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Résumé

La principale contrainte liée aux applications IoT est la faible consommation d'énergie requise tout en garantissant de bonnes performances. Avec la rapide expansion du marché de l'IoT, l'architecture des noeuds IoT évolue pour répondre au mieux à ces contraintes et proposer le meilleur compromis entre performance et consommation. La mémoire embarquée de type SRAM dans les noeuds IoT représente une bonne partie de leur consommation d'énergie et peut être amenée à limiter leurs performances. Par conséquent, l'optimisation de la conception de cette mémoire est une priorité. Ce travail de thèse propose différentes conceptions de SRAM dans le contexte d'une architecture de noeud IoT utilisant la logique asynchrone pour améliorer le compromis entre la consommation d'énergie et les performances. Une SRAM deux ports avec une seule tension d'alimentation (Two-Port single rail) est conçue en technologie FD-SOI 28nm pour un noeud IoT compatible avec la logique synchrone et asynchrone. Cette mémoire possède une interface de communication asynchrone et un mode sommeil/actif à transition rapide. Elle permet des accès synchrones et asynchrones simultanés sur ses deux ports qui sont indépendants, ainsi qu'une masse virtuelle sélective (SVGND) pour permettre des opérations de lecture à très basse tension. Les mesures effectuées sur une macro mémoire de 64kbits confirment la fonctionnalité sur une tension d'alimentation comprise entre 0,25V et 1,25V. Le mode sommeil permet de réduire la consommation d'énergie statique du SVGND d'un facteur 158. L'assistance en lecture SVGND permet de réduire la tension d'alimentation de 50mV pour réaliser des lectures sur le port dédié. A 0,25V et 27°C, l'accès à la mémoire présente un coût énergétique moyen de 1,45fJ/bit à 451kHz pour une consommation statique de 25pW/bit en mode sommeil. Pour optimiser la densité de la SRAM, une cellule mémoire de type 4T optimisée pour les opérations d'écriture et de lecture a été proposée. Cette cellule mémoire est conçue pour répondre aux exigences des systèmes à basse consommation, comme dans le cas de la plupart des circuits et applications orientés pour l'IoT. L'utilisation de la technologie 3D CoolCube TM permet de concevoir une cellule mémoire 4T stable à l'aide de la polarisation de caisson adaptative (DDBB) et ainsi améliorer la densité. L'architecture de la cellule mémoire proposée permet une réduction importante de la consommation d'énergie en écriture par rapport à une cellule mémoire 6T conventionnelle. L'assistance en lecture SVGND assure une fonctionnalité à très basse tension des opérations de lecture. Les résultats de simulations montrent des opérations fiables jusqu'à 0,35V, proches de six sigma (6σ) sans aucune technique d'assistance pour l'écriture (ex : negative bitline). La cellule mémoire 4T atteint dans le pire cas 300ns et 125ns en temps d'accès en écriture et en lecture, respectivement. Une réduction de la consommation d'énergie de 6x par rapport à une cellule mémoire 6T (de type basse tension et faible fuite) est ainsi démontrée. Ce travail de thèse a donné lieu à plusieurs publications, à un brevet et à une implémentation sur silicium avec des résultats validés.

Abstract

The main constraint related to the IoT applications, is the low power consumption required without necessarily compromising with the performance. Driven by the fast IoT market expansion, the architecture of the IoT nodes are evolving to best answer these constraints and propose the best trade-off between the performance and the power consumption. The SRAM embedded in IoT node contributes greatly to the power consumption and is the bottleneck of performance. Therefore, optimizing their design is a priority. This thesis research work proposes different SRAM designs in the context of an IoT node architecture using asynchronous logic to elevate the power consumption/performance trade-off.

A single-rail Two-Port SRAM is designed in 28nm FD-SOI technology specifically for a synchronous/asynchronous IoT node. This SRAM supports an asynchronous interface communication and a fast transition sleep/active mode. This SRAM enables simultaneous synchronous and asynchronous accesses on its two independent ports, as well as a selective virtual ground (SVGND) to support ultra-low voltage in read operations. Measurements on a 64kbits memory macro prove the functionality for a supply voltage ranging from 0.25V to 1.25V. The sleep mode enables 158x reduction of the SVGND static-power consumption. The SVGND read assist achieves a gain of 50mV on the read port operations lowest voltage. The memory achieves, at 0.25V and 27°C, an average energy cost per access of 1.45fJ/bit at 451kHz and a leakage of 25pW/bit in sleep mode.

