a fine-grain strategy

The same target system analyzed in section is now considered to be composed of one BBD per pipeline stage (body biasing strategy depicted in figure 30 (a). For instance, during ∆t BB1 , data is only being processed in the first pipeline stage.

Consequently it is the only part of the circuit that is on high performance mode, thus having a high leakage (V BB ). Conversely, the following N-1 pipeline stages consumption ( P leak , 1

V BB )
are not yet biased, thus the leakage power they consume during ∆t BB1 is equivalent to no biased ( P leak , j

V BB

). Hence, compared to a coarse-grain strategy (the case analyzed in section ), the energy saved during ∆t BB1 (E s,p1 ) is determine by:

E s,1 =Δ t BB1 ∑ j=2 N (P leak , j Vbb -P leak , j 0 ) (17) 
The same analysis is done to the following time intervals in pipeline loading. Therefore compared to a coarse-grain strategy, the total energy saved during pipeline loading (E s,pl ) is a summation of the individual savings in each interval of pipeline loading:

E s, pl =∑ i=1 N-1 Δ t BBi ( ∑ j=i+1 N (P leak , j Vbb -P leak , j 0 )) (18) 
As the analyzed target system is an asynchronous circuit, ∆t BBi corresponds to the latency of the corresponding pipeline stage (δ i ), which varies with the chosen values of V DD and V BB .

As soon as each pipeline stage has no data to process, it is switched back to low performance mode, causing the number of biased stages to progressively decrease during pipeline unloading, as shown in figure 32 (c). The analyses to evaluate the amount of saved energy during pipeline unloading is similar to the case of pipeline loading, thus leading to savings of approximately [START_REF] Chen | Subthreshold to Above Threshold Level Shifter Design[END_REF].

Repeating the energy analysis done in section on the target system , the total energy (E fine ) consumed by a fine-grain strategy during ∆t BB and ∆t noBB is:

E bias ,i =C b, i (V bb ) 2 ( 19 
)
E BBfine =E BB +2 E s , pl (20) 
E fine =E BBfine + E noBB +2 ∑ E bias ,i (21) 
Compared to equation ( 9), the total energy consumption during ∆t BB (E BBfine ) has been updated with the component of saved energy from equation [START_REF] Chen | Subthreshold to Above Threshold Level Shifter Design[END_REF]. The value of E noBB , is kept as defined in [START_REF] Beerel | A Designer's Guide to Asynchronous VLSI[END_REF], since during ∆t noBB the energy consumed by the system is equivalent to a coarse-grain strategy. Moreover, as the area of each BBD of the target system has been reduced, the value of back plane capacitance (C b,i ) is now different for each BBD and smaller than C b . Consequently, the energy required to switch the system from low to high performance mode (E bias,i ) has been split into smaller components. Equations ( 12) and ( 13) are now rewritten for the case of a fine-grain strategy:

E 0, fine =Δ t BB (P ad + P bc )+2 ∑ E bias , i (22) 
E S,fine =Δt noBB (P leak V bb 1

+ P leak 0 + P ad , leak 0 )+ E s, pl (23) 
Finally, with similar manipulation as done in section , equation ( 16) is derived for a fine-grain strategy:

Δ t noBB > 2V bb 2 ( ∑ C b, i -E s , pl ) P 0 leak -P leak 0 ( 24 
)
The MIT for a fine-grain body biasing strategy differs from the one in equation ( 16) by a term E s,pl , determined by equation [START_REF] Corsonello | A layout strategy for low-power voltage level shifters in 28nm UTBB FDSOI technology[END_REF]. Therefore, the more cycles of pipeline loading and unloading, the smaller is the MIT and consequently more energy savings are achieved compared to a coarse-grain strategy.

SIMULATION RESULTS AND ANALYSIS

A case-study circuit was used as target system for the implementation of the 3 different body biasing strategies depicted in section 7.1. The energy efficiency and performance of each implementation were determined through electrical simulations with low threshold voltage transistors in FD-SOI 28nm technology.

Casy-study: 8-bit QDI asynchronous ALU chain

A QDI asynchronous 8-bit ALU is the base architecture for the implementation of the proposed case-study. It is a 3-stage pipelined circuit, with a total of 506 logic gates. It has been replicated 5 times, and connected in chain, as depicted in figure 33 (b), in order to create a more complex system, more suitable for the implementation of different body biasing strategies. The input of the ALU chain is connected to a Linear Feedback Shift Register (LFSR) that provides pseudo-random input vectors. A completion detection circuit (End Plug in figure 33 (b)) is connected to the chain's output, generating the acknowledgment for the last pipeline stage. Input vectors are generated by a LFSR. A handshake interface (End Loop) implements the communication protocol with the system output stage. The 3 different implemented adaptive body biasing strategies are: a coarse-grain strategy, in which all ALUs belong to the same BBD; a fine-grain strategy, with 1 BBD per pipeline stage of each ALU, thus a total of 15 BBDs were implemented; and a medium-grain strategy, in which each ALU belongs to a separate BBD, thus a total of 5 BBDs were implemented (Figure 34). Additionally, for the sake of comparison, an always biased system was also designed. It is a version of the ALU chain in which the body biasing is always on, independently of circuit activity. 

DESCRIPTION OF EXPERIMENTS

The circuits were simulated under multiple V DD and V BB scenarios. In the performed simulations, the activity intervals (∆t BB ) are kept fixed for each pair (V DD ,V BB ) while the idle intervals (∆t noBB ) vary from simulation to simulation, in order to create multiple activity scenarios. Each scenario is characterized by an activity ratio (AR), defined as:

AR= Δ t BB Δt BB +Δ t noBB ( 25 
)
As the idle period tends to 0, AR tends to 1, indicating that input vectors are always available in primary inputs of the system, thus it is always processing data. On the other hand, as ∆t noBB tends to a large number, AR tends to 0, indicating that system is almost always idle.

RESULTS AND ANALYSIS

Results from electrical simulations performed with always biased, coarse-grain, medgrain and fine-grain strategies, are shown in tables 4 and 5 for different V DD and V BB . For each strategy, the results of energy per operation, throughput and total power are shown for 3

different values of AR. The value of MIT for each strategy is also shown in each V DD , V BB scenario.

As shown in table 4, if the circuits are operating at V DD of 0.8 V and at V BB of 2.0 V, the MIT of the fine-grain strategy is reduced by approximately 2.1% if compared to the coarsegrain approach. Comparing the power consumption of both strategies, the power savings during pipeline loading and unloading, explained in section 7.2.1, allow a total power reduction of approximately 6% in the fine-grain strategy for an AR of 0.2. Comparing coarsegrain with med-grain strategies, the MIT reduction is slightly smaller (approximately 1.7%).

The power reduction in this case is also approximately 6% in the medium-grain strategy for an AR of 0.2. If operating at a V DD of 0.6 V and a V BB of 1.0 V, as presented in table 5, the scenario changes. The lower V BB reduces the energy overheads described in equations ( 12) and ( 22), also reducing the energy savings described in equations ( 13) and ( 23). The result is that the energy savings during pipeline loading and unloading, expressed by equation ( 18) decreases.

Additionally, the power consumed by the activity detection circuitry (P ad ) and the boost cells (P bc ) increases as the strategy becomes finer, e.g. P ad and P bc for the med-grain strategy is greater than it is for the coarse-grain strategy. Consequently, the MIT of the medium-grain and fine-grain strategies are approximately 1% and 5% larger than the coarse-grain strategy, respectively.

In all analyzed conditions of V DD , V BB and AR, the throughput of coarse-grain is approximately the same as the always biased, and slightly smaller for medium-and fine-grain strategies. The reason for this difference is that there is a latency between detecting activity and fully biasing each BBD. As the number of BBDs increased, so does the biasing activation latency thus slightly reducing the performance, as shown in tables 4 and 5. Finally, figure 35 depicts the energy per operation of fine-grain and always biased strategies with the variation of V BB . As the biasing voltage increases, the gains of applying an adaptive body biasing strategy exponentially increases compared to a system that has a fixed body biasing. For instance at a V BB of 2.0 V, the fine-grain strategy consumes approximately 6 times less energy per operation than the always biased circuit. The reason is the increase in the saved energy during idle period, described in equations [START_REF] Colinge | FinFETs and other multi-gate transistors (Integrated Circuits and Systems[END_REF].

The results presented in this section would be enhanced by improving the architecture of the boost cells. Reducing the aforementioned boost cell activation latency would improving the throughput of fine-grain and medium-grain strategies and increase the energy saved during pipeline loading and unloading, described by equation [START_REF] Chen | Subthreshold to Above Threshold Level Shifter Design[END_REF]. Moreover, assigning different V BB levels to each BBD, as presented in [START_REF] Kulkarni | A statistical framework for post-silicon tuning through body bias clustering[END_REF], would further enhance the energy efficiency of medium-and fine-grain strategies.

