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Design Methodology and Technology Assessment for High-Density 3D Technologies

Scaling limitations of advanced technology nodes are increasing and the BEOL parasitics become more dominant. This has led to an increasing interest in 3D technologies to overcome such limitations and continue the scaling predicted by Moore's Law. 3D technologies vary according to the fabrication process which creates a wide spectrum of technologies including Through-Silicon-VIA (TSV), Copper-to-Copper (CuCu) and Monolithic (or sequential) 3D (M3D). TSV and CuCu provide 3D contacts of pitch Here I am reaching the end of this journey. This work would not have been accomplished without the efforts of many inspiring people. I would like to acknowledge all of their contributions. Above all, I am

around 5-10µm while M3D scales down 3D via pitch extremely to 0.11µm. Such highdensity capability of Monolithic 3D technology creates new design paradigms. In this context, our objective is to propose innovative design methodologies to well utilize M3D technology and introduce a technology assessment framework to evaluate different M3D technology parameters from design perspective. This thesis can be divided into three main contributions. As creating 3D standard cells becomes achievable thanks to M3D technology, a new 3D standard cell approach called '3D Cell-on-Buffer' (3DCoB) has been introduced. 3DCoB cells are created by splitting 2D cells into functioning gates and driving buffers stacked over each other.

The simulation results show gain in timing performances compared to 2D. By applying an additionally Multi-VDD low-power approach, iso-performance power gain has been achieved. Afterwards cell-on-cell design approach has been explored where a partitioning methodology is required to distribute cells between different tiers, i.e. determine which cell should be placed on which tier. A physical-aware partitioning methodology has been introduced which improves power-performance-area results compared to state-of-the-art partitioning techniques. Finally a full high-density 3D technology assessment study is presented to explore the trade-offs between different 3D technologies, block complexities and partitioning methodologies. Scaling limitations and cost of fabrication of advanced CMOS technology nodes are increasing, resulting in increasingly interest in new technologies to overcome such limitations and continue scaling predicted by Moore's law [1]. Moore's law predicts doubling the number of components, i.e. transistors, per integrated circuit every 1.5-2 years [2].

List of Figures

However continuously scaling and integrating more transistors per chip raise several issues for advanced technology nodes beyond 14nm. New concepts are needed to overcome the technology limitations for CMOS scaling. ITRS discussed the technology scaling roadmap in [3]. Figure 1.1 shows the different scaling directions to enhance system performances. "More-Moore" concept was raised to show the continuous miniaturization of digital functions while the "More-than-Moore" concept has been raised to show functional diversification by including add-on to the already existing technologies to enhance the overall chip performances.

The most important impact of technology scaling is the effect of Back-End-Of-Line (BEOL). By advancing in CMOS node, the gap between delay of the interconnect and that of transistor is increasing where at 16nm CMOS node delay of interconnect reached 1000x transistor delay [4]. Figure 1.2 illustrates that effect for different CMOS nodes.

One way to overcome technology scaling limitations is to integrate "vertically" by stacking different dies on each other providing a third dimension of scaling. This technique is called "3D Integrated Circuits" (3DICs). 3DICs can provide higher performances and lower-power compared to conventional 2D ICs thanks to footprint reduction and shortening wiring interconnects.

3DICs are fabricated using different integration technologies which provide different size and pitch of the 3D contacts (3D-VIAs) between the stacked dies. As integration technology advances, the size of 3D VIAs scales down providing higher density of 3D-VIAs.

In this work we focus mainly on three different technologies of high-density 3DICs:

1. High-Density Through-Silicon-Vias (HD-TSVs) [START_REF] Sarhan | Intermediate BEOL process influence on Power and Performance For 3DVLSI[END_REF]6].

2.

Copper-to-Copper Contacts (Cu-Cu) [START_REF] Sarhan | Intermediate BEOL process influence on Power and Performance For 3DVLSI[END_REF]7].

3. CoolCube T M Monolithic 3D Technology (M3D) [8,9].

The size and pitch of 3D contacts vary for each technology. HD-TSVs technology affords 3D-VIAs of pitch 1.75-10 µm [START_REF] Sarhan | Intermediate BEOL process influence on Power and Performance For 3DVLSI[END_REF]6], Cu-Cu 3D contact pitch is 2.4-10 µm [START_REF] Sarhan | Intermediate BEOL process influence on Power and Performance For 3DVLSI[END_REF]7] while M3D technology scales 3D-VIA pitch down to 0.11µm in 28nm technology node [8].

Detailed discussion on the different 3D technologies is presented in Chapter 2.

Motivation

As high-density TSV, Cu-Cu and M3D are advanced technologies, there is a need for a technology assessment framework by implementing 3D designs and evaluating different technology parameters. CAD tools are well-adapted for 2D place and route, however there are some issues and limitations using them for 3D implementation. Thus the first challenge for us is how to create a design methodology to implement blocks using highdensity 3D technologies.

Another important challenge is how to design a 3D block. High-density 3D technologies affords up to 10 8 3D vias per mm 2 [8]. However each 3D via has resistance and capacitance parasitics which lead to power/delay costs. Thus there is an important need to create a smart partitioning technique to design a 3D block with maximum power and performance gains.

By having an implementation framework and design methodology, we can create a design framework to assess different technology parameters from a design perspective. The technology assessment framework is crucial to be able to provide design-guidelines to the technology developers, especially for very advanced technologies such as Monolithic 3D.

All the previous points motivate us to introduce a new methodology for 3D technologies assessment and propose innovative design approaches to highly utilize high-density 3D technologies.

Contributions

As mentioned previously high-density 3D technologies raise the need of new design paradigms. This thesis covers several design perspectives to efficiently utilize the 3D technologies, which can be divided into three main contributions:

i. 3D Cell-on-Buffer Standard Cell.

Creating 3D standard cells become achievable thanks to M3D technology. 3D Cellon-Buffer (3DCoB) is a novel 3D standard cell using M3D at which 2D standard cells are split into functioning gates and driving buffers stacked over each other.

Additionally a Multi-VDD 3DCoB approach is presented as low-power application on 3DCoB approach.

ii. 3D Partitioning Methodologies.

3D partitioning is the way to distribute cells between different tiers, i.e. determine which cell is placed on which tier. Previous 3D partitioning methodologies tend to minimize number of interconnects between tiers (min-cut). In our work, we have introduced a physical-aware partitioning (PAP) methodology. PAP is a performance-driven partitioning which uses multi-criteria to optimize partitioning.

Additionally an architecture-level partitioning case study is discussed as well.

iii. 3D Technologies Assessment.

Different 3D technologies have different specifications and provide different advantages. The first part of this study is exploring the effect of using non-copper Intermediate Back-End-Of-Line (I-BEOL), as well as showing the congestion analysis for decreasing number of metal layers for M3D. In the second part of this study, we compare the usage of different 3D technologies on different designs using different partitioning methodologies. The target is to define which 3D technology is the most suitable to which design from power, performance and area perspectives. 

Thesis Organization

This thesis is organized in six chapters. An introduction with thesis context, organization, and contributions is shown in chapter 1. Chapter 2 summarizes the related state of the art background for 3D technologies and 3D design space at which different issues and opportunities are discussed.

Chapter 3 introduces the 3D Cell-on-Buffer design approach with a full implementation flow and results. Additionally a low-power application is introduced using Multi-VDD CoB with a full power-performance-area results and a comparison with 2D implementations.

Chapter 4 introduces 3D partitioning methodologies. This chapter focuses on gate-level partitioning where a performance-driven Physical-Aware-Partitioning (PAP) methodology is introduced. A full analysis and implementation results are discussed with a comparison with conventional minimum-cut partitioning methodology. On the other hand an architecture partitioning has been explored in Appendix A at which a case study of 3D neural clique is discussed with analytical analysis and results.

Chapter 5 presents a full study of the effect of non-copper metal lines with SiO 2 dielectric used for the Intermediate Back-End-Of-Line (I-BEOL) needed by Monolithic 3D technology using CoolCube T M process. This study shows effect of increasing resistance and capacitance of the I-BEOL on power-performance metrics with a comparison with conventional Copper metal lines with low-k dielectric I-BEOL.

Chapter 6 introduces a framework for different 3D technologies assessment. In the chapter a comparison is performed between Monolithic 3D, copper-to-copper and TSV technologies with (i) area overhead analysis of 3D contacts and (ii) full power-performancearea results analysis for different implementations. A full discussion of the effect of different 3D technologies, block designs and partitioning techniques is shown to determine which 3D technology suites which block design at which partitioning conditions.

A full list of publications is mentioned at the end of this dissertation (Page 133).

Chapter 2

Overview on 3D Technologies and

Design Space

3D design space is large with different parameters from 3D technology, design configuration and CAD tool perspectives. In this chapter we discuss an overview of the state-of-the-art from these three major aspects; (i) 3D technology spectrum, (ii) stacking granularity, and (iii) issues with 3D CAD tools.

Why 3D ICs?

Technology scaling faces significant difficulties to keep on following Moore's law. As discussed in the introduction, one of the main limitations is the increasing delay of wiring compared to the delay of transistors [1,4]. Moreover number of Back End Of Line (BEOL) design rules is increasing exponentially. One solution to tackle the planar scaling is to scale vertically by stacking integrated circuits. 

3D Design Space

3D design space is large and controlled by different aspects from different areas. Design and implementation using 3D high-density technology is affected by the following three main different areas:

i. Different 3D technology technologies.

ii. 3D µArchitecture depending on partitioning granularity level.

iii. 3D CAD implementation tools. In the following sections we will explore each area, highlighting the main limitations and opportunities of using high-density 3D technologies.

3D Technology Spectrum

3DICs are achieved using different technologies; Through-Silicon-VIAs, Copper-to-Copper contacts and Monolithic 3D, and also with different integration schemes; interposer, face-to-back and face-to-face configurations. This section summarizes the 3D technology spectrum where the first subsection introduces different 3D integration schemes and the subsections after explore the different 3D technologies.

Integration Schemes

2.5D Interposer

Interposer is an intermediate step between 2D IC and full 3D IC. This technology is achieved by adding different dies on a common silicon layer called an Interposer [10,11,12]. Interposer can be either (i) passive interposer or (ii) active interposer.

In passive interposer, the interposer layer has just wires which connect different dies with no active regions, i.e. no transistor. While in active interposer, the interposer layer has some active components such as driving buffers or communication blocks (e.g. network-on-chip). Figure 2.2(a) shows a schematic of an active interposer configuration.

Interposer technology is mainly targeting by big circuits such as micro-servers and communication chips. The motivation is to reduce the silicon area by splitting the chip into chiplets integrated on an interposer which can increase yield, reduce costs, and enable heterogeneous integration by having different CMOS technology node for each chiplet.

3D

Configurations: Face-to-Back and Face-to-Face 3D integration can be either face-to-face (F2F) or face-to-back (F2B). In this context we are considering each die has a face and a back, where the face of a die is the top metal layer and the back of a die is the silicon substrate. Consequently the dies can be stacked in a F2F configuration so that the top metal layers are facing each other.

Each integration scheme requires different 3D technology to connect the top and bottom dies as we will explain in the next sections. 

3D Through-Silicon-VIA Technology

Through silicon vias (TSV) is a 3D technology at which the 3D via is used for connections through the silicon substrate. One application for TSVs is to connect metal layers of the bottom die to the top die for a face-to-back configuration. Another usage can be connecting metal layers with substrate µbumps for IO and Power connections.

The diameter and pitch of TSVs determine the density limit of 3D connections that can be achieved. However, the dimensions of TSV are controlled by the assembly process used to stack the dies over each others. Conventional 3D TSV technologies have TSVs with a diameter of 10-20 µm. With the advances of assembly process, 3D TSVs diameter can scale down to 3µm [START_REF] Patti | Implementing 2.5D and 3D Devices[END_REF]6]. Figure 2.3 shows a schematic of face-to-back stacking configuration using TSV connection with a SEM cross-section picture of a 3µm

diameter TSV [START_REF] Chaabouni | Investigation on TSV impact on 65nm CMOS devices and circuits[END_REF].

The constraints of TSV technology at Design level are the spacing needed for the TSV on the top die which will increase the area overhead and can affect the resultant wire length. To illustrate this area overhead effect, we can mention that High-density TSVs with 5µm and 10µm pitches have an equivalent area of 5 and 20 Flip Flops, respectively, in 28nm Technology. Another constraint is the routing on the bottom die where the routing congestion will increase due to the presence of TSVs which cut vertically the bottom metal layers.

3D Copper-to-Copper Technology

Copper-to-copper (CuCu) contact is another 3D integration technology where the two dies are fabricated separately (in parallel) and then assembled together, which is similar to the TSV technology. However CuCu technology is used in F2F stacking configuration. The 3D connections are achieved by direct bonding of top and bottom dies using copper contacts on top of each metal layer stack. The pitch between CuCu 3D contacts can be scaled down to 3.4-5µm [START_REF] Sarhan | Intermediate BEOL process influence on Power and Performance For 3DVLSI[END_REF]7]. cross-section picture of a CuCu contact with dimensions of 3x3µm and pitch of 5µm [7].

CuCu technology overcomes the issue of TSV technology regarding the area overhead needed by TSVs and increasing congestion on the bottom die. However, the F2F configuration of CuCu limits the number of stacking dies to only two. So that in case of stacking more than two dies, TSV contacts are needed. 

Monolithic 3D (3DVLSI) Technology

Monolithic 3D (M3D), also known as 3DVLSI, is an emerging technology using sequential 3D integration based on CoolCube T M process providing very high density of 3D vertical interconnects [START_REF] Batude | 3D sequential integration opportunities and technology optimization[END_REF]. In M3D technology a top die is fabricated directly, sequentially, on top of the bottom die in a F2B configuration. The sequential process allows high alignment precision between both dies and consequently very small size of 3D VIAs. In this process the diameter and pitch of M3D-VIAs depend only on lithography alignment capability of the stepper which scales with the scaling of CMOS node [9,[START_REF] Clermidy | Technology scaling: The coolcube tm paradigm[END_REF]. This is different compared to TSV and CuCu technologies where the alignment depends on the assembly process. Consequently M3D scales the diameter of 3D VIAs down to 0.05µm with a pitch of 0.11 µm for 28nm CMOS node.

CoolCube T M process requires fabrication of top die at low temperature -below 500-550 o C-to preserve the bottom die from any degradation. This leads to difficulty of using low-k and copper in the BEOL for the bottom die. One solution is to use SiO 2

with Tungsten metal lines which are stable at high temperature and contamination compatible [8]. In chapter 5 a full study is presented to show the effect of such technology parameters from design perspective. process respectively. M3D opens the need for new design methodologies which will be discussed in details in the next chapters.

Summary: Comparing different 3D technologies

As shown previously 3DICs can be achieved using different 3D technologies which can be divided into two main categories: (a) parallel integration, such as TSV-based and CuCu technologies, and (b) sequential integration, such as M3D technology. The size and density of 3D interconnects in parallel integration technologies depend on the assembly process, while in sequential integration technologies 3D interconnects depend on the CMOS process. This is the main difference which affords smaller size and better scaling for M3D-VIAs. The variety of 3D technologies allows different 3D connections densities which consequently affords different stacking granularities. Stacking granularity can be coarse-grain such as memory-on-logic and core-level integration, or fine-grain such as gate-level and transistor-level integration. As stacking granularity increases, more 3D connections are needed to connect top and bottom dies which requires higher density 3D technology to be used. Figure 2.6 shows granularity scaling from coarse-grain to fine-grain [START_REF] Gabriel H Loh | Processor Design in 3D Die-Stacking Technologies[END_REF]. 

Memory-on-logic integration

Stacking integration can be as coarse as stacking memory over logic-cores. In this case high-density 3D technology is not mandatory due to (i) low number of interconnections between memory and logic cores, and (ii) large area of both memory and logic cores.

TSV and CuCu technologies are suitable for such coarse-grain applications.

Reference [START_REF] Wordeman | A 3D system prototype of an eDRAM cache stacked over processor-like logic using throughsilicon vias[END_REF] shows a demonstration of eDRAM cache memory over a processor core where TSV technology is used for stacking. A WideIO memory stacking over logic core using 3D Network-on-Chip (NoC) is demonstrated in [10]. CuCu has been used as well in memory-on-logic integration such as in [START_REF] Saito | A chip-stacked memory for on-chip SRAM-rich SoCs and processors[END_REF] and [START_REF] Dae | 3D-MAPS: 3D Massively parallel processor with stacked memory[END_REF].

Memory-on-logic is considered as an example of heterogeneous integration where the memory die can be fabricated in a different process node comparing to the logic die.

This is interesting to improve the overall system-on-chip performances and continue with More-than-Moore trend, however, our interest is to use high-density 3D technologies for logic-on-logic stacking to be able to integrate more transistors and continue miniaturization with More-Moore trend.

Core-level and block-level integration

Logic-on-logic integration can be achieved as well at different granularities. A coarsegrain can be achieved by stacking logic cores over each other. Reference [START_REF] Fick | Centip3De: A cluster-based NTC architecture with 64 ARM Cortex-M3 cores in 3D stacked 130 nm CMOS. Solid-State Circuits[END_REF] discussed the extension of memory-on-logic 3DICs to several layers 3DICs including core-level integration. References [START_REF] Van Der Plas | Design issues and considerations for low-cost 3-D TSV IC technology[END_REF][START_REF] Savidis | Power noise in tsv-based 3-d integrated circuits. Solid-State Circuits[END_REF] discussed different design aspects for core-level integration.

A finer grain stacking can be achieved by splitting a specific core and integrate its internal blocks over each other, which is called 'block-level integration'. References [START_REF] Gabriel H Loh | Processor Design in 3D Die-Stacking Technologies[END_REF] and [START_REF] Jung | How to reduce power in 3D IC designs: A case study with OpenSPARC T2 core[END_REF] discuss two case studies for block-level integration of Intel Pentium 4 and openSPARC T2 processors respectively. Figure 2.7 shows the detailed block-level integration of an openSPARC T2 processor using 2979 TSVs [START_REF] Jung | How to reduce power in 3D IC designs: A case study with OpenSPARC T2 core[END_REF]. 

Gate-level integration (Cell-on-Cell)

Gate-level integration, or Cell-on-Cell, is achieved by stacking standard cells over each others. As the density of connections between standard cells is much higher than that between blocks or cores, a high-density 3D technology is needed for cell-on-cell integration.

Cell-on-Cell raises the need for a proper partitioning methodology to determine which standard cell is assigned to which die. A min-cut partitioning algorithm is proposed in [START_REF] Karypis | Multilevel hypergraph partitioning: applications in VLSI domain. Very Large Scale Integration (VLSI) Systems[END_REF] to minimize number of connections between dies, and has been used in [START_REF] Thorolfsson | A 10.35 mW/GFlop stacked SAR DSP unit using fine-grain partitioned 3D integration[END_REF] to demonstrate the stacking of a DSP block using CuCu technology. A placement-driven partitioning algorithm has been proposed in [START_REF] Panth | Placement-driven partitioning for congestion mitigation in monolithic 3D IC designs[END_REF] to increase the benefits of M3D technology. A detailed discussion on the gate-level partitioning algorithm is shown in Chapter 4.

Additionally the gate-level integration granularity increases the need for a 3D clock tree synthesis and an optimized 3D cell placement. These two aspects are needed for block-level as well however they become more critical for finer granularities. Both issues will be discussed in details in the next section (sec.2.5).

Transistor-level integration (N/P)

Transistor-level integration is the finest stacking approach in the granularity spectrum.

It is achieved by splitting each CMOS gate in two parts, so that NMOS and PMOS transistors are placed in different layers (N/P). A very high density 3D technology, such as M3D, is needed to achieve N/P approach. The main advantages of N/P approach are:

1. (+) Perform process optimization for each transistor layer separately.

2. (+) Minimize number of metal layers of the bottom die as all cell routing is done in the top die.

3. (+) By designing libraries of new 3D standard cells, conventional 2D EDA tool flow can be used.

On the other hand, N/P approach has some drawback such as:

1. (-) N/P approach requires insertion of 3DVIA in each cell which increase the internal resistance and capacitance parasitics of standard cells.

(-)

The need to re-design and characterize all the 2D design kit libraries to create new 3D standard cells.

3. (-) Limited to two-tiers only. If more than two tiers are used, a cell-on-cell approach is needed.

Reference [START_REF] Lee | Ultra high density logic designs using transistor-level monolithic 3D integration[END_REF][START_REF] Liu | A design tradeoff study with monolithic 3D integration[END_REF] discuss the benefits and challenges of N/P approach using Monolithic 3D technology for logic blocks (e.g. AES, FFT, JPEG).