To optimize the density of the SRAM, a 4T SRAM bitcell enhanced for both write and read operations is proposed. The proposed bitcell is designed to respond to the requirements of energy constrained systems, as in the case of most IoT-oriented circuits and applications. The use of 3D CoolCube TM technology enables the design of a stable 4T SRAM bitcell by using data-dependent back bias (DDBB) and allows to enhance the density of SRAMs. The proposed bitcell architecture provides a major reduction of the write operation energy consumption compared to a conventional 6T bitcell. The SVGND assist ensures a full functionality at ultra-low voltage of read operations. Simulation results show reliable operations down to 0.35V close to six sigma (6σ) without any write assist techniques (e.g. negative bitlines). The 4T bitcell achieves in worst case corner 300ns and 125ns in write and read access time, respectively. A 6x energy consumption reduction compared to a low voltage/low leakge 6T bitcell is demonstrated. This thesis work resulted in several publications, a patent and a silicon implementation with validated results.

Internet of Things (IoT) technology experiences an important market expansion and democratization. It is not only limited to a smart TV or speaker, but has much more different applications such as: healthcare, sports and retail. Fig. 1 shows a prediction study conducted in 2016 on the North America IoT market from 2012 to 2022. It depicts the evolution of revenue share on the IoT market for different applications. The main applications are: consumer electronics and transportation. However, a noticeable growth is predicted for the healthcare and retail application.

North America IoT market revenue by application, 2012 -2022 (USD Billion) [1].

A more recent (2018) and worldwide revenue prediction study [2] was done on the evolution of the IoT market from 2018 to 2024. From this study, a compound annual growth rate of 26.6% is expected on the IoT market. It corresponds to a revenue growth from $1.2 Trillion in 2017 to $6.5 trillion in 2024. This important growth is justified by two factors: supply and demand. On one side, there is an increase in the consumers demand to obtain more connected and smart objects. On the other side, the price of smart chips and sensors decreases as the production of a given IoT device increases and as the transistor technology scales.

Another report on the IoT market [3] predicts a worldwide spending reaching $772.5 billion in 2018 compared to $674 billion spent in 2017. This number represents a spending growth of 14.5% percent over a single year. A spending growth of more than 14 percent is predicted through the 2018-2021 forecast period. A spending reaching $1.1 trillion is predicted for 2021, which will represent a major market for the microelectronics field.

The omnipresence of smartphones and the internet acts as a strong leverage in the expansion of the IoT market. Thanks to smartphones, people have access to data instantly and are continuously connected to their environment through the IoT devices. To enable this constant connection between users and their environment, the IoT devices must have sensors and wireless connection to update the user in live.

Revenue (USD billion)

The sensors (and actuators) are fundamental for the IoT network. They constitute the different tools of the IoT network to monitor changes in the environment; such as: pressure, temperature, optical and much more as seen in Fig. 2.

Different sensors and actuators types present in the IoT eco-system [4].

The sensors are the sinews of war in the IoT market. For a best user experience, they have to be reactive and energy saver. On the technological level, these constraints translate into good performance and low energy consumption from the IoT node. Therefore, the microelectronics industry improves in the IoT by proposing new circuit architecture that will better satisfy the user.

An important component in the IoT circuit is the memory. The memory participates significantly in both the power consumption and the performance of the IoT node. For performance (speed), the static random-access memory (SRAM) outclasses all the remaining types of memory. Thus, it is the most suitable candidate for high-end performance IoT market. But the power consumption of the SRAM can be high and inadequate to the IoT applications. Therefore, to target the IoT market, SRAMs have to be designed to consume low power while maintaining their high performance.

The objective of the presented research work is the design of SRAMs that answer the IoT applications constraints. To achieve this objective, new architectures associated with new transistor technologies are proposed, analyzed and verified with silicon measurements. The researches related to this work have been conducted in STMicroelectronics and CEA -LETI.

In the first chapter, a study of the state of the art (SoA) wireless sensor IoT node is presented. Several architectures are described and analyzed.

The second chapter focuses on one particular architecture of IoT node. The different components of this architecture are detailed and a problematic related to this architecture is highlighted. The design of an SRAM circuit is proposed to answer this problematic.