Figure 35 -Comparison of energy per operation variation with V BB of target case-study circuits for an activity ratio 0.05 at 0.8 V V BB . Measurements have been normalized to the value of energy per operation of the fine-grain circuit at V BB of 0.5 V.

CONCLUSIONS

This chapter analyzed the energy efficiency and performance of multiple adaptive body biasing strategies on asynchronous circuits. The locality of synchronization in such architectures allows activating body biasing depending on circuit activity with simple circuitry. Different body biasing domains (BBD) configurations were analytically analyzed to identify unnecessary leakage consumption. Furthermore, a study-case with a QDI asynchronous circuit showed optimal use cases for the different adaptive body biasing strategies implemented. Future works will include improving the design of boost cells to allow better energy and performance results, especially for strategies with small BBDs.

Additionally, techniques proposed in the literature to assign different V BB levels for each BBD will also be implemented, further enhancing the energy efficiency of the systems with multiple BBDs.

87 [START_REF] Tschanz | Adaptive body bias for reducing impacts of die-to-die and within-die parameter variations on microprocessor frequency and leakage[END_REF][37] [START_REF] Kamae | A body bias generator with wide supply-range down to threshold voltage for within-die variability compensation[END_REF][79] [13][42]. BB schemes are, moreover, effective for run-time optimization of system power and speed [29][118], especially in technologies featuring efficient control of the BB effects on transistor channels, such as the process UTBB FD-SOI (ultra thin body and buried oxide fully depleted silicon on insulator) [START_REF] Pelloux-Prayer | Planar fully depleted soi technology: The convergence of high performance and low power towards multimedia mobile applications[END_REF][96]: increasing V TH of transistors saves energy, decreasing it speeds up performance of circuits.

In all mentioned techniques the integrated systems are split into subcircuits, at design time, to individually manage them with fine granularity at run time, better controlling V TH variations, power, and speed. Each subcircuit operates such as an island [START_REF] Garg | System-Level Leakage Variability Mitigation for MPSoC Platforms Using Body-Bias Islands[END_REF][58] [START_REF] Dal | Power islands: a high-level technique for counteracting leakage in deep sub-micron[END_REF] having its own V B or even its own V DD , both locally adapted with the help of specific built-in cells able to dynamically shift them to different voltage levels. Depending on the size of the target subcircuit, the so-called level shifter (LS) cell is designed to output voltage levels either with a fine resolution or only two levels. Wide resolutions require, in addition to the LS function, analog circuitry and control logic for smoothly generating and tuning distinct voltage levels [START_REF] Kamae | A body bias generator with wide supply-range down to threshold voltage for within-die variability compensation[END_REF][79] [START_REF] Blagojevic | A fast, flexible, positive and negative adaptive body-bias generator in 28nm fdsoi[END_REF]. For minimizing area overheads, therefore, systems that are fine-grained with small subcircuits, on the order of hundreds of gates, have to use simpler architectures of LS cells [START_REF] Cao | An energy-efficient subthreshold level shifter with a wide input voltage range[END_REF] [START_REF] Zhou | An Ultra-Low Voltage Level Shifter Using Revised Wilson Current Mirror for Fast and Energy-Efficient Wide-Range Voltage Conversion from Sub-Threshold to I/O Voltage[END_REF] with the aim of dynamically scaling down V DD of subcircuits from a low V DD (V DDL ) to a high V DD (V DDH ).

Additionally to DVS purposes, this chapter presents a new LS architecture featuring ultra-low voltage operation, quick time response, and low power and area penalties, which enable its application also on modern BB schemes [START_REF] Hamon | Automatic leakage control for wide range performance QDI asynchronous circuits in FD-SOI technology[END_REF] requiring LS transitions as fast as the data throughput of high performance systems. Typical state-of-the-art LS issue in terms of delay and power -which are degraded due to the current contention during LS transitions -is mitigated by simply returning output buffer signals to the internal LS structure responsible to switch the voltage levels. The proposed return signals play to isolate the pull-up networks from the pull-down networks of the LS, further weakening the competition between the currents coming from pull-up transistors and the currents going to pull-down transistors. This chapter is organized as follows: section 8.1 presents the new LS architecture, and section 8.2 and 8.3, respectively, analyzes simulation results and concludes this work.

PROPOSED LEVEL SHIFTER ARCHITECTURE

The proposed architecture baptized herein as the weak contention level shifter (WCLS) is composed of a DCVS-based structure (dashed box in figure 37). WCLS is quite similar to CMLS in figure 36 (a), however a fundamental difference exists at gate terminals of transistors 3 and 4 (cf. figure 37) that are connected, respectively, to the signals FB and FB of the output buffers. When EV DDH switches from Gnd to V DDL , the node V2, already charged to V DDH , will discharge to Gnd. Transistor 3 was already cut by the signal FB, previously settled to V DDH .

When discharging, the signal V2 will activate transistor 2, enabling the node V1 to charge, if considered that transistor 4 was already activated by the signal FB , previously set to Gnd.

Once V1 has been set to V DDH , forcing FB to Gnd, transistor 3 will be activated, and the signal 

SIMULATION RESULTS AND ANALYSIS

This section describes simulation experiments, analyzes, and compares results of recent and effective state-of-the-art LS architectures (CMLS [START_REF] Tran | Low-power high-speed level shifter design for block-level dynamic voltage scaling environment[END_REF], LANLS [START_REF] Lanuzza | An Ultralow-Voltage Energy-Efficient Level Shifter[END_REF], and CAOLS [START_REF] Cao | An energy-efficient subthreshold level shifter with a wide input voltage range[END_REF])

shown in figure 36 with our proposition WCLS in figure 37.

Description of simulation Experiments

Electrical-level simulations were done using LVT transistors from a commercial technology UTBB FD-SOI 28 nm. For the sake of fair comparison, the W/L ratios of each transistor in the DCVS-based structures of CAOLS and LANLS were firstly reproduced from the paper references and optimized with the minimum size that makes them functional. A periodic pulse was applied at EV DDH with a frequency of 50 MHz and an amplitude of V DDL , while the output V X was loaded by 20 minimum-sized inverters of the technology. In the case of CMLS and WCLS circuits, the transistors were set to the technology's minimum sizes W min and L min . The performance of both these LS architectures could be enhanced thanks to higher W/L ratio of the transistors in the PDNs of the DCVS-based structure. 

Comparison of LS Architectures

Figure 38 shows three graphics describing on their axis y average results of delay (a), static power (b), and transition energy (c); all of them in function of V DDL . The minimum V DDL reachable by each LS architecture are approximately:

• CAOLS [START_REF] Cao | An energy-efficient subthreshold level shifter with a wide input voltage range[END_REF] (gray): 0.37 V;

• LANLS [START_REF] Lanuzza | An Ultralow-Voltage Energy-Efficient Level Shifter[END_REF] (green): 0.32 V;

• WCLS [this work] (red): 0.19 V;

• CMLS [START_REF] Tran | Low-power high-speed level shifter design for block-level dynamic voltage scaling environment[END_REF] (blue): 0.37 V.

The best results in terms of delay, static power, and transition energy are for CMLS and WCLS, showing similar trends within the V DDL range between 0.4 V and 1 V. In fact, the explanation is that both LS architectures have the same DCVS-based structure. Moreover, for this V DDL range, the PDN is strong enough if compared to the PUN, allowing to quickly discharge the nodes V2 (V1) when the transistor 3 (and 4) are activated by EV DDH ( EV DDH ). For V DDL lower than 0.37 V, the PDN current of the CMLS architecture is lower than the PUN current, then V2 and V1 nodes are not discharged when required, making it impossible to switch. Otherwise, for the same V DDL range, WCLS continues operating because transistor 3 (and 4) were cut-off by the signal FB (FB) after the occurrence of the last transition of EV DDH , and before the next transition of EV DDH ( EV DDH ) arrives (from Gnd to V DDL ), letting node V2 (V1) discharging almost without any opposition of the PUNs.