Creating a 3D SRAM cell using transistor-level stacking is another design paradigm which has been explored in [START_REF] Thomas | Compact 6T SRAM cell with robust Read/Write stabilizing design in 45nm Monolithic 3D IC technology[END_REF][START_REF] Liu | Ultra-high density 3D SRAM cell designs for monolithic 3D integration[END_REF].

Logic-on-Logic stacking: Fine vs. Coarse grain Partitioning

As we illustrated, partitioning techniques differ according to the stacking granularity used. Logic-on-Logic stacking can be divided into two main categories: (i) Architecturelevel Partitioning for a coarse-grain stacking, and (ii) Gate-level partitioning for finegrain stacking.

Coarse-Grain: Architecture-level Partitioning

Coarse grain stacking is used for technologies with large 3D-VIA diameter and pitch.

In this case an 'Architecture-level partitioning' is needed where the global interconnects are cut and converted into 3D connections. These global interconnects can be between memories and logic blocks, or between cores in a many-core architectures, or even between main functional parts of a logic block.

Architecture-level partitioning approach requires the designer to have a preliminary good knowledge and understanding of the 2D architecture, and consequently it takes long time that is not compatible with complex and large-scale designs. Memory-on-logic partitioning has been demonstrated in [START_REF] Wordeman | A 3D system prototype of an eDRAM cache stacked over processor-like logic using throughsilicon vias[END_REF][START_REF] Saito | A chip-stacked memory for on-chip SRAM-rich SoCs and processors[END_REF][START_REF] Dae | 3D-MAPS: 3D Massively parallel processor with stacked memory[END_REF][START_REF] Fick | Centip3De: A cluster-based NTC architecture with 64 ARM Cortex-M3 cores in 3D stacked 130 nm CMOS. Solid-State Circuits[END_REF], while logic-on-logic stacking using architecture-level partitioning has been demonstrated in [START_REF] Gabriel H Loh | Processor Design in 3D Die-Stacking Technologies[END_REF][START_REF] Xie | Processor architecture design using 3D integration technology[END_REF][START_REF] Jung | How to reduce power in 3D IC designs: A case study with OpenSPARC T2 core[END_REF][START_REF] Amr G Wassal | Novel 3D memory-centric NoC architecture for transaction-based SoC applications[END_REF][START_REF] Tada | A middle-grain circuit partitioning strategy for 3-D integrated floating-point multipliers[END_REF]. To show the effect of gate-level 3D partitioning, let's take partitioning case of a small circuit with just 5 gates (standard cells). Figure 2.8(a) shows the standard cell connectivity of that example. To convert this circuit to 3D, we need to decide which cell is to be assigned on which tier. Two possible ways to partition the circuit are shown in Figure 2.8 (b) and (c), however there are 8 other possible partitioning ways! The objective of our study is to perform the partitioning which gives the best performances in terms of power, timing, area and number of 3D contacts.

Previous gate-level partitioning techniques can be divided into two main categories:

(i) minimum cut partitioning [START_REF] Karypis | Multilevel hypergraph partitioning: applications in VLSI domain. Very Large Scale Integration (VLSI) Systems[END_REF][START_REF] Thorolfsson | A 10.35 mW/GFlop stacked SAR DSP unit using fine-grain partitioned 3D integration[END_REF], and

(ii) performance-driven partitioning [START_REF] Panth | Placement-driven partitioning for congestion mitigation in monolithic 3D IC designs[END_REF][START_REF] Panth | Power-performance study of block-level monolithic 3D-ICs considering inter-tier performance variations[END_REF][START_REF] Jung | How to reduce power in 3D IC designs: A case study with OpenSPARC T2 core[END_REF].

In the following section (4.2), a detailed discussion of these techniques is presented.

Table 2.2 shows the main differences between coarse-grain architecture-level partitioning and fine-grain gate-level partitioning methodologies.

Through the rest of this chapter we will focus on the gate-level partitioning methodologies to show the previous state-of-the-art techniques and introduce our physical-aware partitioning methodology, while a case study of architecture-level partitioning for a network of neural cliques is presented and discussed as in Chapter 6.5. 

Summary: 3D partitioning granularity spectrum

In the previous section, we show that partitioning granularity varies resulting in a broad spectrum from coarse grain to fine grain 3D integration. Table 2.3 summarizes a comparison between different partitioning granularity levels from design and technology perspectives. 

Design examples

Cache-on-Processor [START_REF] Wordeman | A 3D system prototype of an eDRAM cache stacked over processor-like logic using throughsilicon vias[END_REF] 3D manycore using 3DNoC [START_REF] Van Der Plas | Design issues and considerations for low-cost 3-D TSV IC technology[END_REF] 3D openSPARC T2 processor [START_REF] Jung | How to reduce power in 3D IC designs: A case study with OpenSPARC T2 core[END_REF] DES-3, FFT, LDPC [START_REF] Panth | Placement-driven partitioning for congestion mitigation in monolithic 3D IC designs[END_REF] DES-3, FFT, LDPC [START_REF] Lee | Ultra high density logic designs using transistor-level monolithic 3D integration[END_REF] Several previous works in the literature have discussed different aspects of each granularity level using different technologies. Figure 2.9 summarizes the most recent published work showing the spectrum of different 3D technologies (i.e. 3DVIA diameter) and different stacking granularity. From the plot we can notice how wide the partitioning spectrum according to 3D technologies and how variant the applications can be.

As we explore the design capabilities of high-density 3D technologies in this dissertation, the fine-grain gate-level and transistor-level will be our main focus. Transistorlevel partitioning is achieved by splitting each standard cell into NMOS layer over PMOS layer (N/P), consequently it provides possibilities to optimize separately each layer from fabrication process perspective. N/P approach has another advantage of using the conventional 2D place and route tool flow as the pins of all N/P standard cells stay on the same tier (top). However using N/P approach inserts 3DVIA between transistor in each standard cell which decreases its interest due to the resistance and capacitance parasitics associated with 3DVIAs. Additionally N/P approach requires a complete new design platform including re-designing standard cells and re-generating the design kit libraries.

On the other hand, gate-level partitioning is achieved by assigning each 2D standard cell either to the top tier or the bottom tier (cell-on-cell). Consequently the same design kit libraries can be used with inserting 3DVIA only to connect top and bottom cells.

However cell-on-cell approach requires an innovative partitioning technique to determine which cell placed on which tier. Moreover inter-tier metal layers are needed to route standard cells in the bottom tier. Other CAD issues need to be addressed as well for cell-on-cell approach, such as 3D clock tree and the need for special 3D place and route tool flow. The 3D CAD tools issues are explored in the next section. 

3D CAD Tools: Issues and Perspectives

In the previous two sections 3D technologies and stacking granularity spectrum have been explored. To complete the design cycle CAD tools suited for 3D are needed to implement 3D designs using the proper technology. CAD tools have different requirements for 3DICs than for 2DICs, and these requirements vary according to the design granularity. Several previous works have addressed different issues of CAD tools for 3D.

In this section we will first discuss the issues for 3D CAD tools with previous solutions and then we will show some techniques to use 2D commercial tool flow to implement a 3D design.

Issues of CAD tools for 3DICs

EDA design and implementation flow is mature for 2D ICs using several commercial CAD tools however for 3D there are different issues compared to 2D. In the following subsections 3D cell placement, 3DVIA placement and 3D clock tree synthesis are discussed.

3D Standard Cell Placement

Generally standard cell placement is a critical phase in a design implementation. Due to the increasing complexity of integrated circuits, placement is divided into three phases:

(i) global placement; where the standard cells are placed within a relaxed overlap constrain, (ii) placement legalization; where any cell overlapping is removed and cell placement is legalized, (iii) detailed placement; where placement is further improved with a non-overlapping constraint using cell swapping and re-arrangement techniques.

For 3D standard cell placement, references [START_REF] Luo | An Analytical Placement Framework for 3-D ICs and Its Extension on Thermal Awareness[END_REF][START_REF] Cong | A multilevel analytical placement for 3D ICs[END_REF][START_REF] Hsu | TSV-aware analytical placement for 3D IC designs[END_REF] proposed analytical full 3D global placement algorithms. These algorithms are based on generating an optimization function in three-dimensions (x, y, z) which targets minimizing wire length and number of 3D vias (TSVs). These techniques are effective to compromise between decreasing number of 3D vias and achieving minimum wire length.

Number of 3D vias is a constraint for TSV and CuCu technologies however it is no longer valid for high-density 3D technology, such as M3D. Consequently M3D placement problem is not constrained with number of M3D-VIA and it can be built based on a 2D placer. References [START_REF] Bobba | CELON-CEL: Effective design technique for 3-D monolithic integration targeting high performance integrated circuits[END_REF][START_REF] Panth | Placement-driven partitioning for congestion mitigation in monolithic 3D IC designs[END_REF] have demonstrated M3D placement based on 2D placer.

A detailed discussion of this work is shown in section 2.5.2

3D-VIA Placement

3DVIA placement depends on the partitioning granularity. For coarse-grain partitioning, VIA placement is done in association with the 3D floor-planning phase. The reason is that for coarse-grain partitioning number of 3DVIAs is small and those VIAs need to be placed in specific positions, such as the case in [10].

On the other hand for fine-grain partitioning, 3DVIA placement is associated with the 3D cell placement. The reason is that for fine-grain case number of 3DVIAs is too large (order of thousands) and each 3DVIA location needs to be optimized between the connected top and bottom blocks/gates.

Thermal-aware 3DVIA placement has been addressed as well for coarse-grain partitioning to reduce thermal effect on different tiers [START_REF] Cong | Thermal-aware 3D IC placement via transformation[END_REF].

3D Clock Tree Synthesis

3D Clock Tree Synthesis (CTS) is another important aspect raised by decreasing the stacking granularity. The main issues of 3D clock tree design are (i) symmetry in the clock tree, (ii) clock skews and (iii) power consumption. In coarse grain integration, a communication scheme, such as 3D NoC, can be used between top and bottom. However for finer grain integration this solution is not affordable due to the high-density of vertical interconnects and the area overhead of such communication scheme.

Custom 3D clock tree synthesis and analysis have been discussed in [START_REF] Zhao | Low-Power and Reliable Clock Network Design for Through-Silicon Via (TSV) Based 3D ICs[END_REF][START_REF] Kim | Resource allocation and design techniques of prebond testable 3-D clock tree. Computer-Aided Design of Integrated Circuits and Systems[END_REF][START_REF] Zhao | Low-power and reliable clock network design for through-silicon via (TSV) based 3D ICs. Components, Packaging and Manufacturing Technology[END_REF]. [START_REF] Zhao | Low-Power and Reliable Clock Network Design for Through-Silicon Via (TSV) Based 3D ICs[END_REF] shows the effect of the count and parasitics of 3D VIAs inserted in the clock tree, where an optimum number of TSV insertion is determined.

However a full 3D clock synthesis lacks the support of CAD tools. Some techniques have been proposed to avoid synthesizing a 3D clock tree. One technique is to create two clock trees on each die, separately, with a Digital Locked Loop (DLL) for synchronization and skew removal. The cost of this technique is the extra area overhead for implementing DLLs on each die [START_REF] Pang | A shorted global clock design for multi-GHz 3D stacked chips[END_REF]. Another technique is to create shorted-clock-tree to remove the skew between top and bottom at the cost of extra power [START_REF] Pang | A shorted global clock design for multi-GHz 3D stacked chips[END_REF]. Reference [START_REF] Vasilis F Pavlidis | Clock distribution networks for 3-D ictegrated Circuits[END_REF] shows a demonstration of different conventional clock topologies implemented in 3-layers 3D chip including; H-tree over H-tree, H-tree over global-rings and H-tree over local-rings.

Targeting fine-grain gate-level partitioning using high-density 3D technology opens a new technique to avoid 3D CTS issue. The method is to place all flip-flops only on one die. However a dedicated gate-level partitioning algorithm is needed for that. This technique has been used in [START_REF] Thorolfsson | A 10.35 mW/GFlop stacked SAR DSP unit using fine-grain partitioned 3D integration[END_REF].

Table 2.4 shows a qualitative comparison between the different 3D clock tree techniques. To achieve local stacking technique, 'CELONCEL' approach [START_REF] Bobba | CELON-CEL: Effective design technique for 3-D monolithic integration targeting high performance integrated circuits[END_REF] is introduced where a 3D placement technique is performed by three steps: (i) transforming each standard cell to half its size, (ii) these cells are placed using regular 2D placer, and then (iii) restore the standard cells to their original size. 'Shrunk2D' is a similar technique to provide a placement-driven partitioning for M3D which has been proposed in [START_REF] Panth | Placement-driven partitioning for congestion mitigation in monolithic 3D IC designs[END_REF].

Using Fast Prototyping Implementation Tool

As we have illustrated partitioning techniques are needed to distribute the standard cells across top and bottom tiers. However for complex designs, several 3D partitioned and micro-architecture options require evaluation which takes long run time by using conventional place and route as a full sign-off physical implementation tools. Hence the need for a fast prototyping tool is increasing to explore the different design variabilities within acceptable short run time. For example, an FFT block takes 4.5x run time by using a full place and route tool comparing to a SpyGlass Physical fast prototyping tool.

This difference increases by increasing the block complexity.

By using a fast prototyping tool with 3D cell placement and routing capabilities, an XML description is needed to define the technology parameters and configuration for the 3D technology used. Using such XML configuration file allows the tools to create components for 3D vias with the corresponding diameter, pitch and technology parameters.

In our work, we have used a 3D fast prototyping tool to explore different partitioning techniques where the tool is performing 3D placement, 3D global routing, 3D parasitics extraction, 3D timing analysis and 3D power estimation. This methodology has been used in Chapters 4, 5 and 6.

By increasing the design complexities on one hand and having more partitioning, microarchitecture and design parameters to explore on the other hand, the usage of a fast implementation tool is crucial to give some guidelines of the sign-off place and route implementation phase.

Conclusion: Work positioning and Design Framework

In this dissertation we studied different options in the 3D design space. First from 3D

technology perspective, we have implemented the three high-density technologies (CuCu, TSV and M3D), showing a full technology assessment under different design conditions.

Second from partitioning granularity perspective, this work addresses main gate-level fine grain stacking. We have proposed as well a finer grain approach which is 'cell-onbuffer' which lies between gate-level and transistor-level granularity. Finally from 3D CAD tools, we have used two different tools; (i) Atrenta SpyGlass Physical 3D (SGP-3D) tool [START_REF][END_REF] has been used as a fast prototyping tool to get powerperformance-area evaluation for different 3D designs. The main advantage of SGP-3D

is the capability of physical 3D cell placement, 3D global routing, 3D timing/power analysis within a short run time.

(ii) Cadence Encounter 2D flow for cell-on-buffer approach. In this case we modified the technology libraries to include the 3D effect using conventional 2D sign-off flow.

Regarding the 3D clock tree synthesis, we have used the separation of flip flops on one tier using our proposed partitioning algorithm as we will discuss later.

Figure 2.11 shows the general 2D/3D design framework starting from the IP RTL, then logic synthesis using Cadence RTL compiler, then 2D and 3D physical implementation using SGP prototyping tool to get full evaluation on a power-performance-area metrics.

This design flow has been used in Chapters 4, 5 and 6.

Chapter 3

Cell-on-Buffer: A New Design Approach for Monolithic 3D

Introduction

Stacking granularity varies depending on 3D technology used. As discussed in chapter 2, granularity spectrum starts from coarse-grain core-level stacking down to fine-grain transistor-level stacking, where our focus in this work is the fine-grain partitioning thanks to capabilites of high-density 3D technologies.

In this chapter we introduce a 3D Cell-on-Buffer (3DCoB) approach. 3DCoB consists in splitting non-minimum drive standard cells into two stages: (i) a logic stage and (ii) a buffering stage. The logic stage is being implemented by its equivalent minimum-drive cell, while the buffering stage is implemented by a driving buffer with the same drive as the original cell. The min-drive cell and the driving buffer is then stacked vertically.

Using this approach, the minimum-drive logic cell provides the same logical function as the original cell, while the driving buffer guarantees the same driving capability.

3DCoB approach can be considered as a subset of Cell-on-Cell approach as it uses the 2D cells and no need to redesign the standard cells. Additionally, 3DCoB provides advantages for performance improvement thanks to decreased input gate capacitances, no need to clock synchronization between the two tiers as well as partitioning step. As a result, full compatibility with conventional 2D digital implementation tools is kept.

Moreover, 3DCoB provides a separation between logic functionality and driving capabilities, which can be used to introduce power optimization techniques as we will discuss in section 3.5.

Consequently the 3DCoB approach provides:

i. Overall performance improvement.

ii. Full compatibility with the conventional sign-off physical implementation flow.

iii. No clock synchronization issue between the two tiers.

iv. No inter-tier routing metal layers between bottom cells.

v. Separation between logic functionality and driving capabilities.

Table 3.1 summarizes the differences between transistor-level, cell-on-cell and the proposed cell-on-buffer approaches. 

2D Design flow compatibility

Yes Yes No

Usage of inter-tier VIAs In every cell Only in 3D cells Between cells (if req.)

In the following sections the full design flow, implementation and results for 3DCoB approach are presented. Afterwards, a low-power approach is introduced using Multi-VDD 3DCoB, with a full design flow.

3.2 3D Cell-on-Buffer (3DCoB) Approach

3DCoB cell structure

As we mentioned the main idea of 3DCoB approach is to split the non-minimum drive 2D cells into a logical functioning tier and a driving tier. To have a full set of standard cells, the min-drive cells will be kept in 2D. Figure 3.1 shows the set of cells in case of applying 3DCoB approach, where the min-drive cells are kept as in 2D, and the non-min drive cells are split in 3D.

The input pin of the 3DCoB cell is connected directly to the input of the minimumdrive gate, while the 3DCoB output is taken from the output of the driving buffer. as shown in Figure 3.1(b).

2D library set of cells 3DCoB library set of cells The 3DCoB cell has internally two inter-tier M3D vias. The first via is connecting the minimum-drive gate output to the driving-buffer input. The second via is connecting the output of the driving-buffer to the global output pin of the 3DCoB cell to be on the same tier (i.e. top tier) as the global input pin. As the pins of the 3DCoB cells are located on the same tier, 3DCoB can be used by the conventional 2D place and route tools. 

3DCoB input gate capacitance

Additional advantage of the 3DCoB approach is decreasing the input gate capacitance of the cells. As the input of the 3DCoB cell is connected to the input of the minimum-drive gate instead of the original-drive gate, the input gate capacitance is less than that of the 2D cells.

For example, in case of AND2x33 2D cell, its 3DCoB equivalent cell is the min-drive gate, for instance AND2x8, connected to the equivalent driving buffer BUFx33. In this case, the input of the AND2x33 3DCoB cell is connected to the input capacitance of AND2x8 instead of AND2x33 which affords low input capacitance.

Results of input gate capacitance effect

An experiment has been setup to evaluate the effect of the input gate capacitance for 3DCoB cells. Standard cells of the core library of a 28nm FDSOI design kit have been used. A comparison has been developed between the input capacitance of the 2D cells and their 3DCoB equivalent cells. Two parameters decrease the signal path delay which increases the overall performance for 3DCoB approach (i) this reduction of the input gate capacitance and (ii) the reduction of cell area which allows the placement tool to optimize the cells for better performance. The full implementation results will be discussed in section 3.4.

3DCoB Implementation Framework

To accurately evaluate the potential of 3DCoB approach using M3D technology, a 3D digital implementation flow has been developed. One main advantage of 3DCoB approach is the compatibility with conventional place and route tools. However new design kit libraries are needed to include 3DCoB set of cells. Contrary to N/P approach, 3DCoB cell libraries can be generated directly from the 2D cell library using simple scripts with no need to re-create every standard cell in the library. In the following subsections the generation of 3DCoB .LIB and .LEF libraries is presented in details. Consequently, when the buffer is equal or smaller than the top cell, an additional area is needed for these vertical inter-tier vias. Contrary, when the buffer is larger than the top cell by equal or more than the inter-tier via pitch, the new 3DCoB cell area will be the same as the buffer area.

Equation 3.1 shows the calculation of the area of the 3DCoB cell. 

Area 3DCoB =    A BU F (A M in-Cell + P via ) < A BU F max(A M in-Cell , A BU F ) (A M in-Cell + P via ) ≥ A BU F (3.1)
Where, Area 3DCoB is the area of the new 3DCoB cell, A M in-Cell is the area of the top cell, A BU F is the area of the bottom buffer cell, and P via is the pitch needed to place the Monolithic 3D VIA.