The third chapter presents the designed SRAM for this specific architecture. This design is detailed from the bitcell up to SRAM chip. A silicon implementation of this SRAM chip is presented with silicon measurements. The data are benchmarked to SoA SRAMs oriented for IoT applications.

The fourth and last chapter pushes the optimization of the SRAM through the introduction of a new SRAM bitcell in a new transistor process technology (3D Monolithic Technology).

CHAPTER I

Background and Motivations

Introduction As seen previously, the IoT market is forecasted to become a big microelectronics share in the future years. One of the most critical constraint in the IoT, is the power consumption management. The IoT node has to drain the minimum energy from the battery. This has to be valid both when operating and waiting, in order to operate as long as possible with one battery charge. However, the power consumption optimization should not slow down the performance of the IoT node. For several applications, the performance of the IoT node is important as its power consumption. To present the best trade-off between power consumption and performance in IoT nodes, different architectures are proposed in the SoA.

This chapter presents and explores some IoT node architectures, with an example for each of them from the SoA. A conventional architecture is presented first. Then some derivate of this architecture are explored to evaluate their potential. The advantages of each architecture are highlighted as well as their drawbacks.

One of these architectures featuring asynchronous logic is focused on. The advantages of the asynchronous logic are presented and shown to be aligned with the IoT constraints and specifications. Each module contained in this architecture is described with its role explained. The memory, which is the internal communication bridge for IoT node, is focused on at the end.

The memory is a component which participates considerably in the power consumption and which is the performance bottleneck of the IoT node. Therefore, its design optimization must be considered as a priority. The research work presented in this thesis treats exclusively on the design of SRAM. Therefore, the last section will focus on the SRAM design challenges for IoT applications.

IoT node architectures

Two types of IoT node architectures are shown in Fig. 3. The first one is conventional. It features a master and a RAM module [Fig. 3(a)]. The master module controls the circuit and the other different modules. The RAM is the memory space where data are stored. The second type of architecture has a slave module, in addition to the master and RAM modules [Fig. 3(b)]. The slave module is turned off when the IoT node idles. Thus, this type of architectures is also called as "normally-off". The normally-off architecture highlights two types: synchronous logic or synchronous/asynchronous logic. They are designed to target ULV (ultra-low voltage) operation where the power consumption is the lowest one. The ULV operating point is defined as the region where the transistor operates below its threshold voltage (sub-threshold). At ULV, the transistor performance is exponentially related to the variation of the supply voltage. Optimizing the design at ULV, both on the transistor [5] and top architecture level [6], is necessary to maintain the performance. Synchronous logic operates on a clock signal. They have to compromise with the worst case due to their sensitivity to the variation of process, supply voltage and temperature (PVT). Therefore, their performance is severely decreased in ULV. Asynchronous logic exhibits several advantages for energy-efficient IoT applications. Due to their specific synchronization protocol, asynchronous logic always runs at maximum frequency. Furthermore, their frequency scales automatically with the variation of the PVT (no more PVT compromises). This is a strong advantage when operating at ULV.

The different modules of the presented architectures are divided in two categories: "always-on" and "on-demand" modules [Fig. 4]. Always-on modules are always powered and active, whereas the on-demand modules are switched on only when needed. In the conventional architecture [Fig. 4(a)], which contains only a master and RAM module, the circuits are always on. Therefore, they tend to have a high power-consumption. The modules are made with synchronous logic. They operate better at nominal or near-threshold voltage and have limited performance at ULV due to their sensitivity to PVT variations.

The synchronous normally-off architecture [Fig. 4(b)] is similar to the conventional architecture.

The added slave module allows to reduce the overall power consumption by turning it off. However, due to synchronous logic, the performance of this architecture is still limited at ULV operation.

The asynchronous normally-off architecture is introduced with asynchronous logic [Fig. 4(c)]. The master features asynchronous logic which enables him to run at maximum speed when operating at ULV. Moreover, it can adapt its speed to the PVT variation to maintain functionality and maximum performance.

Therefore, this type of architecture is highly suitable for IoT applications. However, the introduction of the asynchronous logic in the architecture adds complexity in the design of the IoT node, more specifically on the compatibility between the synchronous and asynchronous logic.

Master + RAM configuration

The standard architecture consists of two modules which are: the master (central processing unit (CPU)) and the RAM (memory). The master is the computing power which processes instructions and data. The RAM contains the data and is accessible for read or write operation. The master and RAM are designed with the conventional synchronous logic and are both synchronized with a clock signal. These two modules are always on. Therefore, the power consumption is high both in active and idle modes. The higher is the master computation capability, the higher is the power consumption.