For V DDL of 0.4 V, and applying transitions at EV DDH from Gnd to V DDL and from V DDL to Gnd, we notice the average delay of LANLS exceeds the WCLS's average delay by a factor of at least 11. CAOLS and LANLS consume also significantly higher static power than WCLS. In terms of average transition energy, the CAOLS and LANLS overheads are, respectively, 4 and 2 times higher than WCLS costs. For CAOLS, as the ratios W/L of the transistors 1, 2, 6, and 7 are low, the PUNs of the WCM structures are very weak, enabling the PDNs effectively discharging through the branches of the transistors 4 and 9, for a wider V DDL range. Nevertheless, CAOLS is not effective for V DDL lower than 0.37 V. Similar effects are observed for LANLS that operates up to 0.32 V. The technique that dynamically weakens the PUN is not effective if V DDL is lower than 0.32 V as the PDN drive gets weaker than the PUN drive under this ultra-low voltage condition. The same argument is used to justify how the LS delay is longer for CAOLS and LANLS than for WCLS. WCLS is the only studied option that isolates almost completely the PUNs and the PDNs, allowing the already charged branch of the DCVS-based structure to discharge practically without opposition of the PUNs. Even under ultra-low V DD condition, the PDNs of WCLS are able to discharge the nodes V1 and V2.

Figure 39 details measures of the transition energy and static power in function of the delay of each LS. As this work has looked for the lowest power consumption and the shortest delay, the best LS results within the simulated conditions is the ones closest to the lower-left corner of the scatter plot. According to this aspect, the most stable LS architecture is the CMLS because their points are more concentrated and closer to the lower-left corner. On the other hand, the most stable LS architecture in terms of delay is the WCLS as their points are the least spread on the axis x. It is due to the absence of PUN contention, which leads to a stabler discharge of each branch, even under process variations. If the transition energy is analyzed, the CMLS is the most stable solution. Finally, for a static power analysis, LANLS and CMLS are the stablest, presenting almost the same behavior under process variations.

CONCLUSIONS

This paper presents a novel LS architecture able to provide V DDH from ultra-low V DD at expense of low delay, static power, and transition energy. Thanks to feedback signals coming from the buffers connected at the LS output, the current contention issue is efficiently mitigated, leading to an almost total isolation between PUN and PDN (of a DCVS-based structure branch) before the discharge of it.

The proposed WCLS is suitable for implementations at the interface between multiple V DD domains, transferring data at sub-threshold V DD to above V th . As it is controllable by a circuitry operating at ultra-low V DD , WCLS is also convenient for controlling BB schemes that use ultra-low V DD in UTBB FD-SOI systems. Both DVS and BB techniques operating at ultralow V DD are fundamental in the today's low-power demand for IoT devices.

97 inversion of the PN-junction of the wells. Moreover, in Flip-Well standard configuration, both P-and N-transistors are biased with 0 V, which turns inter-wells leakage to 0 thanks to the 0 DDP between both regions.

For design purposes, Flip-Well also requires less complex power lines, as standard Conventional Well already bias its PMOS transistor with 1V. Another limitation is the voltage range that transistors in 28 nm FDSOI technology can use because of EG-Transistors allows a maximum V GS = V GD of 1.8 V, limiting the bias voltage range.

Finally, the only way to achieve maximum transistor speed available in the technology is by using Flip-Well and FBB configuration. With both V BB = 0 (NoBB) and

V BB > 0 (FBB), technology provides its maximum power saving and the maximum circuit speed, respectively.

Adaptive Back-Biasing can even maximize the benefits of using NoBB and FBB allowing the use of both configurations at the same time. Many techniques have been devised

to enhance BB effectiveness [START_REF] Garg | System-Level Leakage Variability Mitigation for MPSoC Platforms Using Body-Bias Islands[END_REF][58] [START_REF] Kühn | Leveraging fdsoi through body bias domain partitioning and bias search[END_REF]. It is, however, necessary to identify circuit activity and well-defined idle and calculation periods. And with both periods, NoBB configuration is set during idle periods, while FBB voltages are provided during circuits calculations.

Some proposed techniques using charge-pumps and digital-to-analog converters are interesting for large IPs, but they require an important area. For instance, the area overhead represents 40% of one entire circuit in FDSOI 28 nm [START_REF] Blagojevic | A fast, flexible, positive and negative adaptive body-bias generator in 28nm fdsoi[END_REF][51][79] [START_REF] Meijer | A forward body bias generator for digital cmos circuits with supply voltage scaling[END_REF]. For small Back-Biasing Domains, those strategies spend too much circuit area, drastically increasing leakage and without the gain of a split-voltage setup.

V TH hopping is used in order to reduce circuit complexity and reducing the number of voltage sources [START_REF] Hamon | Automatic leakage control for wide range performance QDI asynchronous circuits in FD-SOI technology[END_REF][90] [START_REF] Xu | Novel Vth Hopping Techniques for Aggressive Runtime Leakage Control[END_REF]. With only 2 states, circuit complexity is dropped and the same happens to the circuit area. V TH boost can be provided by a Level-Shifter-based Voltage Generator, which also simplifies biasing circuitry and contributes to save even more area.

Those cells can are activated with 1 bit input, which is provided by an activity detection circuit designed at logical level, as previously described in chapter 5.

Nevertheless. activity detection circuits have a complex implementation in normal synchronous circuits. Asynchronous circuits, in the other hand, intrinsically provide those activities signals on their signals used in handshake protocols as mentioned in chapter 3.

Those asynchronous controlled body biasing strategies have been already investigated by

Hamon [START_REF] Hamon | Automatic leakage control for wide range performance QDI asynchronous circuits in FD-SOI technology[END_REF]. The study focused on activity detection and boost of circuit performance using asynchronous QDI approach. However, some important aspects for a practical implementation and also necessary to analyze circuit energy efficiency were not investigated. Some of those aspects are circuit partition in BBDs, strategies for circuit design and real implementation using taking into account technology design restrictions.

This chapter proposes partitioning strategies and an integrated and also distributed back-biasing generator. An asynchronous ALU is chosen as a study case to evaluate the impact of this strategy on circuit performance and power consumption. In order to provide a full view of the impact of this technology, an analysis methodology is equally proposed.

This chapter is organized in four parts as follows. Sub-chapter 9.1: building Adaptive Body Biasing (ABBs) with the use of intrinsic characteristics of asynchronous circuits. Sub-chapter 9.2: presents the methodology to analyze circuit performance and saving power capabilities. Sub-chapter 9.3: circuit organization and orders of sectioning circuit. Subchapter 9.4: the prosed Case-Study: QDI asynchronous ALU. Sub-chapter 9.5 completes the description of the case-study implemented in a testchip. And, finally, sub-chapter 9.6 with simulation and analysis with the conclusions in sub-chapter 9.7.

EFFICIENCY IN ADAPTIVE BODY BIASING

As previously mentioned, Adaptive Body Biasing requires V BB tuning during data processing. In an On/Off ABB, V BB is equal a zero during idle periods, which increases V TH and, for this reason, reduces unnecessary leakage, saving power. During calculations, V BB is than changed in order to decrease V TH , speeding data processing up. To maximize its efficiency, FBB configuration is used as soon as data arrives in the pipeline and NoBB configuration is set as soon as calculations are done.

The operation of charging the backplane capacitance ( C b ) requires an energy

E bias : E bias =C b V bb 2 ( 26 
)
This energy loss has to be compensated with energy savings made during long idle periods. Consequently, precise circuit activity detection is crucial to switch circuit from highperformance-to low-power-mode and vice-versa. As aforementioned, asynchronous circuits already include circuit activity on their handshake protocols. In dual-rail QDI design, acknowledgment signal express pipeline readiness. In other words, if ack=1 , circuit is ready to receive new data. Which means that if ack=0 is still processing that in that section of the pipeline. And also, if Ack n ≠ack n+1 , new memory has been stored in the memory block of stage n . By taking acknowledgment signals from before, after and between memory elements; circuit activity is logically identified with:

ActDet BBD1 =ack n ⋅ack n+ 1 ⋅ack n+2 (27)
However, to be effective in power-saving, the energy spent in a system with Adapted Body Bias ( E ABB ) must be lesser than the energy spent by the same system with permanent use of FBB ( E AlwaysBB ), which is:

E ABB < E AlwaysBB ( 28 
)
The energy with ABB can be expressed as:

E ABB =E BB + E noBB +2 E bias ( 29 
)
Where:

• E BB is the energy during calculations and FBB activated;

• E noBB is the energy during idle periods; and

• E bias is the required energy to bias the circuit, which is multiplied by 2 in order to represent both charging and discharging states.

If the circuit uses only noBB configuration:

E BB =0, E bias =0⇔ E ABB =E noABB ( 30 
)
Because there is no circuitry for biasing the system and also. This configuration simplifies circuit design but doesn't use the maximum circuit speed available in the technology. With only FBB configuration, circuit design is also simplified, circuit speed is the can be maximum provided for the technology, but leakage currents are the greatest and equation [START_REF] De Streel | Study of Back Biasing Schemes for ULV Logic from the Gate Level to the IP Level[END_REF] becomes: [START_REF] Ernst | Buried oxide fringing capacitance: a new physical model and its implication on SOI device scaling and architecture[END_REF] Please notice that E noBB ≠ E only noBB and E BB ≠ E only BB .