As these modifications are done for only non-minimum drive cells, the area needed for bottom tier is smaller than the area of the top tier as well as the original 2D area.

.LIB file generation

Liberty timing (.LIB) file contains the timing and power characterization of each standard cells in the form of lookup tables. A .LIB file is generated by characterizing a SPICE netlist (.SPI) of the standard cells. The spice netlist for a 3DCoB cell can be created from the 2D spice netlists using a simple script by generating a new sub-circuits with a gate, a buffer and RC interconnect model, as described in the procedure shown in Figure 3.6. These generated 3DCoB spice netlists are then characterized using the proper resistance and capacitance parasitic values for M3D technology. Using this procedure, a 3DCoB .lib file can be generated. To provide an additional validation at a full block level, we have run two implementations of the same block (128-bit AES) using both libraries: the foundry 2D .LIB and our generated 2D .LIB files. Table 3.2 shows the results from Cadence Encounter for timing, gate count and area reports using both files. The mismatch error between our generated 2D .LIB file and the foundry 2D .LIB is maximum 2.2%.

From the aforementioned results we can infer that the proposed .LIB generation methodology is consistent and can be extended to 3D Cell-on-Buffer standard cells .LIB generation in order to enable a full digital implementation flow. 

3DCoB Performance-Power Results

To evaluate the proposed approach, selected benchmark blocks are implemented in 2D and 3DCoB using 28nm FDSOI technology and Monolithic 3D integration technology demonstrated in [8]. We used a sign-off physical implementation flow using CADENCE At the same target frequency, 3DCoB approach improves performances by 20.5% and 9.6% compared to 2D for the AES (at 2.5GHz) and FFT (at 1.67GHz) blocks, respectively. OpenMSP block shows no gain in performances due to its small size and low number of standard cells.

To show the maximum achievable frequency at the same block area, we vary the target clock frequency of each block till reach the max performance point that can be achieved. AES block can be implemented using 3DCoB in a higher target frequency (3.33 GHz) compared to 2D implementation (2.5 GHz), at the same block area. As the performance improvement causes power increment, power optimization technique for 3DCoB approach is introduced in the next section.

The performance gain of 3DCoB approach depends on: (1) block complexity, i.e. number of standard cells, and (2) number of non-min cells in the design. Number of non-min cells increases by increasing the implementation constraint, i.e. target frequency.

To show the block complexity effect, we use openMSP, FFT and AES blocks with increasing block complexities which lead to increase number of non-min cells. For small blocks like openMSP, no performance gain can be achieved using 3DCoB approach. However FFT (at 1.67GHz) and AES (at 2.5GHz) blocks show number of non-min cells equals to 6338 and 32984 respectively. As the block complexity increases, 3DCoB performance gain increases. The higher number of non-min cells in the AES block leads to higher performance gain using 3DCoB approach, which is up to 35%, on the cost of power increase.

High performance implementation increases the utilization of non-min drive cells. To

show the effect of 3DCoB approach on the cell type and size, we analyze the full cell distribution for the FFT block as an example block for both 2D and 3DCoB implementations. Consequently the 3DCoB implementation has 13% decreasing of non-min-drive cells usage. This is due to: (i) the performance improvement offered by 3DCoB cells so the implementation tool remove several non-min cell drive and (ii) free space appears due to 3D stacking area reduction which allows the tool to insert more buffers on the critical paths to reach higher performances.

Low-Power Multi-VDD CoB (MV-CoB) Approach

Different low-power techniques have been developed such as Digital Voltage and Frequency Scaling (DVFS) and VDD-Hoping [START_REF] Choi | Fine-grained dynamic voltage and frequency scaling for precise energy and performance tradeoff based on the ratio of off-chip access to on-chip computation times[END_REF][START_REF] Howard | A 48core IA-32 message-passing processor with DVFS in 45nm CMOS[END_REF]. To apply power optimization for 3DCoB approach, multiple-VDD has been used as a low power technique. In this section we introduce a new methodology to develop a low-power Multiple-VDD 3DCoB

(MV-3DCoB) approach.

One of the main advantages of the 3DCoB is separating the driving capabilities from the logic functionality. Our multi-VDD 3DCoB methodology aims to decrease the supply voltage only for the logic functionality and keep the original supply voltage for the driving buffers. By this way, the driving capability of the multi-VDD 3DCoB cells is kept the same as the original single-VDD 3DCoB cells. Consequently, the power consumption decreases without much degradation of the performance.

For example, if the single-VDD cells with a supply of 'V DD ', the multi-VDD 3DCoB cells will have a top voltage supply equals to 'β *V DD ' for the logic functionality where (β less than 1) and a bottom voltage supply equals to 'V DD ' for driving buffer.

Figure 3.10 shows the different connectivity for 3DCoB where; the first scheme is connecting two min-drive cells directly, the second scheme is the inter-cell connection between the min-drive gate and its driving buffer, the third signals are connecting the outputs of the driving buffers and the inputs of the next min-drive gates.

Using these different connectivity schemes, the MV-3DCoB power consumption can be estimated as shown in equation 3.2: where β is the supply voltage ratio (β=V DDL /V DD ). N min and N non-min are the number of the min-drive and non-min drive cells, and C gmin and C gnon-min are the average gate capacitances of the min-drive and non-min drive cells respectively. C gBU F is the average gate capacitance of the buffer cells.

P M ultiV DD = α * f * V 2 DD [β 2 (C gmin N min + C gBU F N non-min ) + C gmin N non-min ] (3.2) (a) (b) (c)
The number of the min-drive and non-min cells can be known from the synthesized netlist. As shown from the derived equation, the power gain of the multi-VDD 3DCoB is function of the number of the cells and the technology used (gate capacitances).

Using 3DCoB approach will decrease the leakage power that to decreasing the supply voltage of the bottom tier, i.e. half of the 3DCoB cell. However a short-circuit power may be introduced due to the internal connectivity between the low-voltage bottom buffer and the high-voltage top gate. As a resultant, the total power decreases by applying 3DCoB approach as we will show in the next section. approach converts only the non-min drive cells, the bottom tier is not fully occupied and has free silicon space. Such free space depends on the ratio between number of min-drive cells and the non-min drive cells.

Another way is by controlling the number of M3D vias used for PDN connections. The parasitics of these M3D vias control the voltage drop and the current supply required at the bottom tier. The number of M3D vias used for PDN connections is determined according to the current required for the bottom tier.

Power Optimization Results MV-CoB Performance-Power-Area Results

To fully implement the Multi-VDD 3DCoB (MV-3DCoB) approach, we use the same design flow methodology introduced in section 3. Table 3.4 summarizes the MV-3DCoB results compared to: (i) 2D and (ii) single-VDD 3DCoB implementations. The supply voltage in both 2D and single-VDD 3DCoB cases is set to 1V. To achieve a faire comparison, the same set of benchmarks is implemented using the same design frame work as 2D and single-VDD 3DCoB.

In case of AES block at 1.42GHz target frequency, MV-3DCoB reduces power by 21.8%

with only performance reduction of 2% compared to 2D. For the FFT block at 1.25GHz, MV-3DCoB reduces power by 17.7% with only performance degradation by 0.8% compared to 2D. However, in case of openMSP block at 1.11GHz, MV-3DCoB reduces power by 26.3% but with performance degradation of 10.4% compared to 2D. This is due to the small size effect of the block. Figure 3.11 shows the power-performance results for the benchmark circuits. As shown, MV-3DCoB provides lower power compared to both 2D and 3DCoB implementations by 26%, 18% and 22% for openMSP, FFT and AES blocks respectively.

For the leakage power, decreasing the top-tier supply voltage in the Multi-VDD 3DCoB decreases the leakage compared to the original 2D design. For example, in case of FFT (with 1.25GHz target clock frequency), the leakage power for the 2D equals 0.37mW while for the MV-3DCoB equals 0.28mW, as shown in Table 3.4. As shown, MV-3DCoB power gain depends on the number of non-min cells in the design which increases by increasing block complexity, or by changing the constraints applied in the place and route tool such as increasing target clock frequency.

Summary and Conclusion

In this chapter we propose 3D Cell-on-Buffer (3DCoB) as a design approach for M3D.

The main idea for 3DCoB is to split the conventional 2D cells into two stages; logical stage (min-drive cells) and driving stage (same-drive buffer). The logical cell is stacked over the driving buffer using the advantage of the M3D technology. The implementation results show up to 35% performance improvement of 3DCoB compared to the same 2D design. The performance gain highly depends on the block complexity and architecture.

Taking the advantage of logic and buffering separation, we presented Multi-VDD 3DCoB (MV-3DCoB) as a power optimization technique to the 3DCoB. For MV-3DCoB, the min-drive logic gates have a low supply voltage while the driving buffers have the normal supply voltage to maintain the original driving capability. The implementation results using MV-3DCoB cells show power gain of 21.8% compared to the 2D results on the cost of 2% performance degradation for the AES block at the same footprint area. Table 3.5 summarizes the full comparison between transistor-level NMOS-on-PMOS (N/P) approach [START_REF] Lee | Ultra high density logic designs using transistor-level monolithic 3D integration[END_REF], gate-level Cell-on-Cell approach [START_REF] Panth | Power-performance study of block-level monolithic 3D-ICs considering inter-tier performance variations[END_REF], and the proposed Cell-on-Buffer approach. Comparing to 2D implementation, Cell-on-Cell approach offers gain in performance from 1.7% to 7.3%. For the power, Cell-on-Cell and N/P approaches achieve up to 16% and 32% power reduction, respectively, compared to 2D.

As we demonstrated 3DCoB approach provides better performance and lower power compared to 2D and other 3D techniques. However, the shortage of 3DCoB is in the area gain. The area utilization of bottom tier depends on the percentage of 3DCoB cells in the design which is relatively low (10%-20% depending on block architecture and implementation constraints). Consequently, 3DCoB can be an interesting appraoch to boost the 3D performance but the partitioning solution. So, there is still a need for a partitioning technique to be used with a cell-on-cell approach to achieve the expected Chapter 4

Gate-Level 3D Partitioning

Introduction: 3D Partitioning

Area gain is one of the main advantages of 3D technologies. In the previous chapter we present a 3D cell-on-buffer approach which shows power and performance improvements.

However the need for gate-level cell-on-cell integration is crucial to achieve high area gain, i.e. around 50%. Considering complex designs of several thousands to millions gates (K-Gate to M-Gates) with high-density M3D technology offering up to 10 8 vias/mm 2 [8],

there is an important question is raising of how to distribute cells efficiently on top and bottom tiers.

To create a 3D design, part of the circuit should be placed on one die and the other part should be placed on a second die, that's what we call "Partitioning". Conventionally for two-layers 3DIC, half of the design is assigned to one die and the another half is assigned to the second die. The question is how to partition a 2D design to create a 3D design.

Partitioning is the process to distribute logical cells of a design on different stacked 3D layers. This step is critical in the 3D design flow as it affects the power-performancearea gain of the new 3D design. As 3D power-performance gains are achieved thanks to cutting long wires to 3D connections (3D VIA), different partitioning techniques will give different results due to the different wires have been cut. The ratio of RC parasitics between a 3D VIA and the 2D wire is important to determine the power-performance gain by going to 3D.

To illustrate the effect of RC parasitics ratio between 2D and 3D, let's discuss Monolithic 3D technology (M3D) parasitics values comparing to the CMOS node. By using M3D

technology with a VIA of 5Ω resistance and 0.2 fF capacitance [START_REF] Panth | Power-performance study of block-level monolithic 3D-ICs considering inter-tier performance variations[END_REF][START_REF] Sarhan | Intermediate BEOL process influence on Power and Performance For 3DVLSI[END_REF], the replaced 2D wire length should had a higher RC values to achieve gain by going 3D. From these results, we can emphasis that different partitioning of the same block under the same technology parameters and the same implementation framework can achieve different 3D power-performance results.

Previous Gate-Level Partitioning Techniques

As illustrated there are two main approaches for designing 3D blocks in the literature.

The first one is the architecture-level approach which takes long time that is not compatible with complex and large-scale designs. The second approach consists in partitioning the 2D netlist to get the 3D netlists using a partitioning algorithm which is gate-level partitioning. In this chapter, we will focus on the gate-level partitioning.

Gate-level partitioning has two different approaches:

i. Min-cut partitioning technique.

In this technique the partitioning algorithm targets to minimize the number of 3D contacts for a certain area ratio between top and bottom tiers, typically the balanced (equal) area ratio.

ii. Performance-driven partitioning technique.

In this technique the partitioning algorithm targets to maximize the performance gain of 3D regardless the number of 3D contacts.

A hyper-graph partitioning tool named 'HMetis' was presented in reference [START_REF] Karypis | Multilevel hypergraph partitioning: applications in VLSI domain. Very Large Scale Integration (VLSI) Systems[END_REF] as a min-cut partitioning algorithm. Reference [START_REF] Thorolfsson | A 10.35 mW/GFlop stacked SAR DSP unit using fine-grain partitioned 3D integration[END_REF] demonstrates a 3D Digital Signal Processor (DSP) with a gate-level partitioning using hMetis partitioning tool. In this case, the hMetis tends to minimize number of 3D contacts with equal area ratio between top and bottom tiers. Copper-to-Copper technology has been used in that work with a 5µm pitch of 3D contacts.

However Monolithic 3D technology offers very high density 3D contacts with a pitch scaled down to 0.11 µm for 28nm technology. This technology breaks the limitation in terms of number of 3D connections which opens new paradigm of partitioning to imporve performance and power results.

In 2007, Cong et al [START_REF] Cong | Thermal-aware 3D IC placement via transformation[END_REF] introduces the concept of Local Stacking Transformation (LST)

and it was fully explained in [START_REF] Xie | Three-dimensional integrated circuit design[END_REF]. LST technique assume starting with an optimized 2D placement then shrink placement area with K factor, where K is the number of stacked layers. Then a legalized phase is performed to distribute bin the close cells and distribute them on the different stacked dies. LST was introduced for TSV-based implementation.

Similarly, CELONCEL placer was introduced based on the same concept but for Monolithic 3D technology [START_REF] Bobba | CELON-CEL: Effective design technique for 3-D monolithic integration targeting high performance integrated circuits[END_REF]. CELONCEL shrinks all standard cells (deflating phase) then doing the 2D placement optimization then 3D distribution of standard cells and finally restoring the standard cell sizes (inflating phase).

Similar technique was used by Reference [START_REF] Panth | Placement-driven partitioning for congestion mitigation in monolithic 3D IC designs[END_REF] as a placement-driven partitioning methodology for monolithic 3D technology with preserving the black boxes of the design.

Placement-drive partitioning technique starts either with initial 3D placement or 2D optimized placement.

Although the first two techniques (LST [START_REF] Cong | Thermal-aware 3D IC placement via transformation[END_REF] and CELONCEL [START_REF] Bobba | CELON-CEL: Effective design technique for 3-D monolithic integration targeting high performance integrated circuits[END_REF]) are introduced as 3D placers but they are actually performing gate-level 3D partitioning. 3D placement is how to place standard cells in 3D dimensions (x, y, z) instead of only two dimensions.

This process includes optimizing the cell placement vertically in z-direction which solves the same problem as 3D standard cell partitioning (cell-on-cell).

Physical-Aware Partitioning (PAP) Methodology

Previous 3D partitioning techniques are constrained by minimizing number of 3D contacts and targeting to achieve balanced area ratio between top and bottom tiers. These techniques are achieved without taking into consideration performance of the obtained partitioning design. Also as we are focusing on gate-level cell-on-cell partitioning, tens of thousands of gates need to be assigned either on top or on bottom layer to achieve the partitioning. Consequently an automated framework is needed to perform the whole partitioning methodology for different blocks with a physical-aware parameters.

The proposed automated Physical-Aware Partitioning (PAP) methodology consists of 4 main steps which lead to partition a 2D netlist into two 3D netlists. At the beginning the 2D gate netlist is obtained by a conventional synthesis process.

In our study we used 28 nm FDSOI CMOS technology to perform the synthesis. The The third step is the partitioning algorithm. In this step, the core of partitioning is performed at which the weighted HGR is partitioned into two (or more) HGRs. In our study we used the min-cut hMetis tool as a reference partitioning algorithm and we proposed a Bi-Directional Partitioning (BDP) algorithm to improve performance and power of the 3D design.

As the BDP algorithm is the main core of the partitioning work flow, it will be discussed in details in the following section (4.4). This 3D netlist is then used in the implementation tool to perform the powerperformance-area analysis. 

Bi-Directional Partitioning (BDP) Algorithm

The main step of the PAP methodology is the partitioning phase of the 2D hypergraph.

For the partitioning, a bi-directional partitioning algorithm has been introduced which targets cutting long wires first. Algorithm 1 shows the detailed procedure of the partitioning algorithm.

The first step in the hypergraph partitioning phase is to generate a 'fixed-cell' list.

This fixed-cell list is generated according to the user specifications to fix some standard cells and avoid them from partitioning. For example, in case of having all the design ports in one die then a list of all the standard cells connected to the design ports is generated as a fixed-cell list. Another example, in case of targeting a clock tree only in one die, then a list of all the clocked standard cells (flip-flops) is generated as a fixed-cell list. The generated fixed-cell list is accompanied with an indication to the fixing die, so that those standard cells are fixed either to the top tier or the bottom tier.

After generating the fixed cells, the main partitioning algorithm is applied. First, all the wires are arranged from the longest to the shortest one. Then all the fixed cells are marked using the list generated in the previous step.

After sorting all wires, each wire is being cut starting from the longest to the shortest ones, by order. After each cut process, some of the standard cells are moved to the another die which can create additional M3D via unintentionally. This cutting process is stopped either if it reaches a given critical length as a cut threshold, or reaching a given surface area of the bottom die. The critical length is a threshold to avoid cutting a 2D wire and replace it with a 3D VIA with equal or higher RC parasitics. Replacing a 2D wire with a higher RC parasitics of the 3DVIA will simply degrade the overall performances. Consequently the critical length threshold is a technology depending parameter.

The critical length value is calculated as a function of the resistive and capacitive of the 2D wiring compared to the resistance and capacitance of the M3D. The target is to have, at least, the same RC delay of 2D wire (Eq. 4.1) and that of 3DVIA (Eq. 4.2).

Delay 2D wire = r w c w L 2 ;

(4.1)

Delay 3DV ia = R 3DV ia C 3DV ia ; (4.2)
By equating the equations we can get the wire length to have equal delays. This wire length is the minimum critical length threshold to cut. Equation 4.3 shows the formula of the minimum critical length value to avoid higher RC delay due to the inserted 3DVIA.

Critical Length = (R 3DV ia C 3DV ia )/(r w c w ); (4.3)
After finishing cutting the long wires, three fixing steps are needed according to the user criteria given.

1. First, fix short interconnects(). As each standard cell is connected to several wires, not only one, moving one cell which is connected to a long wire from one tier to another will cut several wires, not only the long wire. Consequently a step is needed to restore any short wire (below than a certain threshold) that has been unintentionally cut due to moving cells to the second tier.

2. Second, fix 3DVIA count(). Similar as the first step, number of the 3D-VIAs can be more than intentionally cut. Normally for a high-density technology like Monolithic 3D, this is not an issue. However this will be an issue if other 3D technology is used where a specific 3DVia number is required. Consequently if resultant number of the M3D-VIAs is greater to a given value, then the shortest cut wires are restored.

Fixing number of M3D-VIAs is done from shortest cut wires to the longest (the opposite direction of cutting wires).

Finally, fix area ratio().

In case of requiring a given area ratio between partitioned parts. If the moved cell area is less than that given value, then the standard cells connected to the shortest uncut wire will be moved to the bottom die. The direction of fixing the area ratio is from the shortest to the longest wire till the given area ratio is met (the opposite direction of cutting wires). cutting wires, is performed from the longest wires to the shortest ones, while the direction of fixing the resultant number of M3D-VIA and surface area ratio is performed by restoring wires from the shortest to the longest ones. Consequently cutting and restoring steps are done in opposite directions, that's why we call it Bi-Directional algorithm.By using this cutting and restoring procedure, each standard cell is placed either on the top tier or the bottom tier.

The order of complexity of the partitioning algorithm is O(n 2 ) which depends on number of standard cells and consequently wiring interconnects of the block. We have tested the partitioning algorithm for designing different 3D blocks of complexity up to 100K gates. 