This configuration is more commonly used with large node technologies (gate length: 180nm and higher). In these technology nodes, the leakage current is minimized thanks to the long gate length size. As shown in Fig. 5, on an IoT node consisting of transceiver SoC (system on chip) designed in 180nm technology [7]. The supply voltage is set at 1.2V and the master module (CTRL in Fig. 5) can reach a frequency of 6.4MHz.

However, when the supply voltage is lowered to sub-threshold voltage to target ULV, the frequency decreases considerably. Other similar circuits [8][9] [10] designed in the same technology node (180nm) achieve the lowest operation voltage (VMIN) of 0.35V, 0.18V and 0.16V with a frequency of 53kHz, 164Hz and 2Hz, respectively.

RF Transceiver SoC in standard digital 180nm technology node [7].

Master and slave + RAM configuration

In the normally-off architecture, the slave module switches between the on and off state on-demand. This architecture features two modes: a sleep mode and an active mode. In the sleep mode, the slave is off and the master and RAM are supplied at ULV. In the active mode, all the modules are powered at nominal voltage. The slave has the main computing capability of the IoT node. The master controls the IoT node, more specifically the slave module by turning it on or off. Both modules have access to the RAM which acts as a common memory space.

Two types of this architecture can be identified: synchronous and asynchronous normally-off architecture.

I.2.2.1 Synchronous architecture

In synchronous logic, the synchronization is done globally with a distributed clock signal common for every sub-circuit. With this method of synchronization, the performance of the circuit is limited by what is called the critical path [11]. The critical path corresponds to the path in the whole circuit with the maximum delay propagation. To define the critical path of a circuit, some timing assumptions must be considered. The accumulation of these assumptions increases the critical path delay, and consequently, reduces the performance. Some of these timing assumptions can be identified (shown in Fig. 6) as: propagation delay, clock skew, and setup and hold time. They are highly sensitive to the PVT variation, which can make the design of robust synchronous circuits difficult.

Critical path consideration of (a) propagation delay, (b) clock skew and (c) setup and hold time.

Therefore, normally-off synchronous architecture exhibits high sensitivity to PVT variation. At ULV, this sensitivity blows up. To compensate it and guarantee functionality, extra margins are taken. These extra margins lower the performance of the circuit and prevent it to reach its maximum frequency. Therefore most of the IoT nodes based on this architecture are limited to near-threshold voltage operation to maintain high performance or ULV operation but with limited performance.

The system presented in Fig. 7 [12] features a synchronous normally-off architecture. It is designed with 28nm FD-SOI technology and consists of three main circuits: always-on (master), power-off (slave) and memory (RAM). The circuit is optimized to operate at near-threshold voltage of 0.5V. This design features three states: active, sleep and deep sleep mode. The IoT node reaches a frequency of 16MHz in active mode at 0.5V and exhibits a power consumption of 0.7µW in deep sleep mode. This architecture type enables a good trade-off between performance and power consumption at near-threshold voltage. However, if the supply voltage is lowered below the threshold voltage, the performance of the IoT node will decrease considerably.

To achieve low power consumption in this IoT node, the slave is turned off to suppress its static power consumption. This state is described as the sleep or deep sleep mode. Some IoT applications require the IoT node to be highly responsive to incoming requests. Therefore, the transition between the sleep mode and active mode (where the IoT node can respond) is critical. Synchronous logic at ULV struggles to minimize the delay of this transition. In this case, asynchronous logic is proven to be a strong leverage to optimize this aspect of the IoT node. The difference between an asynchronous and synchronous sleep mode is further explained in chapter II. 

I.2.2.2 Asynchronous architecture

A specific synchronization protocol is implemented for asynchronous logic. Different asynchronous protocols [13] exist in the literature. But for this work a focus is done on the four-phase handshake protocol. The four-phase handshake protocol is enabled with two control signals named REQ (request) and ACK (acknowledge) [Fig. 8]. In contrast to synchronous logic, where interaction is done at the transition of the clock (rising edge), the four-phase handshake protocol interacts at signal level. As shown in Fig. 8(a), every sub-circuit has a couple of control signals REQ/ACK. Therefore, each sub-circuit can act as the emitter or the receiver of a request. Fig. 8(b) depicts a chronogram that illustrates an asynchronous cycle (four-phase handshake protocol). When the circuit idles REQ is low and ACK is high.