E noBB =0, E bias =0⇔ E ABB = E BB
With ABB, the first case described in equation ( 29), E BB is than represented as:

E BB =Δ t BB (P SYS + P ad +P bc ) (32) 
Where:

• Δ t BB is the time during which FBB is active;

• P SYS is system total power consumption, including dynamic and leakage power consumption;

• P ad is the power required by the activity detection circuitry; and

• P bc is the power spent by the boost cells On the other hand, during idle period, the power consumption is limited to the leakage of the previously mentioned power consumption ( P SYS , P ad and P bc ) during the idle period ( Δ t noBB ):

E noBB =Δ t noBB ( P leak 0 +P ad , leak

0 + P bc , leak 0 ) (33) 
The energy overhead ( E O ) is described as:

E O =Δ t BB (P ad + P bc )+2 E bias [START_REF] Ferretti | Single-track asynchronous pipeline templates using 1-of-N encoding[END_REF] And the saved energy ( E S ) as

E S =Δ t noBB (P SYS V bb +P leak 0 + P ad , leak 0 + P bc , leak 0 ) (35) 
To justify the Adaptive Body Biasing, the inequality (33) must be true.

E ABB < E alwaysBB ⇔ E S > E 0 ( 36 
)
Substituting equations ( 31) and ( 32) in [START_REF] Ferré | Local variations compensation with dll-based body bias generator for UTBB FD-SOI technology[END_REF] 

Taking into account the difference of size between the processing circuit and the necessary circuitry to detect circuit activity and bias the same circuit, inequality [START_REF] Ferretti | Single-track asynchronous pipeline templates using 1-of-N encoding[END_REF] is then simplified to:

Δ t noBB > 2C b V bb 2 P leak Vbb -P 0 leak ( 38 
)
Equation ( 35) defines the Minimum Idle Period (MIT) required to justify the use of Adaptive Body Bias.

GRANULARITY

The beginning of sub-chapter 9.1 introduced the concept of Adaptive Body Biasing and how to define if the approach is suitable for a specific case. The example presented in the equations ( 26) to [START_REF] Germain | A High Level Current Modeling for Shaping Electromagnetic Emissions in Micropipeline Circuits[END_REF] of these chapters supposes a unique active area. However, complex digital circuits are usually composed of multiple pipelines, and each pipeline is often composed of multiples pairs of memory elements and combinational logic. This section introduces the concept of granularity for body biasing, which is an important aspect to consider in order to maximize the power-saving capabilities of ABB design technique.

Granularity means how many Body Biasing Domains exists in a given circuit. The first presented approach illustrates whats is called a coarse-grain strategy. If the same region aforementioned is divided into more Body Biasing Domains, finer is the strategy. The control is equally divided, in order to bias only the activated stages. Differently from the previews described single BBD, the circuit in a finer granularity is composed by many independently biased stages. As Figure 41 (b) presented, in a sequel of biasing stages, each stage is biased and unbiased in sequence. In this case, during the period where the first BBD domain ( Δ t BB ,1 ), the leakage of this stage ( P leak ,1

Vbb

) is increased.

However, the leakage of the N-1 not-active stages P leak , j Vbb=0 are lower, due to the higher V TH .

The saved energy with this approach is now the sum of the energy saved by each stage E s,1

during the activation period of the first BBD ( Δ t BB ,1 ) is:

E s,1 =Δ t BB1 ∑ j=2 N (P leak , j Vbb -P leak , j 0 ) (39) 
The same approach is now applied for the other stages, resulting in a summation of the individual savings:

E s, pl =∑ i=1 N-1 Δ t BBi ( ∑ j=i+1 N (P leak , j Vbb -P leak , j 0 )) (40) 
As this circuit is asynchronous, each activation period Δ t BB , i corresponds to the latency of the active stage of the pipeline ( δ i ), even though it depends now on V BB and V DD . Once the calculation on a given stage is done, its biasing voltage returns to 0;

progressively unloading the pipeline. Repeating the coarse grain analysis, the energy required to bias one stage is:

E bias ,i =C b, i (V bb ) 2 (41) 
The energy during the active period is now equal to:

E BBfine =E BB +2 E s , pl (42) 
And considering the energy during idle periods the same (E noBB ), it results in a total energy of:

E fine =E BBfine + E noBB +2 ∑ E bias ,i (43) 
Splitting the system into smaller and independently biased stages, backplane capacitance of each stage (C b,i ) is now smaller than C B . Therefore, equations ( 34) and [START_REF] Flatresse | UTBB-FDSOI Design & Migration Methodology[END_REF] become:

E 0, fine =Δ t BB (P ad + P bc )+2 ∑ E bias , i

E S , fine =Δt noBB (P leak V bb 1

+ P leak 0 + P ad , leak 0 )+ E s, pl (45) 
Which changes the derivation of (38) to:

Δ t noBB > 2V bb 2 ( ∑ C b, i -E s , pl ) P leak Vbb -P 0 leak ( 46 
)
Finally, what distinguishes equations ( 35) and ( 46) is the term E s, pl , which is the individual savings of each step. This means that the Minimal Idle Time becomes smaller with those individual savings. Consequently, there is more possibilities to save energy with this fine-grain strategy in comparison with the afore-described coarse-grain strategy.

BUILDING ADAPTIVE BODY BIASING

Building Adaptive Body Biasing requires some changes on standard design flow. To create Body Biasing Domains it is necessary to include new steps on traditional design flow and also develop some dedicated Body Bias Generators already introduced in chapter 5. This sub-chapter presents all necessary changes to implement the Adaptive Body Biasing in the FD-SOI 28 nm commercial Design Flow from ST Microelectronics.

ABB DESIGN FLOW IN 28 NM FDSOI

Original design flow from ST FD-SOI technologies does not include BBD definitions.

Nevertheless, it is possible to keep almost the entire design flow, requiring only changes in the Placement & Routing part. For the asynchronous design part, it is also necessary to include some steps to generate the circuit with a Quasi-Delay Insensitive class. The resulting developed design flow including these two main changes are presented in figure 42.

Asynchronous Circuit Compiler (ACC) from our partners Tiempo Secure and ST Microelectronics was used in order to develop the asynchronous synthesis step using a System Verilog hardware description [136][103]. Tiempo Secure also provided the Asynchronous Standard Cells Library, designed in FD-SOI 28 nm. Thus, the area of each BBD depends on the chosen ABB strategy, as explained in chapter 5, and it does not need to be equal to the area of the other BBDs, as shown in figure 43 (a As seen on Figure 45, it is possible to notice different BBG areas highlighted with different colors. Blue area highlights the inverted input designed using a LVT transistor at its minimal width. The positive and the negative part of the Level Shifter (green area) where designed using Extended Gate (EG) transistors. EG transistors are built with thicker oxide to be able to work with higher voltages. The rose area in the center is an integrated well tap to directly connect the outputs of the BBG to the substrate. A diode (not visible in figure 45) is included in order to avoid antenna effect during circuit fabrication. Finally, the dummy elements around the BBG are only required for Design Rule Checking (DRC) verification.

Once the BBG is placed in the circuit, they are not necessary anymore.

It is important to keep in mind that as PMOS transistors are larger than the NMOS, its substrate is also larger and requires a stronger BBG. Besides, EG transistors are much larger than the typical LVT and this requires more silicon area. To be able to size correctly our design, an extracted substrate model of a 101 Inverters was used as a load. Moreover, it was noticed during the tests that the negative level shifter part takes much more time to charge and discharge the substrate. With that in mind, the minimal sizing of the transistors at the positive 111
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Negative-part Level Shifter part was set as a reference for the charging time. The negative part was then designed larger to be able to charge the substrate with a similar delay. This allows the cell to be the smallest as possible, which makes the cell able to charge small BBDs with a minimal area overhead. If a stronger charging capacity is required, we just need to add BBGs to the BBD.

To finish this step of the proposed design flow, the output of the activity detectors (ActDet BBD1 in figure 40) are connected to the input (boost in figure 44 of the BBGs of each BBD by using the engineering change order (ECO) commands, available in any Place & Route tool. The following placing and routing steps are equivalent to the ones of a standard IC design flow, with the only restriction of placing the standard-cells that has been assigned to a specific BBD in the partition step into its rightful place.