Un-Balancing Area Ratio Concept

Balancing the area ratio between top and bottom tiers has been always used as it minimizes the 3D footprint area. This argument is true for the whole chip, however by dealing with block-level (each block separately) the need for equal area between top and bottom layers (balanced area ratio) is no longer a constraint. In this case a smart hybrid 3D floor-planning is needed for the whole chip (SoC) to place different blocks properly and get the minimum footprint area by having equal top and bottom areas. Also having equal top and bottom area is important to avoid impact on die packaging. The motive of unbalancing top/bottom area ratio of 3D blocks is that in case of balancing the area ratio the main objective of partitioning procedure is to get balanced top/bottom areas which may force cutting short wires. However if the target of partitioning a block is to cut only long wires even if the resultant is getting unbalanced top/bottom area ratio, that can increase the power and performance gain. Cutting a short wire and replacing it with a 3D contact with higher resistance and capacitance parasitics will degrade the 3D power and performance. Consequently our proposal is to cut only long wires and get unbalanced area ratio 3D block to achieve higher power and performance gains.

Table 4.2 summarizes the main two differences between balanced and unbalanced top/bottom area ratio for 3D block design. In the results section (4.6), we will show the show the power/performance/area results between unbalanced and balanced area ratio 3D blocks. 

PAP Methodology Implementation

To evaluate our approach, we have implemented a min-cut partitioning case with balanced area ratio (50%-50%) using hMetis tool [START_REF] Karypis | Multilevel hypergraph partitioning: applications in VLSI domain. Very Large Scale Integration (VLSI) Systems[END_REF] and set it as our reference case. Our proposed physical-aware partitioning (PAP) methodology has been implemented with unbalancing the area ratio and relaxing the number of M3D vias. We have explored as well the cases of balanced area ratio using PAP methodology, however to be focus, we will discuss only unbalancing area ratio PAP case with the best performance gain.

A comparison is set between our performance-drive partitioning methodology and the hMetis reference points. Our scope in this chapter is gate-level partitioning, so no comparison is performed with Architecture-level cases.

Our benchmark circuits are composed of growing complexity blocks: open-MSP microcontroller, Reconfigurable Fast Fourier Transform (Reconf-FFT), Floating Point Unit (FPU) and Low-Density Parity Check (LDPC) decoder.

To validate our different partitioning cases with timing and power results, we have decided to prototype the physical implementation of our test-bench blocks using Atrenta SpyGlass Physical 3D (SGP-3D) as a commercial 3D tool with FDSOI 28nm CMOS technology node and M3D technology parameters extracted from the work demonstrated in [8].

The SGP-3D prototyping tool used is fully aware of physical implementation floorplanning of both tiers, placement of both standard cells and M3D vias, global routing and parasitic extraction. In all test cases, we use M3D-VIA with a resistance of 2Ω and a capacitance of 0.1f F [START_REF] Panth | Power-performance study of block-level monolithic 3D-ICs considering inter-tier performance variations[END_REF]. For the 3D design partitioning, we have converted the resistance and capacitance parasitics (RC) of the M3D-VIA to an equivalent 2D wire length on the targeted FD-SOI 28nm technology, and then apply this wire length as the cut threshold to our PAP methodology as we previously explained in equation 4.3. By applying this critical length, no wire can be replaced by a M3D-VIA with a higher RC delay to guarantee gaining in performances.

For clock tree synthesis, we set parameters of the partitioning algorithm to keep all the clocked cells (flip-flops) on the top tier to avoid clock issues on both tiers. By this way, no need to create a 3D clock tree.

The density of 3DVIAs for each test case is calculated to ensure that its value is within the technology 3DVIA density limitations. For Monolithic 3D based on CoolCube process, 3D via can be used up to 10 8 via/mm 2 which represents density limit for our cases.

Consequently increasing number of 3DVIAs for the PAP cases has no technology violation, thanks to the very high density 3DVIA provided by the M3D technology. 3D with balanced area ratio using hMetis tool and (iii) 3D with unbalanced area ratio using our PAP methodology.

Performance Results

PAP approach highlights that better performances can be obtained at unbalanced area ratio. The unbalancing area ratio varies depending on the block design, i.e. the ratio between number of long wires and short wires. In case of openMSP better performance is obtained at (35-65) area ratio, while the area ratio is better at for the Recon-FFT, and (25-75) for the LDPC blocks. However PAP with balanced area ratio results better performance than the balanced area ratio using hMetis.

The performance, shown in Table 4.3, is calculated by removing the positive time slack to the frequency max of the clock used. The frequency max is the highest clock frequency we target in the trial before getting high congestion effect.

For control-oriented block like openMSP, we can observe that increasing the number of M3D-VIAS and un-balancing the area ratio by 31% can bring 17.4% better performance than the 2D design but also 15% more performance than classical min-cut balanced area ratio using hMetis. Similarly for the Reconfigurable-FFT block, unbalancing the area ratio by 40% can achieve 24% better performance than 2D where hMetis increases the performance only by 9%. It appears that the control-oriented blocks offer better performance gains by unbalancing area ratio due to the presence of long control wiring interconnects which is difficult to be optimized in 2D.

On the other hand, for the computing-oriented blocks like the LDPC, we show that unbalancing area ratio with our PAP methodology can increase performances by 11.5% compared to 2D which is slightly better than the hMetis. 

Power Results

For the power analysis, we have compared the iso-performance power results, i.e. at the same 2D max-performance point. The results shown in Table 4.3 highlight that going into M3D can reduce the power consumption up to 40% using hMetis methodology and up to 45% using PAP unbalanced methodology for a complex block like FFT compared to 2D implementation. However, applying hMetis or PAP methodology for a low complex block like openMSP does not guarantee any reduction of power consumption. The block is too small to gain by cutting long wires as we can see with the number of standard cells. 

Summary and Conclusion

In this chapter we have demonstrated that partitioning the design with M3D integration technology involves a trade-off between number of M3D-VIAS, area ratio, power consumption and overall performance of the 3D design.

Minimizing number of M3D-VIA and targeting balanced area ratio are no longer efficient as the main constraints to partition designs for high density 3D technologies. We have setup a physical-aware partitioning (PAP) methodology based on a Bi-Directional Partitioning (BDP) algorithm to decide which wire has to be cut and which cell is assigned to which tier.

Additionally We have proposed an unbalanced area ratio technique integrated in the physical-aware partitioning methodology. Unbalanced area ratio concept tends improve the performance gain by partitioning only long wires of the design without taking into account achieving area balance as a constraint. A hybrid floor-planning for different blocks is shown to avoid any extra space in the whole chip area.

We have applied PAP methodology on a set of different growing complexity benchmarks. The physical implementation results show that we can gain in performance up to 24% compared to 2D design and up to 15% more compared to area balanced and min-cut 3D design. On the other hand for iso-performance cases, we show that 3D blocks with unbalanced area ratio reduce power consumption up to 22% compared to 2D and up to 12% more compared to area balanced and min-cut 3D designs.

Chapter 5

Intermediate BEOL process influence for M3D

Introduction: Effect of Intermediate-BEOL for M3D

Monolithic 3D (3DVLSI) technology based on CoolCube T M process offers ultra-high density of integration with up to 10 8 3D Vias (3D-V) per mm 2 offering gate level 3D integration capability [8]. As CoolCube T M process is an advanced technology, there is a need to perform technology assessment to give guidelines at design level to the process and technology teams.

One of the important questions is the effect of Intermediate Back-End-Of-Line (I-BEOL).

I-BEOL is the metal layer stack of the bottom tier, so it is an intermediate layer between top and bottom tiers.For process stability and wide range of temperature compliance, Intermediate Back End of Line (I-BEOL) is targeted to be made with Tungsten (W) lines with a SiO 2 dielectric (k=3.9), which increase the equivalent resistivity by 6 and capacitance by 1.6 compared to standard Back End of Line (BEOL), i.e. Copper (Cu) lines in low-k dielectrics.

In this chapter a study is performed to show the impact in Power and Performance by using W/SiO 2 compared to Cu/low-k I-BEOL.

The need for W/SiO 2 I-BEOL

CoolCube T M process flow requires fabrication of top transistors at low temperature -below 500-550 0 C-to preserve bottom transistors from any degradation [8]. This leads to fabrication difficulty of using standard Cu/low-k in the I-BEOL as both Copper and the low-k dielectric are unstable at that thermal budget. A simple solution would be to use SiO 2 with Tungsten lines, which are stable at higher thermal budget and contamination compatible.

Since bottom metal layers are made of non-copper (Tungsten) without low-k dielectric, resistance and capacitance of these layers are higher than the standard BEOL (Cu/Low-k dielectric) which may lead to degraded the overall performance and increase power of the resulted 3D IC compared to full copper one [START_REF] Billoint | A comprehensive study of monolithic 3D cell on cell design using commercial 2D tool[END_REF]. Previous works presented the effect of tungsten resistivity of I-BEOL [START_REF] Panth | Power-performance study of block-level monolithic 3D-ICs considering inter-tier performance variations[END_REF]. Hence, there is a motivation to study as well the effect of varying both resistance and capacitance parameters on PPA metrics due to using of SiO 2 dielectric with Tungsten metal lines for the bottom tier BEOL. cross-section picture. The main steps of CoolCube T M process are; first, the fabrication of the bottom FET within BULK, FINFET or FDSOI standard process using W/SiO 2 metal lines (SiO 2 dielectric coefficient of k =3.9). Second step consists in bonding a wafer substrate to the bottom transistor layer following by a low thermal budget top FET. Finally, 3D vias are then realized, which consist in standard Tungsten plug process that is a contact in an oxide, and top BEOL made of copper metallization with low-k dielectric is performed. This process allows up to 10 8 3D vias per mm 2 with a 14nm technology providing ultra-high density of integration and offering 3D stacking at gate level granularity (cell-on-cell) allowing promising gains in area, performance and power as we have explored in the previous chapters.

In our study we implement the effect of W/SiO 2 I-BEOL as 6x resistivity and 1.6x capacitance compared to copper with low-k dielectric as presented in [8,[START_REF] Fenouillet-Beranger | W and Copper interconnection stability for 3D VLSI CoolCube integration[END_REF]. An intermediate point with 3x resistivity and 1.3x capacitance is implemented as well. Also in this study, four inter tier metal layers have been chosen and we focus only on functional 

SiO 2 I-BEOL PPA Evaluation Framework

To study the effect of W/SiO 2 instead of standard BEOL (Cu/low-k), we propose to set up a full framework to prototype different designs using Monolithic 3D technology to monitor the performance, power and area metrics. Benchmarks are first synthesized with 28-nm FDSOI technology to obtain a 2D logical netlist of each block. Partitioning 2D netlist into two 3D netlists is then performed in order to get top and bottom netlists which is expected by the implementation prototyping tool. HMetis tool [START_REF] Karypis | Multilevel hypergraph partitioning: applications in VLSI domain. Very Large Scale Integration (VLSI) Systems[END_REF] has been used to partition 2D netlist and consequently generate 3D netlists with equal cell area between top and bottom layers. Partitioning step is performed after synthesis which presents an advantage of using 2D block gatenetlist without updating the micro-architecture and the RTL code which is important from time-to-market perspective.

Framework definition

Afterwards, physical implementation prototyping is performed with Atrenta SpyGlass Physical (SGP) tool [START_REF][END_REF] as a commercial tool to get early performance, power and area results for 2D and M3D implementations. As Monolithic 3D technology offers ultrahigh density of integration with the capability of stacking cells over cells, this feature is not supported well in common place and route tool. That is why we have chosen to 

I-BEOL parasitics extraction focus

In this section we focus on updating the parasitics to reflect the effect of I-BEOL with different flavours. After 3D placement and routing, the tool generates a SPEF file which is composed of top and bottom Cu/low-k BEOL parasitics without 3D vias contributions.

Two different steps are needed to be done here: (i) take into account the 3D via resistance and capacitance contributions and (ii) update I-BEOL parasitics with intermediate and W/SiO 2 parasitics instead of the copper/low-k.

Procedure 2 shows the algorithm used to update SPEF file with 3D via parastics and different I-BEOL parasitics. First step is to add the 3D via resistance (Res 3Dvia) and capacitance (Cap 3Dvia) as introduced previously. For this, a script parses the SPEF file to find all 3D connections going from one tier to another, and add values for Res 3Dvia

and Cap 3Dvia. Once the SPEF file is updated, it re-inserted in the tool so that timing analysis and power estimation are performed back in the tool to obtain results including the effect of 3D via.

The second step is to update the SPEF file with the contribution of intermediate BEOL. first step, the updated SPEF is then re-inserted to the tool to perform timing analysis and power estimation based on the updated parasitics. All the results are presented in the next section.

Power-Performance-Area Results

Table 5.1 shows all Power, Performance and Area results obtained to study the effect of different I-BEOL flavours.

From timing and area perspectives, results show that going to 3D using M3D technology provides up to 60.9% area reduction in case of LDPC block and up to 21.67% better performance in case of FPU block compared to 2D implementation with ideal IBEOL (Cu/low-k) lines.

For all 3D cases, positive Critical Path Slack (CPS) is higher than 2D CPS for the same targeted frequency of each block. This highlights the optimization done by the tool to reach targeted frequency and thus better performance achievable in 3D compared to 2D. The full analysis and results for 2D versus 3D (Cu/low-k BEOL case) have been presented in the previous chapter (4). But for LDPC block, the performance degraded down to around 2% by using tungsten I-BEOL (W/SiO 2 ) compared to the Cu/low-k case. The WL/Cell ratio of the LDPC block equal to 55.9 and it shows 1.8x higher number of cells compared to FPU, means that total wire length is 6.28 wider due to larger number of cells. Consequently tungsten I-BEOL starts to show effect on wire dominated blocks but still within very limited percentage for performance.

Power estimation is performed for 3D blocks to monitor the effect of using W/SiO2 I-BEOL. Similar to the performance trend, the non-wire-dominant blocks shows insignificant power degradation, i.e. less than 1% for FFT and FPU blocks. For the LDPC block, only 1.4% power increase is shown by using Tungsten with SiO2 I-BEOL compared to the Copper with low-k dielectric.

Another important result is number of 3D vias used for each block and their impact in term of area overhead. For instance 12511 3D vias are used for the LDPC block, which is the biggest block, leading to a density of 2.38x10 5 per mm 2 with only area overhead of 0.29% compared to the block footprint area. This number of 3D vias is used for functional signals, however additional 3D vias is needed for power distribution network (PDN) which can be up to 10 3 3D vias per mm 2 . Limited area overhead and large number of 3D vias is due to the very small pitch of Monolithic 3D technology using CoolCube process. emerging technology based on CoolCube T M process which is based on a full sequential process presenting ultra-high density 3D contacts. Silicon proof-of-concept has been demonstrated in [8] however no full chip has been demonstrated yet. That is why there is a motivation to explore efficiently PPA gains possible with these high density 3D

technologies with respect to process maturity. 

Design Exploration Framework

The problem that is addressed in this work is to select the high density 3D technology which provides best PPA for a specific 3D IC.

Framework Overview

The proposed framework is shown in Figure 6.1, which is composed of three main steps:

i. 3D Area Overhead Analysis.

Although high density 3D technologies offer small pitches for 3D contacts, an area overhead analysis should be explored to determine the max applicable number of 3D contacts depending on the block area and 3D technology used.

ii. Partitioning Methodology.

To create a 3D IC, a partitioning is needed to determine the placement of each cell on which tier. Selection of the partitioning methodology affects the number of 3D contacts needed.

iii. Physical Implementation.

To evaluate the power-performance-area metric, a 3D physical implementation prototype is done including floorplanning, standard cell and 3D contact placement, clustering, global routing and 3D power/time/area reporting. 

Partitioning Methodologies

At gate-level integration, partitioning methodology is critical to determine which standard cell is placed on which tier. Partitioning methodology affects number of 3D contacts needed to connect the stacked tiers, and consequently affects Power, Performances and Area (PPA) of the 3D design.

There are two main types in the literature of gate-level partitioning methodologies dedicated to 3D IC: (i) minimizing number of 3D-VIAs and (ii) performance-driven partitioning. In chapter 4 a full exploration of partitioning techniques is discussed with

proposing a new Physical-Aware Partitioning (PAP) methodology.

In this chapter we have explored two partitioning techniques, hMetis [START_REF] Karypis | Multilevel hypergraph partitioning: applications in VLSI domain. Very Large Scale Integration (VLSI) Systems[END_REF] is taken as an example of min-cut partitioning and our PAP methodology is taken as an example of performance-driven partitioning.

HMetis tool is a min-cut partitioning which optimizes number of interconnects between two partitions. In reference [START_REF] Thorolfsson | A 10.35 mW/GFlop stacked SAR DSP unit using fine-grain partitioned 3D integration[END_REF], hMetis has been used as a min-cut partitioning algorithm to achieve 50-50 area ratio for DSP block based on Cu-Cu technology of 5µm 3D contact pitch.

On the other hand, PAP methodology breaks the idea of min-cut partitioning by using a multi-criteria optimization algorithm; i.e. area ratio between stacked tiers, critical length threshold, and number of 3D contacts. By applying performance-driven partitioning, number of 3D-VIAs can exceed that of the min-cut partitioning algorithm to achieve better power-performance results.

3D Area Overhead analysis

Area and density of 3D contacts affects the decision of using the proper partitioning methodology; either targets minimizing number of 3D contacts or increasing performance with no constraints on 3D contacts count.

To show the area cost of 3D count, an early exploration study is introduced using growing complexity blocks based on different high density 3D technologies.

3D Contact Area Overhead Model

3D contact area penalty is the extra area needed by vertical connections exceeding the ideal 3D area footprint, 'Area 3D ideal'. The ideal 3D area is defined as the area occupied by standard cells and routing without taking into consideration the area of 3D contacts. It can be estimated by dividing the 2D area by number of stacked layers, i.e. 2.

Consequently 3D contact area overhead penalty can be calculated as shown in equation 6.1.

P enality 3DC % = (3DC Overhead)/(Area 3D ideal ) * 100%. (6.1)

Where '3DC Overhead' is the overhead area needed by 3D contacts exceeding the ideal 3D area 'Area 3D ideal '.

The '3DC Overhead' value differs according to the 3D technology, so it can be calculated as presented in equation 6.2.

3DC Overhead =          A 3DC , HD T SV or M 3D 0, CuCu and (A 3DC < Area 3D ideal ) (A 3DC -Area 3D ideal ), CuCu and (A 3DC ≥ Area 3D ideal ) (6.2) 
Where 'A 3DC ' is the area occupied by certain number of 3D contacts which can be calculated as:

A 3DC = (N x + 1) (N y + 1) P 2 (6.3) 
'N x ' and 'N y ' are number of 3D contacts in both x-and y-directions, 'P ' is the pitch needed between 3D contacts. The pitch value depends on the 3D technology used as shown in table 6.1.

Area Results comparing M3D vs CuCu vs TSV

Equations (6.1)-( 6.3) are used to build a full exploration study of 3D-C area cost for different 3D technologies. As an example, the synthesis results of FPU block in 28 nm technology is 46400 µm 2 . An extra space of 30% is applied to estimate the routing, i.e. 60320 µm 2 . This area is divided by 2 to obtain the ideal 3D area, 'Area 3D ideal ' i.e. 30160 µm 2 . Then the pitch of 3D contact 'P ' is applied according to the 3D technology used based on values shown in table 6.1.

Using this methodology two parameters have been examined to show the effect of 3D contacts area overhead;

(i) increasing number of 3D contacts for a specific block, and

(ii) increasing block complexity at certain number of 3D contact. Table 6.2 shows the Area overhead effect of increasing density of 3D contacts per gate count. Number of 3D contact is calculated for a 15K gates block as an example. As expected, 3D contacts area overhead penalty increases as number of 3D contact increases.

The 100% area overhead means that the total block area, i.e. both gates and 3D contact areas, will reach the original 2D area.

Consequently exceeding the 100% limit, removes any area gain by 3D design. We can notice that HD-TSV and Cu-Cu exceed the original 2D area at 26% 3D-C density (i.e. 4000 3D contacts for 15K gate block). However Monolithic 3D overhead is almost within 1% from the ideal 3D area. Figure 6.2 shows the effect of growing block complexity at certain 3D contacts count. As number of block gates increases, the block area increases which decrease the area overhead of 3D contacts. For HD-TSV case, 3D contacts area penalty reduced from 164% to 68.4% by doubling block complexity from 15K to 30K gates at 5000 3D contacts.

In all cases, M3D provides insignificant area penalty but for big circuits and 28nm

FDSOI technology CuCu has limited area overhead. HD-TSV can be an alternative only for big circuits (more than hundred thousands of gates).