The four phases of an asynchronous cycle are described as follow:

Phase 1: The emitter delivers a request by rising the REQ signal.

Phase 2: To acknowledge the request, the receiver drives the ACK signal to low state.

Phase 3: The emitter releases its request signal (REQ low) when it receives the acknowledgement.

Phase 4: The receiver rises the ACK signal when it finishes the task and if the REQ signal is low.

Once the four-phase interaction is done, another request can be sent by rising the REQ signal, which defines the end of the asynchronous cycle.

One of the advantages of the asynchronous logic, which profits considerably to IoT applications, is the low power consumption. The decrease of power consumption is realized by the clock tree removal, since asynchronous logic uses a different synchronization protocol. The more complex the circuit is, the more the power consumption is lowered. Moreover, with a local synchronization protocol, asynchronous logic is energy efficient. The sub-circuits present in the overall circuit are activated only when needed. Thus, the idling sub-circuits are in automatic sleep mode and do not consume active power. The asynchronous logic can be used to overcome the loss of performance and increase the reactivity of the IoT node when in sleep mode. Therefore, an architecture of normally-off type featuring an asynchronous master will be further explored. An IoT node designed based on this architecture is proposed in the next section. Asynchronous normally-off architecture IoT node

Data

The proposed asynchronous normally-off architecture consists of an always-on module (master) coupled with an on-demand module (slave) [Fig. 9]. This architecture and design have been proposed by the LETI laboratory. My work is part of it as the design and optimization of the SRAM.

The always-on module is designed with asynchronous logic and can operate at ULV where it exhibits low power consumption. It performs only lightweight computations and instructions. In the proposed architecture, the always-on module is linked to a radio to receive external instructions.

When the instruction requires high computation power, the on-demand module is powered up by the always-on module to perform this instruction.

The on-demand module is a circuit exhibiting high computing power and performance, but also a high power consumption. Therefore, when not needed, this module is switched into sleep state where its power consumption is suppressed.

Fig. 9 shows the two modules and the interaction between them during a sleep and a wake transition, the transition from one state to another is described as follows:

Phase 1: The always-on module receives an external instruction on its radio.

Phase 2: The always-on module processes the instruction, wake-up the on-demand module and sends it the instructions.

Phase 3: The on-demand module performs the computation related to the instruction and signals the end of operation to the always-on module.

Phase 4: The always-on module switches back to sleep the on-demand module.

An important aspect of this proposed IoT node architecture is the RAM module. This one is the communication and synchronization bridge between the always-on and on-demand modules.

Chapter II explores this part to propose a suitable solution.

Always-on and on-demand interaction phases during a sleep/wake transition. 

RAM

SRAM design challenges in IoT application

In this thesis research work, we explore the design of the memory module on exclusively SRAM memory type. This choice was motivated by the higher performance [15] it shows compared to other type of memory. Therefore, an IoT node has more chance to reach maximum performance by embedding an SRAM.

The SRAM embedded in a SoC has a major impact on its characteristics. The SRAM influences three main factors: performance, power consumption and die area. The SRAM access time limits the performance of the SoC. Even if the SoC can run at a higher speed, it is usually limited to the speed of the SRAM itself. Depending on its size, the SRAM usually represents the main power consumption part [16]- [17]. Therefore, optimizing the power consumption of the SRAM greatly improves the power consumption of the SoC. The SRAM often represents up to 80% of the total SoC area [18]. Consequently, the efforts in optimizing a SoC (performance, power-consumption and die area) must be applied first on the embedded SRAM.

The design of SRAM for IoT application presents further challenges. With the energy efficiency constraint needed by most IoT applications, the SRAM has to consume the minimum amount of power. This implies operating the SRAM at ULV where it exhibits low power consumption. However, at ULV the transistors are in sub-threshold voltage regime. In this regime, some phenomena rise which impacts negatively the performance. One of these phenomena is the degradation of ION/IOFF ratio (on and off current).

Width and length sizing impact on the ION and IOFF current for several supply voltage values [19].