CASE-STUDY: QDI ASYNCHRONOUS ALU

The case-study chosen to evaluate the ABB is a QDI asynchronous 8-bit ALU. This ALU is composed by 3-stage pipelined circuitry, totaling 506 logic gates. A similar circuit was previously analyzed and compared to a synchronous ALU by Leite et al. [START_REF] Leite | Comparison of low-voltage scaling in synchronous and asynchronous fd-soi circuits[END_REF]. The only difference between the asynchronous ALU in the article and in this study is the adder. In this study, a Carry Look-Ahead adder (CLA) is used in stead of using a Sklansky one. The work evaluated the capacity of this architecture of asynchronous ALU to adapt itself to different voltage levels without impacting its performance. This allows a lower minimum operational voltage with less power consumption per operation. The lower minimum operational voltage allows a larger operational voltage range, which provides more performance conditions for testing. Figure 46 shows the circuit of this case-study, that is composed of:

• One 8-bit Carry Look-Ahead adder (CLA), which computes addition and subtraction operations;

• One 8-bit Logic Unit for AND, OR and XOR operations;

• Multiplexers and de-multiplexers to select the operations;

• Memory blocks composed of 4-phase Weak-Conditioned Half-Buffer (WCHB) communication protocol [START_REF] Lines | Pipelined asynchronous circuits[END_REF].

The asynchronous logic blocks of this ALU was designed using the technique called Delay Insensitive Min-terms Synthesis (DIMS) [START_REF] Sparsø | Principles of Asynchronous Circuit Design: A Systems Perspective[END_REF]. A similar synchronous ALU architecture can easily be implemented by substituting the asynchronous memory blocks by synchronous memory blocks controlled by a clock -e.g. Flip-Flops or Latches. Figure 47 presents the four different granularities were than implemented in the following circuits:

1. A Coarse-grain strategy with all ALUs in one single BBD.

2. A Medium-grain strategy with one BBD per ALU, resulting in a total of five BBDs. 4. An always biased system to work as a reference for a no-BBD strategy. Circuit simulated and measured with multiple V DD and V BB for the same activity interval ( Δ t BB ) and idle period ( Δ t noBB ) vary for each pair of V DD and V BB :

AR= Δ t BB Δt BB +Δ t noBB (47) 
As the idle period tends to 0, the activity ratio tends to 1, indicating that the system is always processing data. On the other hand, as ∆t noBB tends to a large number, the activity ratio tends to 0, indicating that the system is almost always idle.

TESTCHIP IN FD-SOI 28 NM

The proposed design flow was validated with a test chip designed in FD-SOI 28 nm technology from ST Microelectronics and using Tiempo Secure standard-cell libraries and ST-Tiempo ACC compiler (introduced in sub-chapter 9.3.1. The testchip is composed of 6 IP: 4

IPs for the sake of comparison of the aforementioned granularities. Other 2 IPs are Tiempo-Secure IP and TIMA SYNC, which are not related to BBDs validations and will not be described in this work. Figure 48 presents the main architecture and its connections. All IPs are connected together using the Asynchronous Link (ASL) provided by Tiempo-Secure and are represented in green in the figure above. ASL is a PVT variation tolerant asynchronous communication network, which also uses QDI logic. This protocol implements a single bit asynchronous serial protocol named ASPIC. The following characteristics were important choices of this approach:

1. QDI has no timing constrains (as previously described in sub-chapter 3.4.5). Therefore the placement and route operations are a little bit simplified. In addition, there is no clock to be inserted, which excludes all possible issues during clock tree definition.

2. Using the APB interface allows the re-use of ASL network for other IPs (gray blocks in figures 48 and 49).

3. Finally, ASL network works as a plug and play devices and simplifies the test.

An IEEE 1149.3 JTAG interface was also added in order to enable a standard access interface. While the IPs are interconnected using ASL network, a JTAG2ASL block was circuitry added, thus the area required for placing it is smaller. Moreover, no minimum space between BBDs is considered since there are no BBDs in this reference circuit. ABB strategy can be evaluated in terms of performance and power consumption. Even if the focus of this work is power-saving, a correlation can be made between performance and power consumption. By knowing both characteristics, designers are able to choose the ideal trade-off for the circuit purposes.

The measures were defined by the configuring register ADDR 0 with a given measurement window and defining it for a single measurement as previously described. By knowing both characteristics, designers are able to choose the ideal trade-off in terms of performance and power consumption for the circuits purposes.. The results from table 7 shows that coarse-grain strategy shows the highest average frequency, the same that was obtained with simulations of the circuit implemented in chapter 7. This result can be explained by the BBD charging delay, where the pipeline is only discharged once. Indeed, the entire BBD is no longer biased. If compared to noBB-state, an increase of 41% (@ V BB = 1,00 V) in circuit speed is obtained by using ABB strategy.

Next table presents the measurements of power consumption and the results obtained by the simulations for the same values V DD and V BB used in the table 7. For this set of measurements, register ADDR 0 must be set for doing so and the circuit is reset in order to enter in idle mode. By using a hall-effect probe, it is then possible to measure power consumption from voltage source V DD from the core of the circuit. Using this AR of 1, the different granularities show similar average power consumption, which was also noticed in the previous chain of ALUs from the chapter 7. In this case, coursegrain strategy consumes almost 5% less power than its fine-grain counterpart, what is similar to the results from the simulations presented in the chapter Energy-efficient adaptive body biasing strategies for asynchronous circuits.

Unfortunately a reset issue in the test chip impedes the changing of the Activity Ratio.

However, the similarity between the results between simulation and testchip measurements,

shows the consistence of this methodology. In this case, it is expected that the circuit present similar results to those obtained in chapter 7. Last but nor least, it is still necessary to analyze circuit under other conditions of V BB and V DD .

CONCLUSIONS

This chapter has introduced an integrated circuit design flow for the use of asynchronous circuits in an FDSOI technology. The design flow is based on a commercial ST local distributed Adaptive Body Bias strategy. For its practical implementation, a Level Shifter-based BBG has been developed using the technology standard cell library requirements. Different granularities of BBD were implemented in order to better understand and evaluate the best approach for a multi-BBD ABB strategy. The design flow was used to design a test chip in the aforementioned technology. More tests with the fabricated testchip will be necessary to better explore the capabilities of this power-saving technique and the best trade-off of V DD -V BB and activity ratio for a future commercial use. However, simulations and preliminary tests demonstrate the efficiency of this approach and opens new degrees of freedom to power-saving techniques. The last chapter presented a complete design implementing our local and distributed Adaptive Body Bias technique in a commercial technology. A part of this work also contributed to find better architectures of standard cells at low-voltage, which make possible drastic gains in power-saving. A methodology defining the ideal and best usage of this design approach is equally presented. Simulations and a testchip that incorporates this techniques applied to a 5-stage pipeline of 8-bit ALUs were shown. The results show the benefits of this kind of ABB, which opens news perspectives for IC designers in the seek for better power management and power-saving. However, this work is not yet finished and the following steps are already envisaged:

• In a future testchip, it will be necessary to add a measurement circuit for the substrate characterization. This step is necessary to better evaluate the total charge of the well.

By knowing it, it will be possible to better size the BBG to the biased domain.

• Another improvement is the creation of a standard cell library of BBGs with different charging capabilities, which will give more options and flexibility to the designers. By separating the positive and negative BBGs, other "place and route" strategies could be made for small BBDs.

• Proposing an activity detection coupled to several power-saving techniques: Adaptive Body Biasing and Power Gating could be implemented together.

• As asynchronous design is not today the main stream, an automated design tool implementing the ABB is necessary to foster the industry to apply such techniques.

• As this work has shown, asynchronous technology provides an easy way to identify circuit activity, Nevertheless, the proposed ABB can be implemented in a synchronous circuit as well. Its implementation still requires the development of a specific Activity Detection Circuitry for synchronous circuits. Nevertheless, notice that voltage variation intolerance of synchronous circuits will certainly impose some barriers to an easy implementation of this technique.

In conclusion, the exponential increase of IoT demand and its perspectives are forcing IC designers to find new solutions to maintain the future energy demand at a reasonable level [109][47]. The techniques presented in this manuscript shows a new approach for improving power saving. In addition, these techniques can be used concomitantly with other techniques.
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Figure 1 -

 1 Figure 1 -Cross-section of a traditional MOSFET and a FD-SOI FET. [Courtesy from ST Microelectronics]

Figure 2 -

 2 Figure 2 -Cross-section of FD-SOI FETs with 10 nm and 25 nm of BOX. [Liu et al., 2011]

Figure 3 -

 3 Figure 3 -Flip and Conventional Well. [FLATRESSE, 2013]

  Source and the Drain, reducing the leakage, but also reducing the transistor speed. The figure below shows the polybiasing variations. In the part (a), the difference between the arrows represents the transistor length. The part (b) represents the minimum transistor length, without polybiasing. And lastly, the part (c) represents an expanding change in the transistor length (a polybiasing variation).