Discussion: Partitioning Effect for 3D-C Area

From the aforementioned results we can notice that using HD-TSV and Cu-Cu technologies for small blocks, number of 3D contacts creates an area overhead penalty and affects the total area of the 3D block. Consequently using min-cut partitioning algorithm is mandatory to minimize number of 3D contacts needed. For larger blocks that area penalty decreases but still 3D block can exceeds the area of the 2D block for large number of 3D contacts. On the other hand, Monolithic 3D presents a very aggressive pitch that is why the results show a negligible area penalty whatever the complexity, even for small block and large number of 3D contacts. Consequently no need to minimize number of 3D contacts in the partitioning algorithm, and consequently the importance of a performance-driven partitioning algorithm increases.

Power-Performance Results for M3D vs CuCu

The objective of this section is to validate which 3D technology with which partitioning methodology provides better quality of results in terms of Performance, Power, and Area. Four growing complexity benchmarks have been used; openMSP, Reconfigurable-FFT, FPU and LDPC. We focused on using Cu-Cu and Monolithic 3D technologies as HD-TSV requires more area overhead for most of the blocks compared to the other two technologies. 28nm FDSOI has been used as CMOS technology node for standard cells.

The physical implementation methodology as a part of the whole design framework is shown in Figure 6.1. A logical synthesis is processed to obtain the logical 2D netlist which is passed through each partitioning methodology that outputs 3D partitioned gate netlists.

Atrenta SpyGlass Physical (SGP) is used as a commercial 3D tool to implement the place and route step. SGP is a prototype tool uses 3D and 2D LEF technology files and cell timing LIB files as input with the netlist. SGP tool provides 2 active layers floor-planning capabilities, cells placement on both tiers, clustering with timing constraints file and global routing. 3D contacts are placed to minimize the routing needed for both top and bottom cells depending on cell placement. Routing congestion analysis is performed to validate the implementation.

To include 3D effect in the implementation results, 3D connection technology model parameters are needed. For Monolithic 3D, 3D-VIA of resistance = 5 Ohms and capacitance = 0.2fF is used, while for Cu-Cu implementation, we used copper contact with resistance of 0.17 Ohm and capacitance of 3.89 fF from internal data.

A .SPEF file is extracted with all the parasitics of the 3D design including the M3D-VIA to be included in the power calculations. Table 6.3 summarizes the results for different cases, where each benchmark block is implemented in 2D, M3D and Cu-Cu. Each 3D test case has one implementation with hMetis partitioning and two implementations with PAP partitioning (using balanced and un-balanced area ratios). For unbalanced area ration PAP cases, the larger area footprint is considered to estimate the footprint area gain compared to 2D. The power results are calculated at 2D maximum performances. Figure 6.3 shows the power-performance curves for these different cases. 

Discussion I: 3D Technology Results Comparison

.3 shows that going into M3D provides best PPA whatever the block type and complexity with up to 28.8% higher performance and 45% reduced power and 50.7% reduced area compared to 2D IC. On the other hand, even if Cu-Cu cannot afford such high gains, it appears that for FPU block it provides 28.4% better performance, 18.2% reduced power and 36.9% reduced area compared to 2D, with -0.4% less performance and -0.5% reduced power and no area waste compared to M3D.

For small block and wire dominated, results show that Cu-Cu is not suitable for 3D IC. But even if M3D provides best PPA it has to be noticed that partitioning methodology used has major impact.

Discussion II: Partitioning Results Comparison

As mentioned before, M3D provides best PPA using performance-driven partitioning (PAP) except for LDPC that is a special wire dominated block. We can observe that PAP provides for OpenMSP, Reconf-FFT and FPU better performances and reduced power than hMetis but with unbalanced area ratio, meaning that trade-off exists between area and performance-power.

For example, going into 60-40 area ratio with PAP for Reconf-FFT provides 15% better performance and 4% reduced power but with a waste of 11.1% area compared to hMetis partitioning solution.

Discussion III: Block Type Results Comparison

Table 6.3 highlights that Cu-Cu is killer for small block (less than 30 K-Gates) and wire dominated block because of its large 3D-C pitch compared to M3D which affects the resulted 3D area. As mentioned previously, it makes sense to consider Cu-Cu when the complexity is big enough like for FPU block.

LDPC block is interesting to study because of its big ratio of wire length over number of standard cell which highlights that the block is a wire dominated. In that case, going into M3D brings better PPA than 2D but with limited gains compared to others type of block. As a consequence, putting a 3D contacts on a constrained wire in 28nm FDSOI technology has no guaranty of very high gains.

Summary and Conclusion

In this chapter we have presented a full framework to early estimate gains affordable by three different high density 3D technologies based on first area penalty involved by the topology of the high density 3D technology and then by performance and power gains we can expect regarding partitioning methodology used. M3D provides best gains, up to 28.8% more performance and 45% reduced power compared to 2D IC but also than others high density 3D depending on partitioning methodology used as well.

Using HD-TSV technology with a pitch of 1.7 µm for 28nm requires extra area overhead for 3D contact placement which degrades the overall block performances. Similarly for Cu-Cu with a pitch of 2.4 µm which can be killer for very small blocks and for wire dominated blocks like LDPC. However Cu-Cu can brings high gains compared to 2D

and almost the same as M3D if reduced number of 3D contact is applied at the partitioning level with up to 28.4% better performance and 18.2% reduced power than 2D with -0.4% performance and -0.5% reduced power compared to M3D with an assembly process that is more mature than M3D. That is why early estimating power performance and area gains depending on the 2D IC of the high density 3D technology targeted accordingly to dedicated partitioning methodology is mandatory to design efficiently 3D IC. Figure 6.4 presents a qualitative representation for the regions recommended to use either min-cut or performance-driven partitioning. For large 3D contact pitch and small blocks, min-cut algorithm is mandatory to minimize the number of 3D contact and limits 3D contact area overhead. As the 3D contact pitch decreases and the block area increases, performance-driven partitioning becomes more needed to increase 3D overall performances with no constraints on number of 3D contact.

Chapter 7

Conclusion and Perspective

Summary and Conclusion

As we have discussed, More's scaling becomes more and more complex due to increasing technology limitations, where parasitics of the interconnects (i.e. Back-End-of-Line (BEOL)) increases significantly compared to that of transistors (i.e. the Front-End-of-Line). One way to decrease the effect of BEOL is by stacking die vertically which is called 3D Integrated Circuits (3D ICs). Thanks to the advanced 3D technologies, size and pitch of 3D contacts have been decreased which offers a high-density integration capabilities. Through-Silicon-Vias (TSVs) and Copper-to-Copper (CuCu) technologies achieve 3D contact pitch around 3-10µm. However a new 3D technology called Monolithic 3D (M3D) can scale down the 3D contact pitch to 0.11µm. Monolithic 3D is a sequential integration technology based on CoolCube process, where a second active layer is fabricated directly (sequentially) on top of the first layer. This integration technique gives the capability to use the lithography stepper of the process node which scales down drastically the size and pitch of 3D contacts. Monolithic 3D contact size for 28nm technology has nearly the same size of Via2 (via between metal 2 and metal 3).

Monolithic 3D and high-density TSV/CuCu technologies creates new design paradigm at which we can use such advanced technologies to continue CMOS scaling following More-Moore trend. In this thesis we explored new design methodologies and technology assessments for different high density 3D technologies, where a full 3D design space has been explored based on the following aspects; First creating new M3D design methodology which is compatible with 2D conventional place and route sign-off flow, (ii) As each 3D via has a delay/power cost due its resistance and capacitance parasitics, a smart partitioning algorithm is needed to cut long wires and maximize the 3D power-performance gains, and (iii) creating a technology assessment framework to evalute different technological parameters from a design perspective.

Chapter 2 explores the design space for high density 3D technologies, showing different 3D technology varieties where each 3D technology can be used for a different application.

The full 3D design space consists in three main aspects: 3D technologies, partitioning granularity and 3D CAD tools. First a suitable 3D technology is selected depending on the application. We have discussed TSV, CuCu and M3D technologies to show the advantages and limitations of each technology. Another important aspect is the partitioning granularity which determines how to distribute a design into different 3D stacked layers. In this thesis, our focus was on fine-grain partitioning, meaning gate-level cell-oncell and transistor-level integrations. The last aspect is 3D CAD tools which are needed to perform the whole 3D cell placement, 3D via placement, 3D routing, 3D timing and power analysis.

Chapters 3 and 4 introduce new design methodologies using M3D. In Chapter 3 we introduced a new 3D standard cells named 3D Cell-on-Buffer (3DCoB). 3DCoB is based on splitting 2D cells into a functioning part (cell) stacked over a driving part (buffer).

This approach shows up to 35% performance gain compared to 2D implementation with a full compatibility with conventional sign-off 2D place and route CAD flow. Additionally, a low-power multi-VDD technique was applied on 3DCoB at which 21% power reduction can be obtained with only 2% performance degradation compared to 2D.

In Chapter 4 we explored different partitioning techniques for gate-level cell-on-cell design approach. Partitioning is the way to distribute standard cells in different tiers.

A physical-aware partitioning methodology has been introduced where we showed two important aspects for M3D: (i) minimizing number of 3D vias is no longer a constraint for 3D design, and (ii) unbalancing area ratio between top and bottom tiers improves power and performance results without paying extra silicon area. Our physical-aware partitioning methodology showed performance gain up to 24% compared to 2D and up to 15% compared to state-of-the-art 3D partitioning technique. Also for the power we showed that our partitioning reduces power consumption, at iso-performances, up to 22% compared to 2D and up to 12% more compared to other 3D partitioning techniques. Tungsten has a 6x resistivity compared to Copper, and using SiO 2 dielectric increase wire capacitance by 1.6x compared to ultra-low-k dielectric. We studied this effect on the whole power-performance results using different benchmark block. Our study showed limited impact of using Tungsten/SiO 2 I-BEOL where we got a performance degradation up to 2% and power increase up to 1.5% compared to the Copper/ultra-low-k I-BEOL.

A
In As an overview, the main guidelines for designing using high density 3D technologies can be summarizes as:

1. Minimizing number for 3D-VIA is no longer a limitation for Monolithic 3D technology.

2. New 3D standard cell approaches can be achieved such as 3D cell-on-buffer to provide better power-performance results.

3. 3D unbalanced area ratio blocks can provide better power-performance results with no extra silicon usage. 

3D Thermal Analysis and PDN design

Thermal analysis has been always one of the main questions raised for 3D technologies. As stacking more tiers, the power density increases and the thermal dissipation starts to be more difficult. Power Distribution Network (PDN) design is as well important aspect for 3D IC, especially by using high-density 3D technologies. PDN is needed to provide voltage supply to the different stacked tiers, however the 3D contacts (TSV, CuCu contacts or M3DVIA) has an IR voltage drop due to its parasitics. An IR drop analysis is needed to design the 3D PDN with the awareness of the thermal impact.

PDN design with thermal analysis for Monothlic 3D has been studied and presented in [START_REF] Wei | Cooling three-dimensional integrated circuits using power delivery networks[END_REF][START_REF] Kumar Samal | Full chip impact study of power delivery network designs in monolithic 3d ics[END_REF]. The work in [START_REF] Wei | Cooling three-dimensional integrated circuits using power delivery networks[END_REF] shows the capability of using the metal lines of the PDN as a cooling factor and reduce the thermal effect, while [START_REF] Kumar Samal | Full chip impact study of power delivery network designs in monolithic 3d ics[END_REF] presents PDN design guidelines for M3D taking into consideration total wire length, number of M3D-Vias, routing congestion, IR drop and thermal effect of PDN. Thermal compact models have been introduced in [START_REF] Saeidi | Thermal implications of mobile 3d-ics[END_REF][START_REF] Kumar Samal | Fast and accurate thermal modeling and optimization for monolithic 3d ics[END_REF], where [START_REF] Saeidi | Thermal implications of mobile 3d-ics[END_REF] introduces a thermal model for face-to-back and faceto-face 3D while [START_REF] Kumar Samal | Fast and accurate thermal modeling and optimization for monolithic 3d ics[END_REF] focuses on Monolithic 3D technology with introducing thermal 3D floorplanning for M3D.

However more studies are needed to illustrate the effect of non-conventional Intermediate BEOL (Tungsten metal line with SiO 2 dielectric) on the PDN design including IR drop analysis and thermal impact.

Further Aspects

The 3D design space is huge and there are even more aspects to be explored. Below we mention briefly some of these points:

• Cost and yield analysis for designing using high-density 3D technology.

• Including thermal analysis into the design framework, to create a thermal-aware partitioning methodology for M3D technology.

• Exploring the design methodologies by applying 3D Design for Testability (DFT) and 3D Design for Manufacturability (DFM).

• Exploring the design and implementation of memories using M3D technology.

• Studying the effect of low-thermal budget (500 o C) on the top active layer for M3D technology.

• Studying other advanced 3D technologies, such as 3D carbon nano-tubes.

with a huge number of neurons (elementary processing units) and synapses (connections allowing communication between the neurons). In fact, the capabilities of brain are the sum of simple, but numerous, operators.

Due to the number of elements that are interconnected, neural networks are wiredominated systems, i.e. this entails challenges in hardware implementation -wiring problems, high latency, energy consumption and large memory requirements among others. One way to overcome these issues is to use a shared, multiplexed communication medium as bus or Network on Chip (NoC). Nevertheless, this approach comes with performance reduction and strongly limits the application field. To obtain highperformance neural networks, physical connections are needed for all the synapses. That is why first neural networks in 3D technology are arising. In [START_REF] Belhadj | The improbable but highly appropriate marriage of 3D stacking and neuromorphic accelerators[END_REF] a 3D Spiking Neural Network (SNN) based accelerator is proposed. The authors report 52% energy savings and 64% bandwidth improvement. The authors of [START_REF] Clermidy | Advanced technologies for brain-inspired computing[END_REF] study a two-layer neural network for objects recognition in a video stream and demonstrate that the total connections' length is reduced three times.

Recently Gripon and Berrou proposed a new family of neural networks [START_REF] Gripon | Sparse neural networks with large learning diversity[END_REF]. It relies on a neural clique which is an assembly of neurons representing an information stored in the neural network. The elementary part of the information is called message and is associated with the clique. The network is able to store a large number of cliquesmessages and can be used either to check if a given information is known by the network (an exemplary application is an intrusion detection system) or an associative memory.

The principle of the associative memory is that the retrieval of the message from the memory is accomplished presenting a part (possibly small and even partly incorrect) of it to the memory. Then, the memory outputs the remaining part of the message.

Associative memories are used for example in processing units' caches [START_REF] Jouppi | Improving direct-mapped cache performance by the addition of a small fully-associative cache and prefetch buffers[END_REF] or routers [START_REF] Huang | Design of multi-field IPv6 packet classifiers using ternary CAMs[END_REF]. This type of neural networks showed a huge gain in performance compared to state-of-the-art neural networks [START_REF] Gripon | Sparse neural networks with large learning diversity[END_REF].

The clique that represents a piece of information stored in the network is strongly redundant, i.e. it contains more information than the necessary minimum. That is why it allows the retrieval based on partial and/or noisy information. Consequently, the hardware implementation is wire-dominated. The long wires impact the energy consumption (i, j) (i', j') w(i, j)(i', j') cluster fanal and time response since all the neurons in the clique have to exchange some signals between them. For that reason, it is interesting to organize the neurons in 3D so that they create 3D cliques with shorter connections, and therefore lower energy consumption and time response.

In order to store messages, a network that consists of binary neurons called fanals and binary connections is used. The authors of [START_REF] Gripon | Sparse neural networks with large learning diversity[END_REF], use the term fanal (which means lantern or beacon) instead of neuron for two reasons: a) at a given moment, in normal conditions, only one fanal within a group of them can be active and b) for biological inspirations, fanals do not represent neurons but microcolumns [START_REF] Kamary | Storing sparse messages in networks of neural cliques[END_REF]. clusters equally in both x-and y-directions, the 3D gain is higher for smaller numbers of clusters (2x2) than bigger ones (16x16). The reason is that 3D cut partitioning is done in only one direction and, consequently, the 3D gain is achieved in one direction.

Therefore, in case of increasing number of clusters equally in both directions, the effect of long interconnects will not be reduced in one of the two directions which will reduce the overall 3D gain. scaled in both directions, resulting in a network that is less rectangular. The obtained gains are never bigger than when scaling in only one direction. Therefore, it is more beneficial to scale the network in one direction. The black curve presents the gain when C is fixed to four (two by two clusters) and the number of fanals in the cluster is scaled. Now the gains are higher than in the former case for the same total number of fanals.

Again, the same trend is observed. After the fast increase in the gain for smaller numbers of fanals, there comes a saturation. 90% of the maximal gain is reached for n=128 fanals which corresponds to =32. Comparing these two curves leads to the conclusion that for a given total number of fanals n from the 3D point of view it is more beneficial to have bigger clusters. This is consistent with [START_REF] Gripon | Sparse neural networks with large learning diversity[END_REF] where authors state that from the storage capacity point of view for a given total number of fanals n it is better to have bigger clusters since the density of the connections established in the network grows slower.

Figure A.6 (b) shows the similar analysis for the gains in terms of maximal RC delay τ max . The gains, reaching 74%, are bigger than for total wire length. There is no difference between the maximal RC delay when increasing the number of clusters C or the number of fanals per cluster because in both cases the length of the longest connection is the same. Similarly, it is beneficial to scale the network only in one direction.

To give more insight in the gains represented by the blue crosses (when the number of clusters is increased in both x and y directions), Table A Nowadays, DVFS switching circuits allow switching between two different power modes in time of the order of tens of nanoseconds [START_REF] Kim | System level analysis of fast, per-core DVFS using on-chip switching regulators[END_REF][START_REF] Truong | A 167-processor computational platform in 65 nm CMOS[END_REF][START_REF] Beigné | An asynchronous power aware and adaptive NoC based circuit. Solid-State Circuits[END_REF]. It has been shown in [START_REF] Larras | Analog encoded neural network for power management in MPSoC[END_REF] that providing a controller with time response of the same order of magnitude as DVFS switching circuits, allows for 60% energy savings compared to 38% in case of a controller with time response of some µs. That is why neural cliques with high-performance connections for all the synapses need to be used so that the power management controller does not limit the power management reactivity.

Here, MAGALI MPSoC platform is considered [START_REF] Clermidy | A 477mW NoC-based digital baseband for mimo 4G SDR[END_REF]. The application mapped on the platform is the LTE receiver [START_REF] Clermidy | An open and reconfigurable platform for 4G telecommunication: Concepts and application[END_REF]. Six PEs are used in the test-case, each PE can choose from 256 frequencies. The speed of each processor is determined by a global latency constraint and an operating mode offering different data rates. The global latency constraint has 51 possible values, there are 5 different operating modes. Based on the optimization problem defined in [START_REF] Larras | Analog encoded neural network for power management in MPSoC[END_REF], the frequencies corresponding to each of the possible latency and operating mode combination are obtained. Then, neural cliques are used to store messages containing all the latency and operating mode combinations and the associated six frequencies. During the system operation, latency and operating mode are input to the network and the corresponding frequencies are retrieved. These frequencies are applied to PEs by the DVFS actuators (the DVFS actuator is able to adjust the necessary V dd upon the given frequency). Additionally, in each message a global estimation of the energy consumed by all the PEs is included. Thanks to that, when the energy consumption is the main constraint (e.g. low battery level), the The aforementioned paremeters of the application allow to obtain the dimensions of the network of neural cliques. The network is made of six clusters of 256 fanals to store all the possible frequency values, one cluster of 255 fanals to store all the possible latency and operating mode values (51 latencies times 5 operating modes), and one cluster of 255 fanals to store all the corresponding energies. For 2D, the network is organized in four clusters in X direction, two clusters in Y direction. In each cluster 16 fanals are placed in each direction. For 3D, there are two possible cases: 1) network is cut in X direction (two clusters in each direction on each die), 2) network is cut in Y direction (four clusters in X direction and one cluster in Y direction on each die).

The gains in terms of total wire length and RC maximum delay compared to the conventional 2D circuit are summarized in Table A.3. Case 1 gives better results. In this application, using 3D technology allows for 35% total wire length reduction and, consequently, the same reduction in terms of the power of the interconnects. Furthermore, the maximum RC delay is reduced by 57%.

A.5 Conclusion: 3D Neural Network

In this work the gains of using 3D technology for a high-performance implementation of networks of neural cliques are explored. Since the neural clique is strongly redundant,

i.e. it contains more information than the necessary minimum, its hardware implemen- 

B.2.3 Granularité de Partitionnement 3D

B.4.1 Les techniques de partitionnement précédentes

Le partitionnement de cellule standard dispose de deux approches différentes dans l'état de l'art :

i. Technique de coupes minimisées.