Changing the sizing (width and length) of the transistor to rise the performance of the SRAM shows good results at nominal voltage. At ULV it becomes inefficient due to the sub-threshold regime. In Fig. 10, a study [19] shows the sizing impact on ION and IOFF. It is seen, at a supply voltage of 0.2V, that the impact of sizing is negligible in the improvement of the ION/IOFF ratio. Therefore, in addition to sizing, other design techniques must be proposed to enable the SRAM to IoT application.

Several SRAM design solutions are proposed in the SoA to target the IoT application. Some of them change the structure of the SRAM bitcell and act at transistor level. For example, adding a capacitor in the SRAM bitcell [20] to enable a non-volatile functionality and enhance the characteristics of the SRAM at ULV. Some SRAMs introduce higher level design solutions. For example, virtually optimizing the ION/IOFF ratio with boost techniques [21] to enhance the speed of operations at ULV.

Conclusion and discussion

Several architectures oriented for the IoT applications were presented in this chapter. The advantages and disadvantages of each architecture were shown and illustrated with some SoA examples. The asynchronous normally-off architecture promises a great potential in optimizing the trade-off between the performance and the power consumption of the IoT node.

The SRAM modules contributes greatly to the performance, power consumption and die area of the IoT node. Challenges linked to the IoT applications on SRAMs design were shown in this chapter. These challenges can be overcome with specific design solutions. Some of the SoA design solutions were given as examples.

In the next chapter the asynchronous normally-off architecture is further explored. The impact of the architecture on the SRAM module design are shown and its specifications are established as well.

CHAPTER II

Normally-off Fast Wake-up IoT Node Introduction

The previous chapter explored several IoT node architectures and highlighted their advantages and drawbacks. In our research work, the asynchronous normally-off architecture was identified as the most suitable for IoT application. It features an architecture and design techniques (sleep mode/fast wake-up) maximizing the trade-off between power-consumption and performance. The asynchronous logic presented in this architecture showed to be a good leverage to rise that tradeoff.

The memory (SRAM) was mentioned to be an important component of this architecture. It participates greatly in the definition of the power-consumption and performance of the IoT node. Specific challenges of the SRAM, when designed for the IoT application, were identified. Furthermore, the introduction of the asynchronous logic in the architecture adds complexities on the SRAM design. As shown previously, this SRAM interfaces both synchronous and asynchronous circuits. Therefore, this SRAM has to comply with several specificities. This chapter focuses on the establishment of these specifications. First the design context is detailed. The two main modules interacting with the SRAM are presented and their operation mode described. Then, the synchronous and asynchronous interfaces present between the SRAM and the two modules are established. After that, the impact of these non-standard interfaces on the design of the SRAM are shown. Finally, the last section introduces the concept of the proposed SRAM, resumes its specification and presents the targeted design objectives.

Fast wake-up normally-off IoT architecture Always-on and on-demand module Beside the SRAM, the architecture presented here consists of mainly two modules which are: the wake-up controller (WUC) and the main CPU [Fig. 11].

WUC and CPU module interfacing with the SRAM.

CPU WUC

Asynchronous always on on demand

Synchronous SRAM 0.3 V  1 V OFF / 1 V
The module named WUC is always powered and active, but it consumes low static power and can operate on a large voltage range from nominal voltage down to 0.3V. The WUC is designed using asynchronous logic [22] and uses a RISC architecture with a 16-bit reduced instruction set [23]. The WUC collects data from a sensor and performs lightweight computations on this data without waking up the CPU every time. If the data should be processed further by the CPU, this one will be woken up by the WUC [24].

A heavy computing power module is embedded in the IoT node. This module is a CPU that operates at nominal voltage (0.8V -1V), exhibits high performance and possesses a large static power consumption. When the IoT node is in standby state, the CPU is turned off to suppress its important static power consumption and to preserve the IoT node battery energy. This state is defined as the sleep mode, in this mode unnecessary circuits are turned off and the static power consumption brought to minimum. When the IoT node must execute heavy computing requests, the CPU is woken up by the WUC to handle these tasks.

Synchronous and asynchronous interfaces

The SRAM module must interact with both the WUC and CPU simultaneously and independently.

Consequently, the SRAM needs to exhibit two independent interfaces [Fig. 12]

The WUC and CPU are designed with asynchronous and synchronous logic, respectively. Therefore, the SRAM needs to feature an asynchronous interface for the WUC and interacts with it through a four-phase handshake protocol. Whereas for the CPU, the SRAM presents a standard synchronous interface, synchronized on a clock signal (CK). Each interface features the basic buses that are: Data (D), Address (A) and Output (Q) bus. For simplicity, the signal such as: chip select (CS) and Mask bus (M) are not shown.