Figure 4 -

 4 Figure 4-Polybiasing on FD-SOI technology. The (a) part shows the real channel length; (b)

Figure 5 (

 5 Figure 5 (a).

Figure 5 -

 5 Figure 5 -Synchronous (a) and Asynchronous (b) circuit architecture. Signals of clock and acknowledgment are also shown.

Figure 6 -

 6 Figure 6 -Interconnections between asynchronous blocks using delay insensitive encoding (a) and Bundled-data encoding (b).

Figure 8 -

 8 Figure 8 -Representation of a 1-of-2 encoding in an asynchronous system (a) with the tuple {Data1,Data0} and each state represented in (b).

Figure 9 -

 9 Figure 9 -Classes of Asynchronous Circuits. Adapted from [56].

Figure 9

 9 presents the timing constraints / data validity versus complexity to robustness axis for the different asynchronous circuit classes. To help understanding those different classes of asynchronous circuits, figure 10 presents interconnections between logic blocks (A, B and C) and its delays (d 1 , d 2 and d 3 ) and also the delay of each logic block (d A , d B and d C ). This timing representation will be used in subsection 3.4.1 to 3.4.5, which describe each one of the afore-introduced classes.

Figure 10 - 42 Delay

 1042 Figure 10 -Delay Model of a fragment of Circuit composed by Gates (A, B and C) and Wires (d1, d2 and d3).

Micropipeline [SUTHERLAND 89 ]

 89 . This class is made by replacing the global clock network by asynchronous controllers, as presented on Figure 11. This makes this class very close to synchronous design.

Figure 11 -

 11 Figure 11 -Micropipeline abstraction.

  responsible for synchronizing the signals in the circuit and to determine the activation/deactivation of the operational blocks. In this context, two protocols are normally used: four-and two-phase protocols. The number of phases of the protocols simply corresponds to the definition of how many steps re necessary to complete a transaction between two blocks. Both protocols have their advantages and drawbacks and lead to different circuit structure, area, power consumption and robustness [91][92][116][124]. Subchapters 3.5.1 and 3.5.2 explore both protocols in details. 4-Phase Protocol has a simpler implementation due to the difference between the phases made at the logical level. In the other hand, 2-Phases Protocol results in faster processing [FRAGOSO, 2005]. The simpler implementation justifies its wider use when compared with 2-Phases Protocol [84][40][110].

  Phase 2 is the time represents the phase when an acknowledgment is high, which means the calculations are done and the circuit can receive new data, showed as the period "2" at part (b) of figures 12 and 13.

Figure 12 -

 12 Figure 12 -Abstraction of system interconnections (a) and signal levels (b) in a Two-Phases protocol with a dual-rail encoded system.

Figure 13 -

 13 Figure 13 -Abstraction of system interconnections (a) and signal levels (b) in a Two-Phases protocol with a single-rail encoded system. 46

Figure 14 -

 14 Figure 14 -bundled encoding Four Phases Protocol: abstraction of system's connexion in (a) and highlighted phases in the signals during data treatment (b).

Figure 15 -

 15 Figure 15 -Dual-rail encoding Four-Phases Protocol: abstraction of system's connexion in (a) and highlighted phases in the signals during data treatment (b).

Figure 16 -

 16 Figure 16 -Four C-Element architectures: (A) Conventional, (B) Symmetric and (C) Weak Feedback, (D) Dynamic.

Figure 17 -

 17 Figure 17 -Average and Normalized Delay of the different C-Elements' architectures. The average is made with the Rise and Fall delays. The normalization is in relation with the C-Element Conventional with 0 nm of polybiasing, Regular-Vt transistor and V DD source at 1.00 V.

Figure 18 -

 18 Figure 18 -Normalized Power Consumption of the different C-Element architectures. The normalization is in relation with the C-Element Conventional with 0 nm of polybiasing, Regular-Vt transistor and Vdd source at 1.00 V.

Figure 19 -

 19 Figure 19 -Normalized Power Consumption per Transistor of the different C-Element architectures. The normalization is in relation with the C-Element Conventional with 0 nm of polybiasing, Regular-V TH transistor and V DD source at 1.00 V.

  , already introduced in chapter 3, ensures QDI property and permits synchronization between circuit stages with the help of a handshaking protocol and a multirail data path (e.g., dual rail shown in figure5 (b)).

  FD-SOI process was not yet. This work is the first to evaluate on FD-SOI 28 nm technology the operation bounds of the C-elements, at low voltages. Results of the minimum operation voltages of classic C-elements on FD-SOI will allow defining voltage limits for new strategies of low-power mode in asynchronous systems. Additionally, this work analyzes the factors of power reduction and the corresponding delay offsets on low-voltage C-elements. It also contributes to present the best C-element scheme to be applied in low-power FD-SOI applications.

3 .

 3 the modularity and operation by using data-based request and acknowledgment signals between blocks (Figure 5 (b)).

  Figures 20 and Error: Reference source not found present these voltage results. Figure Error: Reference source not found present the results with the higher threshold voltage transistors available in each technology, respectively, 28 nm RVT and 65 nm HVT. Figure Error: Reference source not found does the same for LVT in both technologies. C-element schemes are differentiated by color and technologies are placed side by side for the same corner.

Figure 20 -

 20 Figure 20 -Minimum operation voltage of classic C-elements designed on FD-SOI 28-nm and bulk 65-nm CMOS technologies with the highest threshold voltage transistors, respectively, RVT and HVT.

Figure 21 -

 21 Figure 21 -Minimum operation voltage of classic C-elements designed on FD-SOI 28-nm and bulk 65-nm CMOS technologies with the lowest threshold voltage transistors LVT.

  . Both tables present the comparison between nominal and minimum operation voltage for typical corner at 25 °C. Delay results are the average between rise and fall delays. P(V DDMin ) and D(V DDMin ) indicate the power consumption and delays of the C-elements operation at their minimum voltages. P(V DDMin ) and D(V DDMin ) were normalized in columns five and seven by the results of Celement conventional scheme at their minimum voltage. Columns six and eight in each table show the rate between power and delays comparing nominal and minimum voltage. Table 2 -Power consumption and delay of classic C-elements in TT, 25 C, and nominal operation voltage: P(V DDNom ) and D(V DDNom ). Power consumption and delay of the C-elements in TT, 25 C, and minimum operation voltage: P(V DDMin ) and D(V DDMin ). Technologies: FD-SOI 28-nm and bulk 65-nm CMOS. Table 3 -Power consumption and delay of classic C-elements in TT, 25 C, and nominal operation voltage: P(V DDNom ) and D(V DDNom ). Power consumption and delay of the C-elements in TT, 25 C, and minimum operation voltage: P(V DDMin ) and D(V DDMin ). Technologies: FD-SOI 28-nm and bulk 65-nm CMOS.

  request can be embedded in data as in QDI) and acknowledgment signals. Thanks to those signals, a circuit block can be automatically biased in low-power or high-speed mode. Indeed, the local synchronization signals detect data activity and control dedicated cells, the boost cells, for biasing the blocks step by step. This concept was firstly presented by Beigne & Hamon (2013) [42].

Figure 22 -

 22 Figure 22 -Main logical blocks for Automatic Power Management by Biasing Shift integrated with a QDI asynchronous structure.

Figure 23 -

 23 Figure 23 -Typical Inputs and Outputs of a Level Shifter.

Figure 24 -

 24 Figure 24 -State of the art Level Shifter architectures and nomenclature used in this chapter:(a) cross-type Level Shifter (CMLS[START_REF] Tran | Low-power high-speed level shifter design for block-level dynamic voltage scaling environment[END_REF]); (b) a diode-type Level Shifter (LANSLS[START_REF] Lanuzza | An Ultralow-Voltage Energy-Efficient Level Shifter[END_REF]; a mirror-type Level Shifter (CAOLS[START_REF] Cao | An energy-efficient subthreshold level shifter with a wide input voltage range[END_REF]).

Figure 26 -

 26 Figure 26 -Schematic of a Conventional Level Shifter adapted to be used as a Boost Cell for Negative and Positive Biasing.

  shows the schematic of CMLS adapted to operate as a complete Boost Cell. On this figure, the added transistors are highlighted in red. Those transistors create a quasi-inverter on the Shifter Parts to facilitate the inversion process. CMLS has been proposed by Tran, Kwaguchie and Sakurai in 2005[START_REF] Tran | Low-power high-speed level shifter design for block-level dynamic voltage scaling environment[END_REF] showing a reduced power consumption when compared to the CLS architecture thanks to the crowbar current reduction.

Figure 27 -

 27 Figure 27 -Schematic of a Contention Mitigated Level Shifter adapted to be used as a Boost Cell for Negative and Positive Biasing.