L'objectif de cet algorithme de partitionnement est de minimiser le nombre des contacts 3D à un certain rapport de surface entre les niveaux supérieur et inférieur, typiquement le rapport équilibré de la surface.

ii. Technique de partitionnement guidée par les performances.

Dans cette technique, l'algorithme de partitionnement tend à optimiser les performances en gain de 3D indépendamment du nombre de contacts 3D.

Un outil de partitionnement hyper-graphe nommé " hMetis " a été présenté dans la référence [START_REF] Karypis | Multilevel hypergraph partitioning: applications in VLSI domain. Very Large Scale Integration (VLSI) Systems[END_REF] comme un algorithme de partitionnement en coupes minimisées. La

Référence [START_REF] Thorolfsson | A 10.35 mW/GFlop stacked SAR DSP unit using fine-grain partitioned 3D integration[END_REF] montre un processeur de traitement de signal en 3D (DSP en 3D) avec le partitionnement de cellules standards en utilisant l'outil hMetis. Dans ce cas, hMetis tend à minimiser le nombre de contacts 3D avec un rapport de superficie équilibrée entre 

B.4.3 Résultants d'implémentation du partitionnement

Pour évaluer notre approche, nous avons mis en place (i)'un cas de coure minimisée de fil en utilisant l'outil hMetis [START_REF] Karypis | Multilevel hypergraph partitioning: applications in VLSI domain. Very Large Scale Integration (VLSI) Systems[END_REF] et (ii) notre méthodologie de partitionnement.

Nos circuits de référence sont composés de blocs d'une complexité croissante : open-MSP microcontrôleur, Fast Fourier Transform (FFT), Floating Point Unit (FPU) et Low 

1. 1

 1 More-Moore and More-than-Moore Concepts . . . . . . . . . . . . . . . . 1.2 BEOL scaling effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 Thesis framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2.1 High-Density 3D Design Space . . . . . . . . . . . . . . . . . . . . . . . . 2.2 3D integration configuration schemes . . . . . . . . . . . . . . . . . . . . . 2.3 3D-Through-Silicon-Via . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.4 Copper-to-Copper Integration Technology . . . . . . . . . . . . . . . . . . 2.5 Monolithic 3D Technology . . . . . . . . . . . . . . . . . . . . . . . . . . . 2.6 3D Granularity spectrum from coarse-to fine-grain . . . . . . . . . . . . 2.7 3D openSPARC block-level integration . . . . . . . . . . . . . . . . . . . . 2.8 Gate-level partitioning effect . . . . . . . . . . . . . . . . . . . . . . . . . 2.9 3D Partitioning Granularity Spectrum . . . . . . . . . . . . . . . . . . . . 2.10 3D placement techniques based on 2D placement . . . . . . . . . . . . . . 2.11 2D/3D Design Implementation Framework. . . . . . . . . . . . . . . . . .3.1 3D Cell-on-Buffer library set of cells . . . . . . . . . . . . . . . . . . . . . 3.2 3DCoB partitioning of a non-min cell . . . . . . . . . . . . . . . . . . . . . 3.3 Input gate capacitance results for 2D and 3DCoB cells . . . . . . . . . . . 3.4 3DCoB implementation framework . . . . . . . . . . . . . . . . . . . . . . 3.5 Effective area for 3DCoB LEF life modification . . . . . . . . . . . . . . . 3.6 3DCoB standard cell creation procedure. . . . . . . . . . . . . . . . . . . . 3.7 Validating .LIB generation methodology using cell-by-cell comparison . . 3.8 Power-Performance tradeoff for 2D and 3DCoB implementations . . . . . 3.9 Standard cell drive distribution for FFT implementation using 2D vs. 3DCoB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.10 Different connectivity schemes for Multi-VDD 3DCoB approach . . . . . . 3.11 Power-Performance tradeoff for 2D and 3DCoB implementations . . . . . 4.1 Physical-Aware-Partitioning methodology framework . . . . . . . . . . . . 4.2 Gate netlist to HyperGraph conversion . . . . . . . . . . . . . . . . . . . . 4.3 Bi-Directional Partitioning (BDP) diagram . . . . . . . . . . . . . . . . . 4.4 3D hybrid floor-planning . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4.5 Snapshot of LDPC implementation prototyping . . . . . . . . . . . . . . . 4.6 Power-Performance results for different partitioning techniques . . . . . . 5.1 CoolCube T M process for Monolithic 3D technology . . . . . . . . . . . . . 5.2 Implementation prototype methodology for I-BEOL evaluation . . . . . . 5.3 3DCoB standard cell creation procedure. . . . . . . . . . . . . . . . . . . . viii List of Figures ix 5.

  4 I-BEOL effect results for 3D blocks . . . . . . . . . . . . . . . . . . . . . . 6.1 Design-Technology Exploration Framework . . . . . . . . . . . . . . . . . 6.2 Area penalty effect of increasing block size for different 3D technologies. . 6.3 Power-performance curves for 2D, CuCU and M3D technologies. . . . . . 6.4 High Density 3D Design Space. . . . . . . . . . . . . . . . . . . . . . . . . A.1 The network general structure and notation. Different shapes (circles, squares) represent fanals belonging to different clusters. . . . . . . . . . . A.2 2D neural network example. Different shapes (circles, squares) represent fanals belonging to different clusters . . . . . . . . . . . . . . . . . . . . . A.3 3D neural network (folded network) . . . . . . . . . . . . . . . . . . . . . A.4 Total wire length gain compared to 2D in function of the number of clusters in each direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.5 Maximal RC delay gain compared to 2D in function of the number of clusters in each direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . A.6 Total wire length gain and maximal RC delay gain in function of the total number of fanals for different network dimensions . . . . . . . . . . . . . . B.1 les différentes directions de miniaturisation pour améliorer les performances du système . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B.2 L'effet pour les différents noeuds CMOS .. . . . . . . . . . . . . . . . . . B.3 Schématique de l'interposition active . . . . . . . . . . . . . . . . . . . . . B.4 La configuration de 3D Face-à-dos et face-à-face . . . . . . . . . . . . . . . B.5 3D-Through-Silicon-Via . . . . . . . . . . . . . . . . . . . . . . . . . . . . B.6 Cuivre-à-cuivre 3D technologie . . . . . . . . . . . . . . . . . . . . . . . . B.7 Monolithique 3D technologie . . . . . . . . . . . . . . . . . . . . . . . . . B.8 Résumé du précédent état de l'art montrant à la fois la technologie 3D et partitionnement spectre de granularité . . . . . . . . . . . . . . . . . . . . B.9 Cadre de l'implémentation de 2D/3D IC . . . . . . . . . . . . . . . . . . . B.10 3D Cellule-sur-Amplificateur cellules. . . . . . . . . . . . . . . . . . . . . . B.11 Cadre complet de l'implémentation de l'approche 3DCoB . . . . . . . . . B.12 Résultats Power-performance pour 2D et 3DCoB implémentations . . . . B.13 Résultats Power-performance pour 2D, 3DCoB et Multi-VDD 3DCoB implémentations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B.14 Flot de partitionnement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . B.15 Partitionnement bidirectionnel . . . . . . . . . . . . . . . . . . . . .

Figure 1 . 1 :Figure 1 . 2 :

 1112 Figure 1.1: More-Moore and More-than-Moore concepts describing scaling trends [3]
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 1 Figure 1.3 shows the full framework of the thesis, showing the context and summary of the main contribution.
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 13 Figure 1.3: The full framework of the thesis.

Figure 2 .

 2 Figure 2.1 is a circle-diagram showing the different parameters for each area in the whole 3D design space. In the following sections we will explore each area, highlighting the
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 21 Figure 2.1: High-Density 3D Design Space.

  Figure 2.2(b) and (c) show F2B and F2F configuration respectively.
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 22 Figure 2.2: Different integration schemes, (a) 2.5D active interposer schematic [10], (b) 3D Face-to-Back configuration, (c) 3D Face-to-Face configuration.
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 2 4 (a) shows a schematic for face-to-face configuration using CuCu integration technology, where (b) shows a fabricated SEM
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 23 Figure 2.3: 3D-TSV (a) configuration schematic and (b) SEM cross-section picture with diameter of 3µm [14].
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 24 Figure 2.4: CuCu integration technology (a) face-to-face configuration schematic, and (b) SEM cross-section picture with dimension of 3x3µm and pitch of 5µm [7].
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 2 Figure 2.5 (a) shows a schematic for M3D with standard cells over each others (cellon-cell), while (b) and (c) show a TEM picture and the process flow for CoolCube
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 25 Figure 2.5: CoolCube T M process for M3D technology [8]: (a) configuration schematic, (b) TEM cross-section picture and (c) process flow.
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 26 Figure 2.6: Granularity spectrum for 3D technologies [17]: (a) memory-on-logic or core-level, (b) block-level, (c) gate-level, (d) transistor-level.
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 27 Figure 2.7: openSPARC T2 placement [24] in (a) 2D and (b) 3D with block-level integration using 2979 TSVs.
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 452 Fine-Grain: Gate-level PartitioningAs 3D technology advances, diameter and pitch of 3D-VIA decrease which allow higher density 3D contacts. Fine grain partitioning is achievable thanks to such high-density 3D technology. The partitioning granularity can be as fine as cell-on-cell stacking, i.e.
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 28 Figure 2.8: An example of 5 standard cell netlist where a gate-level partitioning is needed to decide which gate (standard cell) is assigned to the top tier and which to the bottom. The objective is to determine which partition gives better power-performancearea results (b) or (c) ?
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 29 Figure 2.9: Summary of previous state-of-the-art showing both 3D technology and partitioning granularity spectrum
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 210 Figure 2.10: 3D placement techniques based on an initial 2D placement. (a) 3D placement using folding techniques[START_REF] Xie | Three-dimensional integrated circuit design[END_REF][START_REF] Billoint | A comprehensive study of monolithic 3D cell on cell design using commercial 2D tool[END_REF] and (c) 3D placement using local stacking technique[START_REF] Xie | Three-dimensional integrated circuit design[END_REF][START_REF] Bobba | CELON-CEL: Effective design technique for 3-D monolithic integration targeting high performance integrated circuits[END_REF][START_REF] Panth | Placement-driven partitioning for congestion mitigation in monolithic 3D IC designs[END_REF].
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 211 Figure 2.11: 2D/3D Design Implementation Framework.
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 31 Figure 3.1: 3D Cell-on-Buffer library set of cells. (a) conventional 2D set of cells, (b) the equivalent 3DCoB library set of cells (for 2D non-min drive cells, equivalent 3DCoB cells will be min-drive cell stacked over its equivalent drive buffer.
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 3 Figure 3.2 shows a schematic of a 2-input AND gate with size of 42 implemented with 3DCoB approach, where a min-drive 2-input AND gate is placed on the top for functionality and a buffer of size 42 is placed on the bottom for driving capabilities.

Figure 3 . 2 :

 32 Figure 3.2: 3DCoB partitioning of a non-min cell of a 2-input AND gate of driving size 42; where the top part is the min-drive 2-input AND gate and the bottom part is the buffer of size 42.

Figure 3 .

 3 Figure 3.3(a) shows the results for the 2-input AND gate cell at different drives. As the global input of 3DCoB is connected to the min-drive gate, the input capacitance of the 3DCoB cells are kept the same across the different drives. This curve shows the increasing difference between the input capacitance of the 2D cells compared to that of the 3DCoB cells. Such difference in the input gate capacitance for the 2D cell can reach up to 2.5 times compared to that of 3DCoB cell.

Figure 3 .

 3 Figure 3.3(b) shows results for the input gate capacitances of different cells at both 2D and 3DCoB implementations. The difference of the input capacitance varies from one cell to another as it depends on both cell type and drive.

Figure 3 . 3 :

 33 Figure 3.3: Input gate capacitance results for 2D and 3DCoB cells (in fF), where (a) shows input cap of one gate as an example '2-input AND' at different driving, and (b)shows different cell types and drives.

Figure 3 .

 3 Figure 3.4 shows the whole design flow where the 3DCoB libraries generation is integrated to the conventional 2D digital implementation flow. The flow starts using the original 2D standard cell libraries to generate 3DCoB libraries and then uses the generated 3DCoB libraries a conventional 2D place and route flow in order to generate area, power and timing results. The input files required by the flow are Library Exchange Format file (.LEF) which contains all area, dimensions and layer information for standard cells and Liberty Timing File (.LIB) which contains all timing, power, capacitance information for standard cells.

Figure 3 . 4 :

 34 Figure 3.4: Full implementation framework for 3DCoB approach

Figure 3 .

 3 Figure 3.5 shows 3DCoB cell area in different cases depending on the size ratio between min-drive cell and driving buffer. Inter-tier via needs a space to be connected between the top and bottom active regions. This inter-tier via pitch depends on the technology process constraints.

Figure 3 . 5 :

 35 Figure 3.5: Different types 3DCoB cells of the same drive X, showing cell area and pin locations depending on cell type.

Procedure 1 :Figure 3 . 6 :

 136 Figure 3.6: 3DCoB standard cell creation procedure.

Figure 3 . 7 :

 37 Figure 3.7: Validating .LIB generation methodology by a cell-by-cell comparison between the original foundry .LIB file (x-axis) and our generated .LIB file (y-axis). The 45 o line represents the ideal results where both values are equal. This comparison represents cell values of (a) delay in nSec and (b) power in (µW).

  Encounter place and route tool. The 3DCoB libraries are generated as shown in Figure 3.4. We select a set of growing complexity benchmark blocks consists of: openMSP, Fast Fourier Transform (FFT) and 128-bit Advanced Encryption System (AES) decoder.Table3.3 summarizes the physical implementation results for the openMSP, FFT and AES blocks at different target clock frequency. The performance is measured as the effective clock frequency (the target clock period without the slack time). The power results are obtained from the place and route power reports, and then they are scaled to the max performance frequency for fairly comparison. The results are obtained at the same footprint area for each block.

Figure 3 .Figure 3 . 8 :

 338 Figure3.8 shows the power-performance trade-off for, openMSP, FFT and AES blocks with area 0.008 mm2, 0.027 mm2 and 0.119 mm2 respectively. 3DCoB improves the max-performance frequency by 9.7% and 35%, compared to 2D cases, for FFT and AES blocks respectively. However, OpenMSP block doesn't show gain in power-performance, compared to 2D, due to the small size of the block, and low number of its min-cells.

Figure 3 . 9 :

 39 Figure 3.9: Comparison of standard cell driving size distribution for the FFT block implementation at target frequency = 1.67GHz for both 2D and 3DCoB libraries.

Figure 3 .

 3 Figure 3.9 shows the full distribution of the FFT standard cells. The total number of standard cells has been slightly increased from 21942 cells in the 2D implementation to 21960 cells in the 3DCoB implementation. However, the important notice is that number of min-drive cells has been increased from 15604 in 2D (71% of total cells) to 18417 in 3DCoB (83.8% of total cells).

Figure 3 . 10 :

 310 Figure 3.10: Different connectivity schemes for Multi-VDD 3DCoB approach; (a) connection between two min-drive cells, (b) inter-cell connectivity from the min-drive gate to the driving buffer, (c) connection between the driving buffer and the min-drive cells.

  Creating a Power Distribution Network (PDN) is an important phase for 3D design flow. Using M3D technology, PDN can create more routing obstruction on the bottom tier due to the vias connected the top PDN network with the bottom one. One way is by implementing level shifters or DC-DC converters, such as Digital Low-Drop-Out (D-LDO) or switched capacitor voltage regulator, to lower the voltage supply. As 3DCoB

  3. MV-3DCoB cells are re-characterized to include the effect of decreasing the top voltage supply on both delay and power of the cells. The MV-3DCoB .LIB and .LEF files are generated and used in a full place and route flow using 28nm FDSOI technology. The top-tier functioning supply voltage (VDD L ) is set to 0.9V, while the bottom-tier buffering supply voltage (VDD H ) is set to 1V.

Figure 3 . 11 :

 311 Figure 3.11: Power-Performance tradeoff for 2D and 3DCoB implementations for: (a) openMSP, (b) FFT and (c) AES, blocks.

  Another example from the literature to illustrate the importance of partitioning. Reference[START_REF] Puttaswamy | Dynamic instruction schedulers in a 3dimensional integration technology[END_REF] shows two different partitioning techniques of the same block, a dynamic instruction scheduler block. The first technique is an Entry partitioning where half of the entry ports are placed on the top and the other half are placed on the bottom tier.While the second one is Tag partitioning where half of the global tag ports are placed on the top and the other half are placed on the bottom tier. The results show that the Entry partitioning can achieve up to 15% latency reduction compared to 2D while the Tag partitioning can achieve up to only 3.4%.

  Figure 4.1 shows the main framework of the PAP methodology.

Figure 4 . 1 :

 41 Figure 4.1: Design framework of the automated Physical-Aware-Partitioning (PAP) methodology starting from 2D netlist and getting out 3D partitioned netlists.

  2D gate netlist is important for the next steps because (i) it includes all standard cells not a behavior model like the RTL, and (ii) it includes the connectivity between those standard cells. 2D netlist is then passed through the following steps: netlist-to-hypergraph conversion, weighting the hypergraph, hypergraph partitioning, and finally hypergraph to netlist conversion. a) Netlist-to-HyperGraph Conversion.3D partitioning flow starts with a netlist-to-hypergraph conversion. This step converts the netlist into a graph representation where each standard cell is represented as a vertex node and these nodes are connected with each other using hyper-edges which represent the wiring interconnections between the cells.

Figure 4 .

 4 Figure 4.2 shows an example of a gate netlist conversion to hyper-graph representation of a small circuit.

d)

  HyperGraph-to-Netlist Conversion and Generate 3D Netlists.The final step is a hyper-graph to netlist conversion. In this step the partitioned HGRs are converted back to a gate netlist from which we can get two (or more) netlists representing top and bottom layers. A further step is done using some scripts to include the top and bottom netlists into one hierarchical netlist for the 3D design where top and bottom netlists are internal modules.

Figure 4 . 2 :

 42 Figure 4.2: Gate netlist (left) to weighted HyperGraph (right) conversion, where each gate is represented by a vertex and each interconnect is represented by an edge. The number on the hypergraph represents gate area and wire length of the interconnects.

Figure 4 .

 4 Figure 4.3 shows the arranged wires of the design. The direction of the partitioning, i.e.

Figure 4 . 3 :

 43 Figure 4.3: Bi-Directional Partitioning (BDP) diagram showing the design nets arranged from the longes net to the shortest net where the cut wires is performed from the longest to the shortest one (down arrow) till a certain Cut Threshold, and restore wires is performed from the shortest to the longest (up arrows).

Figure 4 .

 4 Figure 4.4 showing different blocks where each block has a different area ratio between top and bottom layers, and even some blocks can be in 2D, while the whole chip have balanced area to minimize the chip footprint area. Using such floor-planning avoids any extra area in the whole chip packaging due to the unbalanced blocks. The concept of having a 3D SoC with both 2D and balanced area ratio 3D blocks has been introduced in[START_REF] Ma | Investigating the effects of fine-grain three-dimensional integration on microarchitecture design[END_REF]. Our proposal is to extend this concept so that the 3D SoC can include 2D blocks, balanced 3D blocks and unbalanced 3D blocks.

Figure 4 . 4 :

 44 Figure 4.4: 3D hybrid floor-planning showing different blocks where each block has a different area ratio between top and bottom layers, and even some blocks can be in 2D, while the whole chip have balanced area to minimize the chip footprint area

Figure 4 .

 4 [START_REF] Sarhan | Intermediate BEOL process influence on Power and Performance For 3DVLSI[END_REF] shows a snapshot for the physical implementation of one of our benchmarks, the LDPC block, in hMetis balanced case (50%-50%) and PAP unbalanced case (top: 75%, bottom: 25%). All the results presented are directly outputted by the tool including routing report, Total Wire Length (TWL), time slack (i.e. Performance) and Power.

Figure 4 . 5 :

 45 Figure 4.5: Snapshot of LDPC implementation prototyping for two cases, (a) balanced area ratio case (50%-50%) using hMetis tool and (b) un-balanced area ratio case (75%-25%) using our PAP methodology.

Figure 4 .Figure 4 . 6 :

 446 Figure 4.6 shows the power-performance curves for openMSP, Reconf-FFT and LDPC blocks. The curves show that going to 3D always guarantee reaching better performances compared to 2D.