With the synchronous interface, the operation request are sent from the CPU on each rising edge of the CK signal. 

Asynchronous interface Synchronous interface

To request an operation from the SRAM, the WUC uses the four-phase handshake protocol. As seen in the previous chapter, the four-phase handshake protocol consists of the REQ and ACK signals.

In this implemented interface, the ACK signal was divided into two distinct signals named: RDY (READY) and Q_V (Output valid), which are based on the internal timing loops inside the memory. The dissociation of the RDY and Q_V signal is done to optimize the interaction between the WUC and the SRAM.

The purpose of the RDY flag is to display the availability of the memory. Initially, in the idle state of the SRAM, the RDY flag is at VDD. Whenever the memory is accessed to perform an operation, the RDY flag drops to GND. When the task is over, it goes back to VDD.

The Q_V flag indicates the validity of the data held by the output bus during a read operation. When a read operation is performed, Q_V drops to GND before the Q bus starts changing its values. The flag Q_V goes then back to VDD when the output bus presents the read data. Hence the edge transition of the Q_V flag indicates the last and first moment to take the data out of the output bus.

Having these two flags allow to differentiate the access time and cycle time, where the RDY flag defines the cycle time and the Q_V flag the access time, as illustrated in Fig. 13.

RDY and Q_V flag behavior during read operation [25].

The asynchronous interface features a flag named SLEEP_ACK and a control input pin named SLEEP_REQ. This pair of signals interact in a four-phase handshake protocol. They allow the implementation of an asynchronous sleep mode where most of the power consumption of the SRAM is cut off.

The SLEEP_REQ input allows to switch the memory between the sleep mode and the active mode.

The SLEEP_ACK flag outputs the state of the memory, i.e., display when the memory enters or leaves the sleep mode. To illustrate the advantage of the asynchronous logic for the sleep mode, a chronogram comparison of a synchronous and asynchronous sleep mode is shown in Fig. 14.

RP_CK SRAM access

Output

RP_RDY

RP_Q_V

Available Busy Available

Valid

Not valid Valid

In the case of a synchronous sleep mode, after waking up, the memory is ready to be accessed but is waiting for the next clock edge. This period represents a loss of time (performance) and energy. However, with an asynchronous sleep mode, the memory is accessed as soon as the SLEEP_ACK flag is triggered. The same behavior is enabled during standard memory access owing to the RDY and Q_V flag. Therefore, the access and wake time can be kept at minimum as they adapt their delay to the variation of PVT, but also to the type of operation (write/read).

Differences between synchronous vs asynchronous sleep mode [25].

SRAM module: function and constraint

The SRAM module represents a shared memory space between the WUC and CPU, which do not share the same architecture type (synchronous/asynchronous). Therefore, if limited to standard SRAMs, two architecture implementation are possible.

The first one, shown in Fig. 15(a), uses two single-port SRAMs: an asynchronous [26] and a synchronous single-port SRAM for the WUC and CPU, respectively. In this case, the synchronization and communication of the WUC and CPU consists in the exchange of data between their respective SRAMs with a memory management unit. This process of data exchange limits considerably the performance. Moreover, implementing two distinctive SRAMs add both in power consumption and silicon area.

The second implementation [Fig. 15(b)] features a standard synchronous two-port SRAM. In this case, the interface between the WUC and SRAM is not compatible. Extra logic is needed to make an adaptation bridge, which costs both in performance and power consumption. Furthermore, the standard asynchronous SRAM does not feature the Q_V signal and the asynchronous sleep mode. Consequently, this architecture does not exploit all the potential of the WUC. 
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To avoid the drawbacks of both previous implementations and to use the maximum the architecture and features of the WUC, a specific SRAM must be designed [Fig. 15(c)]. This SRAM is accessed by both the WUC and CPU simultaneously and supports both their interface (asynchronous/synchronous). It features both the RDY and Q_V signals, and the asynchronous sleep mode signals (SLEEP_REQ, SLEEP_ACK).

Architecture implementation with (a) an asynchronous and a synchronous single-port SRAM, (b) standard synchronous two-port SRAM, and (c) asynchronous/synchronous two-port SRAM.