Figure 28 -

 28 Figure 28 -Average and Normalized Delay of the different Boost Cells' architectures. The average is made with the Rise and Fall delays. The normalization is in relation with the Conventional Level Shifter adapted to work as Boost Cell with 0 nm of polybiasing, Regular-Vt transistor and V DD source at 1.00 V.

Figure 29 -

 29 Figure 29 -Normalized Power Consumption of the different Boost Cells' architectures. The normalization is in relation with the Conventional Level Shifter adapted to work as Boost

Figure 30 -

 30 Figure 30 -Abstraction of adaptive body biasing strategies at pipeline (a), sub-circuit (b), and system (c) levels. The green dashed squares represent the BBDs distribution of each strategy.

Figure 32 - 77 Num

 3277 Figure 32 -Variation of the number of body biased BBDs with time, for a system divided into one (b) and N (c) BBDs. (a) represents the input vectors for an asynchronous system as represented in figure 31.

Figure 32 (

 32 c), illustrates the variation of the number of biased pipeline stages as vectors are inputted to the system. Differently from what is shown in figure 32 (b), now the number of biased stages progressively increases during pipeline loading until the whole system is biased, if the pipeline is full.

Figure 33 -

 33 Figure 33 -Abstraction of the case-study ALU chain (b) and its internal architecture in three stages (a).

Figure 34 -

 34 Figure 34 -Abstraction of the three body-bias strategies: coarse-grain (1 BBD/Pipeline), medium-grain (5 BBD/Pipeline) and fine-grain (15 BBD/Pipiline).

FB

  and FB, which are generated after the DCVS-based structure output, ensure that transistors 3 and 4 change their voltage levels only after the output V X has changed. The delay of this feedback signals has to be controlled to certify that V2 and V1 nodes has fully switch to Gnd or V DDH before these signals affect transistors 3 and 4. To reduce the leakage of this LS architecture, even under ultra-low voltage operation, every branch of the DCVS-based structure must switch completely after an input transition arrives at EV DDH .

Figure 36 -

 36 Figure 36 -State of the art Level Shifter architectures and nomenclature used in this chapter:(a) cross-type Level Shifter (CMLS[START_REF] Tran | Low-power high-speed level shifter design for block-level dynamic voltage scaling environment[END_REF]); (b) a diode-type Level Shifter (LANSLS[START_REF] Lanuzza | An Ultralow-Voltage Energy-Efficient Level Shifter[END_REF]); a mirror-type Level Shifter (CAOLS[START_REF] Cao | An energy-efficient subthreshold level shifter with a wide input voltage range[END_REF]).

FB will deactivate transistor 4 ,

 4 preparing each branch of the DCVS-based structure for the next input transition at EV DDH . As transistor 4 is open, in the next transition of EV DDH to Gnd, the node V1 will discharge to Gnd, fast and free of the contention normally imposed by the PUN in other state-of-the-art LS architectures.

Figure 37 -

 37 Figure 37 -The proposed Weak Contention Level Shifter.

Figure 38 -

 38 Figure 38 -Normalized average results of delay, static power, and transition energy for each LS architecture with fixed nominal V DDH = 1 V and EV DDH switching from Gnd to V DDL as well as from V DDL to Gnd. All points of these graphics and those in figure 39 are normalized to the results of the technology's standard LVT inverter cell with minimum drive capability. The average delay, static power, and transition energy of this reference inverter are 4.88 ps, 4.35 nW, and 0.43 fJ under the same conditions: typical corner, nominal V DD = 1 V, and T = 27 • C.

Figure 39 -

 39 Figure 39 -Normalized Static Power (a) and Normalized Transition Energy (b) in 2000 runs of Monte Carlo simulation (V DDH = 1 V, V DDL = 0.45 V, frequency of 50 MHz and T = 27 • C).

  Figure 40 presents an implementation of an activity detection circuit in a Quasi-Delay Insensitive scheme using acknowledgment signals.

Figure 40 -

 40 Figure 40 -NAND gate used as activity detector to monitor BBD1. Red part correspond to the necessary added circuitry to detect circuit activity.

Figure 41 Figure 41 - 105 Num

 4141105 Figure 41 -Activation and deactivation of Body Biasing with one BBD (a) or several BBDs (b)

Figure 42 -

 42 Figure 42 -Standard-cell based IC design flow with Body Biasing Domains in QDI asynchronous. Gray part represents original steps and blue parts are the inserted steps.

  ) and previously in figure41. The dashed rectangles in figure43(a) represent the layer of deep n-well that needs to be placed underneath all the standard-cells composing each BBD. This extra layer electrically isolates the p-well and n-well of the standard-cells that compose each BBD (as depicted in figure43 (b)), thus guaranteeing the application of different V BB to each BBD without short circuit.

Figure 43 -

 43 Figure 43 -(a) BBDs areas and (b) cross section of transistors between two different BBDs. Minimum distance between BBDs are highlighted in red.

Figure 44 -

 44 Figure 44 -Body Bias Generators integrated in each Body Bias Domain. Power nets V act_n and V act_p are connected to BBGs which bias P-and N-Well substrates depending on the boost input signal provided from Activity Detection Circuit.

Figure 45 -

 45 Figure 45 -Example of BBG integration: complete layout of a Ring Oscillator with an integrated Body Bias Generator (in read and zoomed) and distributed well taps (in yellow).

Figure 46 - 8 -

 468 Figure 46 -8-bits QDI asynchronous ALU architecture with detailed stages.

113 3 .

 3 Fine-grain strategy with one BBD per each of the three pipeline stages, resulting in 15 BBDs.

Figure 47 -

 47 Figure 47 -Chain connection of the five ALUs and each BBD areas for the Coarse-grain, Medium-grain and Fine-grain Adaptive Body Bias strategies.

Figure 48 -

 48 Figure 48 -Abstraction of testchip architecture. Salmon blocks represent the embedded IPs and green part shows Asynchronous Link.

Figure 50 -

 50 Figure 50 -Top layout of the testchip with indication of different blocks. A detailed zoom of medium-grain strategy is presented at the right side with its 5 BBDs indicated inside.

Figure 51

 51 where chosen to simplify test chip configurations and tests. The white board is a ST32 Nucleo that allows the creation of test vectors for the ASPIC protocol and/or the JTAG standard mentioned above. The green board was developed to provide several power supply inputs to the testchip that are adjustable with potentiometers 117 and switches. Pins have been added on the circuit outputs as well as LEDs in oder to analyze the circuit under test. This green board has been made to be connected to the Nucleo board, which is used to drive the tests. Finally, a ZIF (Zero Insertion Force) socket receives the testchip as seen on Figure51in the zone highlighted in red.

Figure 51 -

 51 Figure 51 -Printed circuit board (in green) developed to access to different configurations of the test the testchip. ST32 Nucleo bord (white board) is connected to simplify the access and configurations. The socket for the testchip are highlighted in red

123 Complementary, chapter 3

 1233 a power management technique using intrinsic characteristics of the Quasi Delay Insensitive circuit class and the Fully-Depleted Silicon on Insulator technology. This research was developed within the CDSI group at the TIMA laboratory, a group with a strong experience in asynchronous circuits design. In addition. this work has been part of the European Project Things2Do, which promoted the creation of a design ecosystem for the FD-SOI technology.The possibility to change circuit performance and power consumption with different biasing voltages in FD-SOI technology as well as biasing cells required to implement such strategies were presented in this work. Chapter 2 introduced 28 nm UTBB FDSOI technology from ST Microelectronics and its features. The technology is one of the leading solutions for mobile and IoT applications. It also keeps the ability to scale circuits down and maintain a little bit more the Moore's Law. Thanks to bulk isolation and to the wide biasing voltage range allow an efficient threshold voltage control, a crucial factor for seeking more power saving. presented the asynchronous circuits design and the necessary elements for its implementation. QDI asynchronous circuits and C-element memory cell were deeper explored. QDI circuits allow in a simple manner to identify circuit activity, while avoiding all issues coming from the clock synchronization. C-elements are key cells to implement asynchronous memories (equivalent to flip-flops and latches). To the best of our knowledge, this was the first time C-Elements were studied in FDSOI and compare with a commercial bulk technology (65 nm). Voltages, temperatures and minimum operational voltage were shown in chapter 4. The results will help the designers to implement better asynchronous circuits dedicated to low-power applications.The link between the FDSOI capabilities and activity detection using the local synchronization protocol was introduced in chapter 5. The activity-driven on/off biasing is then made by a Body Bias Generator. The solution is based on the usage of level shifter architectures for designing the local distributed BBG. The latter are implemented as a standard cell in order to facilitate place and route operations and to keep the design flow as much as possible close to the official ST FDSOI design flow. Three different architectures of BBGs were studied in chapter 6 and we noticed that the CMLS-based BBG was the fastest architecture, while requiring less energy.In the sequel, a new level-shifter architecture was proposed, i. e. a Weak Contention Level-Shifter. This new architecture allows correct cell operations in a lower voltage compared to other classical LS architectures, thanks to its simple and innovative feedback loop. The results were presented in chapter 8 showing that WCLS provides a wider range of biasing voltages and allowing the use of lower voltage levels.