Figure 5 .

 5 Figure 5.1 describes fabrication process with a Transmission Electron Microscope (TEM)

Figure 5 . 1 :

 51 Figure 5.1: CoolCube T M process for Monolithic 3D technology demonstrated with 3.9 SiO 2 dielectric [8]. (a) TEM cross-section and (b) process flow.

  prototype physical implementation to bypass limitations in place and route tool, taking advantage of the capability of the tool to perform 3D floor-planning, clustering and macro placement of cells, creating 3D vias based on 3D stack configuration XML file and finally applying global routing. After each step the tool provides optimization capabilities leading to put 3D via on an optimal coarse grain position and place standard cells around, offering global 3D placement optimization. The SGP tool can extract parasitics at the end of the flow in line with resistivity and capacitance of metallization lines contained in technology files and thus it can perform timing analysis and power estimation based on 28 nm FDSOI gates timing libraries (.lib) with top and bottom BEOL parasitics extraction. Physical implementation prototyping is done in 2D with copper BEOL extraction then in 3D as illustrated in Figure 5.2 still with copper BEOL and I-BEOL. W/SiO 2 effect is applied by updating SPEF extraction file with resistivity and capacitance values defined for intermediate and W/SiO 2 cases. The next section explains overall focuses on updating the parasitics file with tungsten and SiO 2 dielectric values.

Figure 5 . 2 :

 52 Figure 5.2: PPA implementation prototype methodology to compare different bottom metal layers effect.

Figure 5 . 3 :

 53 Figure 5.3: 3DCoB standard cell creation procedure.

  Afterwards, we compare different I-BEOL flavors impact within intermediate case and W/SiO 2 by updating the SPEF parasitics file as explained earlier. The ratio between the Total Wire Length and number of cells (WL/Cell) is used to represent the wire dominance of each block. For blocks that are not wire dominated, we expect insignificant impact on performance for both intermediate and W/SiO 2 cases. Reconf-FFT and FPU that present WL/Cell ratio respectively of 15.6 and 16.2 show performance degradation less than 1% for W/SiO2 IBEOL compared to Cu/low-k case.

Figure 5 .

 5 Figure 5.4 shows the power-performance results for FFT, FPU and LDPC blocks using

Figure 5 . 4 :

 54 Figure 5.4: Different I-BEOL effect on Performance and Power results using M3D for (a) Reconf-FFT, (b) FPU and (c) LDPC blocks.

Figure 6 . 1 :

 61 Figure 6.1: Design-Technology Exploration Framework to determine best PPA using different 3D technologies and different partitioning methodologies.

Figure 6 . 2 :

 62 Figure 6.2: Area penalty effect of increasing block size for the same number of 3D-Cs (5000 contacts) using 28nm technology and different 3D technologies.

Figure 6 . 3 :

 63 Figure 6.3: Power-Performance for 2D and 3D using M3D and Cu-Cu technologies for (a) openMSP, (b) Reconf-FFT, (c) FPU and (d) LDPC blocks.

Figure 6 . 4 :

 64 Figure 6.4: High Density 3D Design Space including 3D-C pitch, on x-axis, and block complexity, on y-axis, and suitable partitioning technique for each region.

Figure A. 1 :

 1 Figure A.1: The network general structure and notation. Different shapes (circles, squares) represent fanals belonging to different clusters.

  Figure A.1 represents the general structure of the network and the notation. All of the n fanals are organized in C disjoint groups called clusters. Fanals belonging to specific clusters are represented with different shapes. Each cluster groups = n/C fanals. Note that the number of clusters is equal to the number of segments and the number of fanals within each cluster is equal to the number of values possible on each segment. The connections (synapses) are allowed only between fanals belonging to different clusters. Contrary to classical neural networks the connections do not have weights, the connection exists or not. Hence, the weight (or adjacency) matrix of such a network consists of values {0, 1} where 1 indicates the connection between two fanals, and 0 the lack of connection. In this paper, the connection w between two fanals is identified by their coordinates (i, y) and (i , y ) where the first one is the row number and the second one the column number of the fanal on an xy plane.Figure A.2 shows an example of a network with C = 4 and = 4.

Figure A. 4 :

 4 Figure A.4: Total wire length gain compared to 2D in function of the number of clusters in each direction. Square cluster of size two by two is used. The numbers of clusters are given for 2D. For 3D the network is split in two equal parts in such a way to cut its longest dimension.

Figure A. 5 :

 5 Figure A.5: Maximal RC delay gain compared to 2D in function of the number of clusters in each direction. Square cluster of size two by two is used. The numbers of clusters are given for 2D. For 3D the network is split in two equal parts in such a way to cut its longest dimension.

Figure A. 6 :

 6 Figure A.6: (a) Total wire length gain (b) maximal RC delay gain in function of the total number of fanals n for different network dimensions.

Figure A. 6 (

 6 Figure A.6 (a) shows the total wire length gain. The cluster size is kept the same as inFigure A.4 and Figure A.5. The red curve shows the evolution of the total wire length gain when the number of clusters in one direction is fixed to two and the network is scaled in another direction. The gain increases quickly for smaller numbers of fanals, then it saturates. It reaches 90% of the maximal value for n=112 fanals which corresponds to C=28 clusters. Blue crosses show the gains when the number of clusters is

  blocs de communication (par exemple, réseau sur puce "NoC"). La figure B.3 montre un schéma-bloc d'un interposer actif. La motivation de la technologie interposer est de réduire la surface du silicium en divisant la puce en deux puces intégrées sur un interposer qui peut augmenter le rendement, réduire les coûts et permettre l'intégration hétérogène en ayant différents technologies CMOS pour chaque puce.

Figure B. 3 :

 3 Figure B.3: Schématique de l'interposition active

Figure B. 5 :

 5 Figure B.5: TSV 3D (a) la configuration schématique et (b) l'image avec un diamètre de 3 µm [14].

Figure B. 6 :

 6 Figure B.6: La technologie d'intégration Cu-Cu (a) face-à-face configuration simplifiée, et (b) SEM section photo avec dimension de 3x3µm et la hauteur de 5µm[7].

Figure B. 7 :

 7 Figure B.7: Monolithique 3D technologie [8].
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 24 Positionnement de travail et méthodologie de conceptionDans cette thèse, nous avons étudié différentes options pour la conception 3D. D'abord, d'un point de vue technologie 3D, nous avons mis en oeuvre les trois technologies à haute densité (CuCu, TSV et M3D), montrant une évaluation complète de la technologie dans des conditions de conception différentes. Ensuite, d'un point de vue granularité de partitionnement, ce travail aborde l'empilement à grain fin au niveau porte. Nous avons proposé ainsi l'approche " Cellule-sur-Amplificateur " de grain plus fin qui se situe entre la granularité des niveaux porte et transistor.

Figure B. 8 :

 8 Figure B.8: Résumé du précédent état de l'art montrant à la fois la technologie 3D et partitionnement spectre de granularité

Figure B. 9 :Figure B. 10 :

 910 Figure B.9: Cadre de l'implémentation de 2D/3D IC.
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 12 Figure B.12: Résultats Power-performance pour 2D et 3DCoB implémentations pour: (a) openMSP, (b) FFT et (c) AES blocs

Figure B. 13 :

 13 Figure B.13: Résultats Power-performance pour 2D, 3DCoB et Multi-VDD 3DCoB implémentations pour: (a) openMSP, (b) FFT et (c) AES blocs.

  le niveau haut et les niveaux d'en bas. La technologie à cuivre a été utilisée dans ce travail avec un pas de 5 µm de contact 3D. Cependant la technologie 3DM propose des contacts 3D de très haute densité avec un pas réduit à 0.11 µm pour la technologie 28nm. Cette technologie résout le problème de la limitation du nombre de connexions 3D et ouvre la porte à des nouvelles techniques de partitionnement offrant des meilleurs résultats en termes de performance et consommation. B.4.2 Partitionnement proposé La méthodologie de partitionnement proposée se compose de 4 principales étapes qui mènent à partitionner une netlist 2D en deux netlists 3D. La Figure B.14 montre les principales étapes de la méthode proposée. La netlist 2D de départ est obtenue par une phase de synthèse classique. Dans notre étude, nous avons utilisé la technologie FDSOI CMOS 28nm pour l'étape de synthèse. La netlist 2D est ensuite passée à travers les étapes suivantes : conversion netlist-àhypergraphe, pondération et partitionnement de l'hypergraphe, et enfin conversion de l'hypergraphe à une nouvelle netlist.

Figure B. 14 :

 14 Figure B.14: Flot de partitionnement.

Figure B. 15

 15 Figure B.15 montre la technique de partitionnement en coupant les fils longs en premier.

Figure B. 15 :

 15 Figure B.15: Partitionnement bidirectionnel.
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 16165217 Figure B.16 montre les résultats de puissance-performance des blocs openMSP, FFT et LDPC. Les résultats montrent que la 3D va toujours garantir les meilleures performances par rapport à la 2D.
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Table 2 .

 2 

1 summarizes a comparison between the different 3D technologies. In the following section an overview of the different design techniques is presented to take advantage of each 3D technology.

Table 2 .

 2 

		1: Comparison between different 3D technologies
			TSV [14]	CuCu [7]	M3D [8]
		Configuration	F2B	F2F	F2B
		Diameter	3µm	1.7-3µm	0.040µm
	3DVIA	Pitch	5µm	5µm	0.110µm
		Density (per mm 2 )	2*10 4	2*10 4	10 8
	Integration Process	Parallel	Parallel	Sequential
	Top and Bottom BEOL	Same	Same	Different
	Scaling is controlled by	Assembly	Assembly	CMOS node
	2.4 Partitioning Granularity: Stacking from 'Coarse-grain'
	to 'Fine-grain'			

Table 2 .

 2 

	2: Comparison between 'Architecture-level' and 'Gate-level' partitioning
		methodologies	
		Architecture-Level	Gate-Level
		Partitioning	Partitioning
	Granularity	Coarse-grain	Fine-Grain
	Wires to be cut	Global interconnects be-	Local interconnects be-
	to 3D	tween cores, memory or	tween standard cells
		main logic blocks	
	No. of 3DVIAs	Few	Many
	Partitioning	Designer (Manual by	CAD tool (using auto-
	Methodology	hand)	mated algorithms)
	Drawbacks	(i) Architecture depen-	Partitioning algorithm is
		dent (ii) Long time to mar-	needed (CAD tool)
		ket	

Table 2

 2 

		.3: A comparison of different partitioning 3D designs showing the granularity
				spectrum		
			Memory-	Core-	Block-	Gate-	Transistor-
			on-Logic	Level	Level	Level	Level
	Partitioning	Coarse-	Coarse-	Medium-	Fine-Grain Fine-Grain
			Grain	Grain	Grain		
	3DVIAs den-	Low	Low	Medium	High	High
	sity needed					
	Architecture	No	Yes	Yes	No	No
	re-design						
	Using	2D	Yes	Yes	Yes	Yes	No
	standard cells					
	Usage of 3D	connect	connecting	connecting	connecting	connections
	VIAs for		memory	cores	blocks	standard	in	every
			& logic		within	cells	standard
					same core		cell

Table 2 .

 2 

	4: A qualitative comparison between different 3D clock tree synthesis tech-
			niques			
		H-Tree/	DLL-	Short-	Custom	CLK tree
		H-Tree	Based	Circuit	3D	CTS	only on one
		[45]	[44]	[44]	[41, 42, 43]	tier [26]
	3DVIA count	High	Low	High	Depends on	0
					CTS alg.
	3D CLK Skew	Low	Med	Low	Low		-NA-
			(DLL)			
	3D CLK Power	High	Med	High	Low		-NA-
			(DLL)			
	Design Overhead No	DLL	No	3D CTS alg. 3D	Parti-
							tioning
	Suitable Stacking	All	All*	All	All		Gate-level
	Granularity					
	* Shared DLL is needed for block-/gate-level granularity to minimize DLL overhead

Table 3 .

 3 

		N/P	Cell-on-Buffer	Cell-on-Cell
	Using 2D standard cells	No	Yes	Yes
	Using inter-tier routing	No	No	No
	metal layers			

1: Comparison between transistor-level (N/P), Cell-on-Buffer and Cell-on-Cell approaches for M3D technology

Table 3 . 2 :

 32 Validating .LIB generation methodology with a full block implementation. A comparison of implementation results of 128-bit AES block using both .LIB files: the original foundry .LIB file and our generated .LIB file

		Foundry	Generated	Mismatch
		Libraries	Libraries	Error
	Timing slack	0 ps	0 ps	0%
	No. of cells	130086	129113	0.75%
	No. of FlipFlops	5568	5568	0%
	No. of INVs	10973	11091	+1.1%
	No. of Buffers	91	93	+2.2%
	No. of Logic gates	113454	112361	-1.0%
	Cell Area	99860	99562	-0.3%

Table 3 . 3 :

 33 Performance optimization results using 3DCoB compared to 2D implementations for openMSP, FFT and AES blocks

	Perf.	Gain	(%)	-NA-		-0.8%	-NA-		+9.65%	-NA-	+20.5%	+34.7%
	Max	Perf.	(GHz)	1.20		1.19	1.45		1.59	2.00	2.41	2.70
	Total Power @2D max perf (mW) Wire Setup Slack	Length reg2reg	(µm) Leakage (ns) Dynamic Total	82434 0.14 15.16 15.3 -0.032		86115 0.14 15.36 15.5 -0.041	274960 0.45 84.05 84.5 -0.089		284766 0.44 81.76 82.2 -0.028	1542019 1.57 198.23 199.8 -0.100	1674193 1.76 209.07 210.8 -0.015	1801557 2.29 219.63 221.9 -0.071
	No. Cell Std Density Cells	7328 93.5%		7784 93.2%	25325 95.1%		27783 93.4%	164174 89.0%	166749 90.0%	159026 92.0%
	Target	Freq	(GHz)		1.25			1.67	2.5	3.33
						2D		3DCoB	2D		3DCoB	2D	3DCoB	3DCoB
						openMSP	Area=	8163µm 2	FFT	Area=	27498µm 2	AES	Area=	119266µm 2

Table 3 . 4 :

 34 Power optimization results using Multi-VDD 3DCoB (β=0.9) implementations for openMSP, FFT and AES blocks

	Power @ achieved perf (mW) Power	Gain	(%)	Leakage Dynamic Total	0.14 13.56 13.7 -NA-	0.13 13.77 13.9 -1.4%	0.12 10.0 10.1 26.3%	0.37 65 65.1 -NA-	0.35 64 64.4 1.1%	0.28 53.3 53.6 17.7%	1.65 139 140.2 -NA-	1.74 137 138.6 1.1%	1.28 108 109.6 21.8%
	Max	Perf.	(GHz)		1.15	1.11	1.03	1.25	1.27	1.24	1.48	1.45	1.45
	Total Setup	Wire Slack	Length reg2reg	(µm) (ns)	82107 0.033	83949 0.002	80944 -0.070	281083 0.002	284959 0.012	299885 -0.004	1659585 0.024	1706638 0.009	1709728 0.011
	No. Cell Std Density Cells		7306 93%	8010 91%	7709 93%	30831 89%	31716 86%	29067 93%	200907 82%	196722 83%	185431 86%
	Target	Freq	(GHz)			1.11			1.25		1.42
								2D	3DCoB	MV3DCoB	2D	3DCoB	MV3DCoB	2D	3DCoB	MV3DCoB
								openMSP	Area=	8163µm 2	FFT	Area=	27498µm 2	AES	Area=	119266µm 2

Table 3 . 5 :

 35 Full power-performance comparison between transistor-level (N/P), Cellon-Buffer and Cell-on-Cell approaches for M3D technology

	N/P	Cell-on-Buffer	Cell-on-Cell

*Iso-performance power gain using Multi-VDD 3DCoB technique area gain from 3D IC (around 50%). Cell-on-cell design approach and partitioning methodologies are demonstrated in the next chapter.

Table 4 .

 4 1shows a comparison between M3D-VIA and Metal 2 line of a 28nm CMOS technology node. From the table we can notice that a 22.39 µm wire length of metal line gives the same RC delay value of 1 M3D-VIA. This means that cutting 2D wire length less than 22.39 µm using M3D technology with such parasitics can degrade or limit the overall performance gain for the 3D design.

Table 4 . 1 :

 41 Comparison between parasitics of M3D-VIA and M2 line of a 28nm CMOS technology node.

		M3D-VIA	M2 line
	Resistance	5 Ω	0.00947 Ω/µm
	Capacitance	0.2 fF	0.21 fF/µm
	RC delay	1 f sec	2e-3 f sec/µm 2
	To get the same delay	1 VIA	22.39µm

Also from another point-of-view, different block designs give different wire length distribution. For example, an LDPC block provides total wire length of 4620931 µm with a max wire length of 6974 µm and an average wire length of 54.4 µm in 2D 28nm FDSOI technology. While an FFT block provides total wire length of 334058 µm with a max wire length of 2970 µm and an average wire length of 14.2 µm. These values show that a critical cut threshold is needed for partitioning to maximize power and performance gain, especially with blocks like FFT block which have a shorter average wire length (14.2 µm) compared to the 3D cut threshold (22.39 µm).

Table 4 . 2 :

 42 Comparing the conventional balanced top/bottom area ratio versus the proposed Unbalanced top/bottom area ratio design techniques for 3D blocks

		Balanced Area Ratio	Un-Balanced Area Ratio
	Objective	Get equal top & bottom areas	Partition only long wires
	Advantage	Minimize area footprint	Avoid cutting short wires

Table 4 .

 4 3 summarizes the power, performance and area results for different benchmark blocks. A comparison of three implementation cases is set: (i) 2D implementation, (ii)

Table 4 . 3 :

 43 Results comparison between 2D and 3D cases (hMetis and PAP partitioning) for openMSP, Reconf-FFT and LDPC blocks

		Power	Gain	(%)		NA	0.1%	-1.7%	NA	13%	19%	NA	5.2%	3.0%
	Power	@2D	max	perf	(mW)	11.54	11.53	11.74	35.50	30.87	28.75	103.5	98.3	100.7
		Perf	Gain	(%)		NA	2.5%	17.5%	NA	9%	24%	NA	9.9%	11.5%
		Max	Perf.	(GHz)		1.21	1.24	1.42	1.33	1.45	1.64	1.58	1.74	1.76
		No.	M3D	VIA		NA	1110	3775	NA	1158	13894	NA	12511	26917
	Foot-	print	Area	Gain	(%)	NA	47.3%	30.8%	NA	50.7%	39.6%	NA	60.9%	41.5%
	Area (µm 2 )				Top Bottom	11390	6000 6000	7875 4050	27600	13583 13583	16656 10902	134400	52496 52496	78660 25380
						openMSP 2D	6122 cells (1*) hMetis (50-50)	WL/Cell=15** PAP (69-31)	Reconf-FFT 2D	21429 cells (3.5*) hMetis (50-50)	WL/Cell=15.6** PAP (60-40)	LDPC 2D	82532 cells (13.5*) hMetis (50-50)	WL/Cell=55.9** PAP (75-25)

* Standard cell number normalized to the smallest block, i.e. openMSP. ** Ratio between total wire length and number of standard cells (WL/Cell) for 2D implementation.

  Res 3Dvia and Cap 3Dvia are the resistance and capacitance values of 3D vias **Res W Scaling factor and Cap W Scaling factor are resistance and capacitance scaling factors between conventional Cu/low-k I-BEOL and another I-BEOL case (W/SiO 2 ).