  

  

  

  

Table 1 -

 1 2 inputs C-Element's Truth Table..............................................................................45

Table 2 -

 2 Power consumption and delay of classic C-elements in TT, 25 C, and nominal

Back-Biasing and RBB a Reverse

  ). Low-Vt transistors, which are equally named LVT and LL in the library, are , however, build over a Flip Well (FW). The most important aspect is the PN junction inversion of the wells. As we can see on the right hand side of the figure above, this inverts the range of biasing voltage. On the right hand side of the figure, noBB represents no Back-Biasing, FBB a Forward

	Back-Biasing.

  2, Sequential circuits and machines, vol. 2. Wiley, 1965], Speed Independent (SI) class assumes negligible delays on wires (d 1 , d 2 and d 3 = 0 in figure 10) and unknown delays for gates i.e. d A , d B and d C are arbitrary (see figure

  An alternative body biasing strategy, the larger granularity for our asynchronous circuit, is a system-level approach, as depicted in figure30 (c). In this case, all pipeline stages are grouped in the same BBD. Hence, the activity detector is a circuit that verify pipeline emptiness. It signalizes activity if at least one stage is processing data (at least 2 Ack signals different from each other). Conversely, body biasing is turned off if the pipeline is completely empty: all Acks have the same logic value.Yet another body biasing approach, intermediate to the already presented ones, is shown in figure30 (b). Here, each BBD is a sub-circuit of the target circuit composed of one or more pipeline stages. The activity detection proposed in this case is a simplified version of the emptiness detector of the system-level approach.

	circuit activity limits the minimum size of BBD to a pipeline level. A high level abstraction of
	such body biasing strategy is depicted in figure 30 (a). In this case, each pipeline stage
	belongs to a separate BBD. The acknowledgment signals of input and output memory blocks
	are used to indicate activity. For instance, if the logic value of Ack K-1 is different than Ack K ,
	new data has been store in the memory block of stage K-1, thus it will process by stage K. At
	this moment, body biasing should be turned on. Conversely, if Ack K-1 , Ack K and Ack K+1 have

In fact, exploiting the locality of communication protocol signals to indicate the same logic value, there is no data to be processed by stage K, then body bias can be turned off. Several activity detection approaches for asynchronous circuits have been proposed for fine granularities

[START_REF] Hamon | Automatic leakage control for wide range performance QDI asynchronous circuits in FD-SOI technology[END_REF]

[START_REF] Imai | Fine-Grain Leakage Power Reduction Method for m-out-of-n Encoded Circuits Using Multi-threshold-Voltage Transistors[END_REF]

. In this work, it is implemented by a single 3-input NAND gate.

Table 4 -

 4 Electrical Simulation Results for V DD of 0.8 V and V BB of 2.0 V. Values normalized to the measurements of the coarse-grain strategy with an AR of 0.2.

				Energy per		
					Throughput	
	BB Strategy	MIT [ns]	AR	Operation		Power norm.
					norm.	
				norm.		
			0.2	1.000	1.00	1.00
	Coarse	20.72	0.1	1.025	0.51	0.53
			0.05	1.076	0.26	0.28
			0.2	0.990	0.95	0.94
	Medium	20.37	0.1	1.017	0.49	0.50
			0.05	1.071	0.25	0.26
			0.2	0.987	0.95	0.94
	Fine	20.28	0.1	1.015	0.49	0.50
			0.05	1.072	0.25	0.26
			0.2	2.140	1.00	2.14
	Always	-	0.1	3.565	0.51	1.83
			0.05	6.417	0.25	1.67

Table 5 -

 5 Electrical Simulation Results for V DD of 0.6 V and V BB of 1.0 V. Values normalized to the measurements of the coarse-grain strategy with AR of 0.05.

				Energy per		
					Throughput	
	BB Strategy	MIT [ns]	AR	Operation		Power norm.
					norm.	
				norm.		
			0.2	1.737	3.92	3.26
	Coarse	21.7	0.1	0.813	1.99	1.79
			0.05	1.000	1.00	1.00
			0.2	0.756	3.66	3.07
	Medium	21.9	0.1	0.846	1.86	1.67
			0.05	1.073	0.93	0.95
			0.2	0.987	3.66	3.15
	Fine	22.9	0.1	1.079	1.86	1.71
			0.05	1.310	0.93	0.98
			0.2	1.414	3.92	8.30
	Always	-	0.1	2.241	1.99	6.68
			0.05	3.896	1.00	5.85

  enable deriving the relation between Δ t BB and Δ t noBB in which (27) is true: Δ t BB (P ad + P bc )+2 E bias <Δ t noBB (P leak

	Vbb -P leak 0 -P ad,leak 0	-P bc , leak 0	)

Table 6 -

 6 Required BBGs and area overhead of the four compared circuits: reference, coarsegrain, medium-grain and fine-grain ABB strategies.

	IP Name	ABB strategy	Number of BBDs	BBGs per BBD (min -max)	Total number of BBGs	Area Overhead (%)
	TIMA ASYNC coarse	coarse	1	24-24	24	37.64
	TIMA ASYNC medium medium	5	6-6	30	59.55
	TIMA ASYNC fine	fine	15	1-3	30	86.32
	Reference	None	0	0-0	0	0.00
	The 2 boards presented on				

Table 7 -

 7 testchip results of performance measurement compared with simulation at V DD = 0,6 V and activity ratio of 1.

	IP Name	V BB [V]	Perf. Measurements (# of ack_outs)	Measured average frequency [MHz]	Simulated average frequency [MHz]
	TIMA ASYNC	0,0	55	98,10	134,97
	coarse	1,0	93	165,88	227,34
	TIMA ASYNC	0,0	54	96,30	125,87
	medium	1,0	90	160,53	218,95
	TIMA ASYNC	0,0	50	89,18	118,33
	fine	1,0	84	149,82	215,21

Table 8 -

 8 Table testchip average power consumption versus simulation @ V DD = 0,6 V and activity ration of 1.

	IP Name	V BB [V]	Measured power consumption [mW]	Simulated power consumption [mW]
	TIMA ASYNC coarse	0,0 1,0	1,30 2,00	1,08 2,08
	TIMA ASYNC medium	0,0 1,0	0,90 2,00	1,05 2,02
	TIMA ASYNC fine	0,0 1,0	1,20 2,10	0,70 2,11

State-of-the-art LS architectures are classified in this section into five categories defined according to the presence of the following particular internal structures: (1) cross-coupled PMOS transistors; (2) diode-connected transistors; (3) current mirrors; (4) pass transistors; and (5) dynamic logic.

In order to implement a Boost Cell, its necessary to integrate both NLS and PLS in the same cell. As mentioned, in our case, we need to shift from a positive to a negative voltage level. Therefore, two structures implementing a Positive-and a Negative-LS options were selected to design the two LS in a unique Boost Cell. Those LSs schemes are the Conventional Level Shifter (CLS) and the Contention Mitigated Level Shifter (CMLS). Both LS schemes will be described in the next two sub-sections (5.2.1 for the CLS and 5.2.2 for CMLS). FDSOI intrinsically has barriers against leakage between bulk and other transistor pins. Furthermore, this barriers allows wider voltage ranges for back-biasing [START_REF] Rolloff | Microelectronics Reliability[END_REF], which in its turn provides more possibility to save power or boost circuit speed. Those tunning options are respectively named RBB and FBB as it was already introduced in chapter 2.

The back biasing voltage range is limited by the breakdown voltage of the Wells PNjunction, which means that RBB voltage range is larger in a conventional-well design (around 3 V), with a short 0.3 V for FBB. Flip-Well on the other hand is the opposite due to the included in order to ensure the conversion between the ASL protocol and JTAG format. The CFG pin allows the selection between the ASL and JTAG communications. The designed layout of the testchip is shown in figure 50. The fabricated die size is approximately 1.5 mm 2 . Table 6 shows the number of BBGs and the area overhead required to implement the three ABB strategies in the TIMA ASYNC IPs.

The Reference IP in table 6 was added as a base for comparing the extra area requirements of each IP. In fact, the Reference IP has not been added to the testchip. It is an hypothetical circuit exactly equal to the other TIMA ASYNC IPs in terms of datapath, but with no ABB strategy implemented. Therefore there is no BBG, nor activity detection
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