	Procedure 2: SPEF file parsing to include the IBEOL effect
	1 read .SPEF file
	2 foreach NET do
	3	get NET top/bottom position;
	4	if (NET is 3D NET)
	5	add Res 3Dvia* to total NET resistance;
	6	add Cap 3Dvia* to total NET capacitance;
	7	end
	8	if (NET is BOTTOM NET)
	9	multiply NET resistance by Res W Scaling factor **;
	10	multiply NET capacitance by Cap W Scaling factor **;
	11	end
	12 end
	The original BEOL used is Copper with low-k dielectric. Tungsten BEOL with SiO 2
	dielectric has 6x resistance and 1.6x capacitance compared to Cu/low-k. An intermediate
	case has been selected with 3x resistivity and 1.3x capacitance compared to Cu/low-k

BEOL. To achieve that, a script parses the SPEF file to find the bottom connections and multiply resistance and capacitance to include the effect of I-BEOL. Similar to the *

Table 5 . 1 :

 51 IBEOL flavours power-performance-area results for FFT, FPU and LDPC blocks

		Perf	Gain	(%)				-NA-	9.68%	9.22%	8.77%	-NA-	21.67%	21.18%	20.88%	-NA-	14.84%	13.61%	12.63%
		Max	Perf.	(GHz)				1.312	1.439	1.433	1.427	1.02	1.241	1.236	1.233	1.536	1.764	1.745	1.730
	Power Criti-	@2D cal	max Path	perf Slack	(mW) (nSec)		-NA-0.038	35.77 0.105	35.83 0.102	35.89 0.099	-NA-0.013	52.02 0.194	52.16 0.191	52.29 0.189	-NA-0.001	107.56 0.083	108.25 0.077	109.06 0.072
	)		3DV	over-	head	(%)		0.07%	0.07%	0.07%		0.02%	0.02%	0.02%		0.29%	0.29%	0.29%
	Area (µm 2		Foot-	print	Gain	(%)	37730	49.7%	49.7%	49.7%	46400	36.9%	36.9%	36.9%	134400	60.9%	60.9%	60.9%
			Top/	Bot-	tom		18988	18988	18988		29260	29260	29260		52496	52496	52496
	3D Vias			No. Density (/mm 2 )		-NA-	1158 6x10 4	1158 6x10 4	1158 6x10 4	-NA-	587 2x10 4	587 2x10 4	587 2x10 4	-NA-	12511 2.38x10 5	12511 2.38x10 5	12511 2.38x10 5
	I-BEOL				Res. Cap.			-NA-	1x 1x	3x 1.3x	6x 1.6x	-NA-	1x 1x	3x 1.3x	6x 1.6x	-NA-	1x 1x	3x 1.3x	6x 1.6x
									2D	Cu/low-k	inter-k	W/SiO 2	2D	Cu/low-k	inter-k	W/SiO 2	2D	Cu/low-k	inter-k	W/SiO 2
									Reconf-FFT	21429 cells	WL/Cell=15.6*		FPU	36771 cells	WL/Cell=16.2*		LDPC	82532 cells	WL/Cell=55.9*

*Ratio between total wire length and number of standard cells (WL/Cell) for 2D implementation.

Table 6

 6 

	.1 summarizes the technological parameters of each 3D process with 3D con-
	tacts diameter, pitch and density data. A full comparison of these three technologies
	was presented in Chapter 2.

Table 6 .

 6 

		1: High-density 3D-Connections parameters	
			HD-TSV Cu-Cu M3D CoolCube
			[13]	[13]	[8]
		Diameter (µm)	0.85	1.7	0.05
	3D Contacts	Pitch (µm)	1.7	2.4	0.11
		Density (per mm 2 )	∼7*10 5	∼10 5	∼10 8

Table 6 .

 6 

		2: 3D connections area penalty for HD-TSV, Cu-Cu and M3D using 28nm
				FDSOI CMOS technology			
	3DC/	No. of	HDTSV	CuCu	M3D Via	HDTSV	CuCu	M3D
	gates	3DC	Via	contact	Overhead	Area	Area	Area
	(%)	@15K	Overhead	Overhead	(µm 2 )	penalty	penalty	penalty
		gates	(µm 2 )	(µm 2 )		(%)	(%)	(%)
	6%	1000	3063	5760	12	32.79%	0.00%	0.13%
	13%	2000	6125	11520	24	65.57%	23.33%	0.26%
	20%	3000	9188	17280	36	98.36%	85.00%	0.39%
	26%	4000	12250	23040	48	131.15% 146.67% 0.52%
	33%	5000	15313	28800	61	163.94% 208.33% 0.65%
	66%	10000	30625	57600	121	327.87% 516.67% 1.30%

Table 6 . 3 :

 63 Power-Performance results comparison between implementations of 2D and 3D using M3D and Cu-Cu technologies for openMSP,

			Power	Gain	(%)		NA	0.1%	0.2%	-1.7%	0.1%	0.2%*	-1.7%*	NA	13.0%	10.7%	19.0%	13.2%	-0.17%*	-0.25%*
		Power	@2D	max	perf	(mW)	11.54	11.53	11.56	11.74	11.53	11.56*	11.74*	35.50	30.87	31.67	28.75	30.8	35.56*	35.59*
			Perf	Gain	(%)		NA	2.5%	6.6%	17.5%	0.0%	-3.3%	-2.0%	NA	9%	12%	24%	10%	-6%	-6%
			Max	Perf.	(GHz)		1.21	1.24	1.29	1.42	1.21	1.17	1.18	1.33	1.45	1.49	1.64	1.46	1.25	1.25
	Reconf-FFT blocks, FPU and LDPC blocks	Area (µm 2 ) Foot-print No.	Area M3D	Gain Top (%) Bottom VIA	11390 NA NA	6000 6000 47.3% 1110	6000 6000 47.3% 2983	7875 4050 30.8% 3775	6400 6400 43.8% 1110	17182 17182 -50.8% 2983	21744 21744 -90.9% 3775	27600 NA NA	13583 13583 50.7% 1158	13583 13583 50.7% 14073	16656 10902 39.6% 13894	13583 13583 50.7% 1158	81060 81060 -193% 14073	88159 88159 -219% 15305
							2D	hMetis	PAP (50-50)	PAP (69-31)	hMetis	PAP (50-50)	PAP (69-31)	2D	hMetis	PAP (50-50)	PAP (60-40)	hMetis	PAP (50-50)	PAP (60-40)
									M3D			CuCu				M3D			CuCu
							openMSP		6122 cells	norm.=1**		WL/Cell=	15	Reconf-FFT		21429 cells	norm.=3.5**		WL/Cell=	15.6

* Performance doesn't meet the 2D max performance, and power value is calculated for comparison. ** Standard cell number normalized to the smallest block, i.e. openMSP. * Performance doesn't meet the 2D max performance, and power value is calculated for comparison. ** Standard cell number normalized to the smallest block, i.e. openMSP. (a)

  technology assessment is needed for high-density 3D technologies. Chapters 5 and 6 show full studies of different technological parameters for different 3D technologies. In Chapter 5 we studied the effect of non-copper Intermediate BEOL (I-BEOL) for M3D technology. M3D technology requires a temperature of 500-550 o C to fabricate the top active layer sequentially over the bottom one. The conventional BEOL of copper metal line with ultra-low-k dielectric is unstable at that temperature. Consequently there is a need to use Tungsten lines with SiO 2 dielectric which are stable at that thermal budget.

  .1 shows the gains obtained for total wire length (cf. FigureA.6 (a)). The table gives the number of clusters in each direction (x or y) and the corresponding gain compared to 2D. For instance, when x=2 and the clusters are added only in y direction, the gain compared to 2D increases from 33 to 45%. If a network of 16 clusters is considered, for two clusters in x direction and eight clusters in y direction, one obtains 41% gain whereas for four clusters in x and y direction one obtains only 27%. This shows once again, that it is more beneficial to organize the clusters in a rectangle rather than in a square. Similar analysis is shown in TableA.2 for the maximum RC delay. the time response of neural cliques is of first importance. Therefore, high-performance communication structure is essential.The considered test-case is a neural cliques-based power management controller for a Multiprocessor-System-on-Chip (MPSoC) firstly proposed in[START_REF] Benoit Larras | Analog encoded neural network for power management in MPSoC[END_REF]. An MPSoC is built of multiple Processing Elements (PE) that can work in parallel. Each PE or set of PEs form a Voltage/Frequency Island (VFI), i.e. they work within the same power domain.The supply voltage V dd and frequency f are set by dedicated switching circuits allowing Dynamic Voltage and Frequency Scaling (DVFS). By decreasing the speed of the PEs with lower performance requirements the energy consumption is reduced. The controller decides on (V dd , f ), or power modes, based on latency constraint, current workload and temperature among others.

Table A . 3 :

 A3 The gains obtained for 3D neural cliques used as power management controller. The results are normalized to 2D circuit

		2D	3D		Gain	
			Case 1 Case 2 Case 1 Case 2
	Total wire length	1	0.65	0.83	35%	17%
	RC delay max	1	0.43	0.69	57%	31%
	maximum affordable energy is used as the input to the network and the frequencies and
	the corresponding latency are retrieved. This kind of flexible controller is of high interest
	in low-power systems.					

  Dans ce contexte, notre objectif est de proposer des méthodologies innovantes de conception de circuits 3D afin d'utiliser au mieux la densité d'intégration possible et d'évaluer efficacement les gains en performance, puissance et surface de ces différentes technologies d'empilement par rapport à la conception de circuit 2D.La miniaturisation de la technologie rencontre des difficultés importantes pour continuer à suivre la loi de Moore. Comme indiqué dans l'introduction, l'une des principales limitations est le délai croissant des fils par rapport au délai de transistors[1, 4]. De plus, le nombre des règles de conception du Back End Of Line (BEOL) augmente de

	B.2.2 Spectre de la technologie 3D
	B.2.2.1 Schémas d'intégration
	i. 2.5D/3D Interposer
	B.2 L'état de l'art: Technologie 3D L'interposer est une étape intermédiaire entre un circuit 2D et un circuit purement
	3D. Cette technologie est obtenue en ajoutant les différentes pcouches "dies" sur une
	B.2.1 Le besoin de 3D ! couche de silicium appelé un interposer [10, 11, 12]. Un interposer peut-être soit (i)
	passif (ii) soit actif.
	(i) diminution de la surface,
	(ii) augmenter les performances du système en raccourcissant les fils et en diminuant
	par conséquent les délais d'interconnexions,
	(iii) Diminution de la consommation de puissance en diminuant la longueur totale des
	fils, et
	(iv) réalisation une intégration hétérogène par l'empilement de différentes technologies
	telles que la mémoire, des circuits numériques, des circuits analogiques, des capteurs . . .
	La technologie 3D varie avec un large éventail de capacités et d'applications. Une façon
	de réduire les interconnexions et d'augmenter leur densité est en ajoutant une nouvelle
	dimension "verticale" pour la routabilité en utilisant les technologies 3D haute densité.
	Grâce aux technologies 3D à haute densité, une très petite taille d'interconnexions 3D
	est réalisable, ce qui fournit les capacités d'augmentation de la densité d'interconnexion.

tation is wire-dominated. The results show that using 3D technology allows important gains in terms of total interconnect length, power and delay. It is also shown that dimensioning the network in a way to obtain the highest storage capacity is consistent façon exponentielle résultant un cout de fabrication plus important. Une solution pour lutter contre la miniaturisation planaire est de miniaturiser verticalement en empilant les circuits intégrés. Les circuits intégrés 3D sont une technologie émergente qui consiste à empiler les couches. Un avantage direct de cette technologie est de diminuer la longueur des fils en connectant les cellules sur trois dimensions, ainsi que: l'Interposer passif contient seulement des fils qui relient les différentes couches "dies" sans régions actives, c'est à dire sans transistor. Alors que dans l'interposer actif, la couche de l'interposer a des composants actifs tels que des mémoires tampons ou des

  La granularité du partitionnement varie en raison du large spectre des technologies 3D.

	Plusieurs travaux antérieurs ont étudié des aspects différents de chaque niveau de granu-
	larité en utilisant différentes technologies. La figure B.8 liste les derniers travaux publiés
	en montrant le spectre des différentes technologies 3D.
	Étant donné que dans cette thèse nous explorons les capacités de conception des tech-
	nologies 3D à haute densité, nous allons considérer principalement les niveaux fine-grain
	gate-level et transistor-level. Le partitionnement au niveau transistor est obtenu en di-

visant chaque cellule en une couche de NMOS sur une couche de PMOS (N/P). Par conséquent, cette approche offre des possibilités d'optimiser séparément chaque couche selon la perspective du processus de fabrication. Un autre avantage de l'approche N/P est la possibilité d'utiliser les outils 2D classique de placement et routage. Cependant, elle nécessité l'insertion de 3DVIAs entre les transistors dans chaque cellule standard ce qui diminue son intérêt en raison des résistances et de capacités parasites associées au 3DVIAs. En outre, l'approche N/P demande une nouvelle plateforme de conception complète. D'autre part, le partitionnement au niveau gate-level est réalisé en attribuant chaque cellule 2D standard soit la séparation de cellules standard est réalisée en plaçant chaque cellule 2D soit à l'étage haut ou à l'étage bas (cellule-sur-cellule). Cependant, l'approche cellule-sur-cellule nécessite une technique de partitionnement innovante pour déterminer sur quel étage placer chaque cellule.

Table B . 1 :

 B1 Résultats puissance-performance pour les approches 2D et 3DCoB pour les blocs openMSP, FFT et AES

	Perf.	Gain	(%)	-NA-		-0.8%	-NA-		+9.65%	-NA-	+20.5%	+34.7%
	Max	Perf.	(GHz)	1.20		1.19	1.45		1.59	2.00	2.41	2.70
	Total Setup (a) Power @2D max perf (mW) Wire Slack	Length reg2reg	(µm) (ns) Dynamic Total Leakage	15.16 15.3 -0.032 82434 0.14		15.36 15.5 -0.041 86115 0.14 (c)	84.05 84.5 -0.089 274960 0.45		81.76 82.2 -0.028 284766 0.44	198.23 199.8 -0.100 1542019 1.57	209.07 210.8 -0.015 (b) 1674193 1.76	219.63 221.9 -0.071 1801557 2.29
	No. Cell Std Density Cells	7328 93.5%		7784 93.2%	25325 95.1%		27783 93.4%	164174 89.0%	166749 90.0%	159026 92.0%
	Target	Freq	(GHz)		1.25			1.67	2.5	3.33
						2D		3DCoB	2D		3DCoB	2D	3DCoB	3DCoB
						openMSP	Area=	8163µm 2	FFT	Area=	27498µm 2	AES	Area=	119266µm 2
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Summary and Conclusion

In this chapter we have presented a framework to evaluate the effect of non-copper I-BEOL (Tungsten with SiO 2 dielectric) needed for CoolCube T M process. The power and performance results show limited effect of such W/SiO 2 I-BEOL compared to conventional Cu/low-k I-BEOL, i.e. below 2% performance degradation and below 1.5% power increase. These results are function of block complexity, partitioning used, implementation framework and the CMOS technology node used.

Due to the presence of different high-density 3D technologies, a full framework is still needed to perform technology assessment for these different 3D technologies. Such technology assessment is important to give us a guideline to use which technology with which block complexity using which partitioning technique. Consequently, a 3D technology assessment is presented in the next chapter.

Chapter 6 3D Technologies Assessment

"There is no one-size-fits-all", so, Which 3D technology fits your design?

Introduction

The variety of 3D technology spectrum requires an exploration framework to determine which technology fits which design. In the previous section, a design evaluation is performed to show the effect of the I-BEOL process for Monolithic 3D. In this section, a comprehensive assessment is performed to explore which high density 3D technology among High-Density Through-Silicon-Via (HD-TSV), Copper-to-Copper contact (Cu-Cu) and Monolithic 3D (M3D) provides best Performance, Power and Area (PPA).

We introduce a design frame work to determine quickly and efficiently which 3D technology brings up best PPA considering partitioning algorithm, complexity and type of block (wire oriented, computation ...) for CMOS 28nm technology at 3D IC exploration and architecture definition.

HD-TSV and Cu-Cu technologies are based on post-fabrication assembly process of both tiers. Silicon demonstrators of full chips have already fabricated using these technologies in [10,[START_REF] Dae | 3D-MAPS: 3D Massively parallel processor with stacked memory[END_REF][START_REF] Thorolfsson | A 10.35 mW/GFlop stacked SAR DSP unit using fine-grain partitioned 3D integration[END_REF] which show major gains compared to 2D. Monolithic 3D is an Architecture-Level Partitioning:

Case Study "3D Neural Cliques"

High density 3D technologies afford the capabilities of fine-grain integration; cell-on-cell and transistor-on-transistor which requires a fine-grain 'gate-level' partitioning techniques. In Chapter 4, gate-level partitioning algorithms have been discussed with the introduction of a physical-aware un-balanced area-ratio partitioning methodology. However, coarse-grain 'Architecture-level' partitioning is still needed for TSV and CuCu technologies. Similar to gate-level partitioning, architecture-level partitioning needs to be efficient in order to increase the power-performance 3D gains. In this appendix, we present simulation and results of a case study for 3D neural cliques network where different partitioning configurations are evaluated to show the effect in terms of interconnects power and timing performances.

A.1 Introduction: Neural Cliques Network Architecture

The brain's capabilities of learning, processing a large amount of information, and taking decision have always interested scientists from various domains. More specifically, engineers are interested in brain because of its: a) distributed structure enabling massive parallelism [START_REF] Rojas | Neural Networks: A Systematic Introduction[END_REF], b) capability to deal with unreliability and uncertainty [START_REF] Rojas | Neural Networks: A Systematic Introduction[END_REF], c) energy efficiency [START_REF] Sengupta | Power consumption during neuronal computation[END_REF] and d) the ease of solving associative tasks so difficult to solve with traditional algorithmic approaches [START_REF] Whitworth | Some implications of comparing brain and computer processing[END_REF]. However, the aforementioned characteristics come 

A.2 3D neural cliques network architecture

Since the clique is created by interconnecting the fanals from distinct clusters, the wires span all over the network. Moreover, the performance of the system depends on the longest wire in the clique since all the fanals activated in the retrieval process exchange the signals through their connections. Therefore, in such a wire-dominated structure, it is beneficial to reduce the length of the connections in the clique to reduce the delays and the energy consumption due to the signals exchanged between the fanals. This can be obtained by folding the network. To analyze the gains introduced by using 3D technology the lengths of all the possible connections have to be calculated.

First, the elementary distance between two fanals has to be calculated. This distance depends on the space occupied by the fanal and all its synapses. The area A f +s occupied by one fanal and all its synapses is calculated as:

where A f anal is the area of the fanal, A synapse is the area of the synapse, N s is the number of the synapses connected to one fanal and is calculated as:

In accordance with the aforementioned model each fanal can be connected to any fanal in a different cluster.

Second, the Manhattan distance d (i,j)(i ,j ) between two fanals with coordinates (i, j)

and (i , j ) is (cf. 

Knowing the distance, the unitary resistance and capacitance for the targeted technology, one can obtain the RC delay τ as:

where r per µm and c per µm are the resistance and capacitance per unit length. In case of a 3D circuit, the resistance and capacitance of the TSV are added to the RC delay:

A.4 Simulation results using different partitioning

To evaluate the proposed 3D architecture, the gains obtained by using the 3D technology are explored for different configurations of the network. This includes scaling the number of clusters C and the cluster's size . Later, after the general study, an applicative test-case is presented and the gains resulting from the 3D technology are analyzed as well. The results are based on physical implementation using 65nm technology and 3D

technology with TSV of resistance and capacitance equal to 2mΩ and 5fF, respectively.

These values have been included in the 3D results to count the TSV vertical effects.

A.4.1 General study

In the beginning, the size of the cluster is fixed to four (each cluster is square -two by two fanals) and the number of clusters C is scaled. Additionally, the power of the interconnects is directly proportional to the total wire length d total :

Consequently, in case of reducing the total wire length d total by 55%, as shown in Fig- 

A.4.2 Case Study: Power management for LTE receiver

In this subsection, a real-world test-case is used to obtain the dimensions of the neural cliques and explore the gains of using 3D technology. In the considered application with dimensioning the network in a way to obtain the maximal gains coming from 3D

technology. This means that optimizing the gains coming from the theoretical model and hardware 3D implementation is not contradictory.

Appendix B

Résumé en Français

L'objectif de cette thèse est de proposer une méthodologie et des outils permettant d'évaluer l'impact des technologies 3D sur les préformantes des architectures numériques.

B.1 Introduction et Contexte

La miniaturisation et le coût de fabrication des technologies CMOS avancées évoluent selon la prédiction de la loi de Moore [1], ce qui nécessite de trouver des solutions technologiques pour remédier à ces limitations. En effet, la loi de Moore prédit de doubler le nombre de transistors, par circuit intégré tous les 1.5-2 ans [2]. Cependant, la miniaturisation et le fait d'intégrer plusieurs transistors sur un même circuit posent des problèmes pour les technologies en 14nm et au delà. De nouveaux concepts sont nécessaires pour surmonter ces limites. ITRS a discuté de la feuille de route de la miniaturisation [3]. La figure B.12 montre le compromis puissance-performance pour les blocs openMSP, FFT et AES blocs avec les surfaces 0.008 mm 2 , 0.027 mm 2 et 0.119 mm 2 respectivement. L'approche 3DCoB améliore la fréquence à maximum de performance de 9.7% et 35%, par rapport à l'approche 2D, pour les blocs FFT et AES respectivement.