SRAM design specifications

Two SRAM models are depicted in Fig. 16. The interfaces are illustrated as read and write accesses from both the CPU and WUC. The accesses can be synchronous, asynchronous, at low voltage and/or high voltage.

Fig. 16(a) presents the ideal model of the SRAM interface. Each module possesses its own and independent write and read access. This results in the feature of four independent ports in the memory. In practical, four independent access ports implies difficulties in the design and optimization of the SRAM.

Consequently, a more practical memory model is proposed [Fig. 16(b)]. This model possesses two access ports. The first one is accessed by the CPU for write and read access, but also for the write access of the WUC. The second port is exclusively reserved for the read access of the WUC. This configuration enables the design of an optimized (performance/density) SRAM. Therefore, a requirement of the designed SRAM is to support asynchronous access on port 2 and on the write access of port 1. In the remaining of this manuscript, the port 1 is named WRP (write read port) and the port 2 is named as RP (read port). Fig. 17 illustrates the two-port (TP) SRAM input/output (IO) interface for the WRP and RP. On the bitcell level of the TP SRAM, the WRP is accessed on a 6T SRAM bitcell for write and read operation. The RP is accessed through two NMOS in series connected to the internal node of the 6T bitcell. Combining both results in an 8T bitcell, this is detailed later in chapter III. This configuration of the TP SRAM allows to do a write and read operation (or two read operation) simultaneously on different addresses, acting as a 1R1W/1R memory [29].

WUC

The signal WRP_CK, present in the WRP interface, is used both for asynchronous request and synchronous request of the WUC and CPU, respectively. For simplicity and coherence, a similar name is given to the RP request signal (RP_CK). Both WRP and RP interface features a RDY and Q_V flag. In this architecture, the WRP_Q_V is not used by the CPU. It was still implemented in a case of a potential application featuring an asynchronous CPU.

TP SRAM interfaces of the read port and write/read port [25]. A top view of the IoT node architecture including the TP SRAM is shown in Fig. 18. The supply voltage of the TP SRAM is aligned on the supply voltage of the WUC. The WUC operates on an ultra-wide voltage range (UWVR), from ULV (0.3V) to nominal voltage (1V). Consequently, the TP SRAM must be functional on the same voltage range. Leading to the design of a UWVR TP SRAM. Insure the functionality of an SRAM over a large power supply range presents important design difficulties.

Asynchronous/Synchronous TP SRAM interfacing with a fast wake-up controller and an on-demand CPU [25].

To satisfy and comply with the performance of the designed WUC [23], the specifications shown in TABLE 2 were established. Those specifications define the minimum frequency and the maximum leakage exhibited by the TP SRAM at some key values of supply voltage (0.5V and 0.95V). The difficult targets to reach in the specifications are identified as: the ULV functionality at 0.3V, the frequency of 50MHz at 0.5V, and especially the static power consumption of less than 50nW at 0.5V. These specifications were considered at system level to improve the performance of the whole IoT node, not just the SRAM.

TABLE 2. SPECIFICATION OF THE UWVR SYNCHRONOUS/ASYNCHRONOUS TP SRAM

Specification Value

Capacity 64kbits

Frequency @(TT|0.50V|25°C) 50MHz

Frequency @(TT|0.95V|25°C) 500MHz

Leakage @(TT|0.50V|25°C) (SLEEP ON) <50nW

Leakage @(TT|0.95V|25°C) (SLEEP OFF) <3µW

Voltage range with RP and WRP (only write) 0.30V -0.95V

Voltage range with WRP (only read) 0.60V -0.95V

Conclusion and discussion

In this chapter, a detailed description of an asynchronous normally-off architecture for an IoT node is shown. The two main modules of the architecture, which are the WUC and CPU, were presented along with their specific characteristics. They differ mainly on the type of logic they feature, asynchronous and synchronous logic for the WUC and CPU, respectively.

The SRAM embedded in this architecture has to interact with both modules. The fact that they use different logic type shown some design complexity. The design context of the SRAM being defined, its impact on the SRAM was described. The interfaces of the SRAM for both the WUC and CPU were set. The mechanism of the asynchronous signal was explained, and their interest justified.

Some architecture configurations featuring standard SRAMs were proposed. These architectures are not optimized for the presented IoT node. They require extra logic to adapt the standard SRAMs to the modules present in the IoT node (WUC). This conclusion justifies the full custom design of an SRAM dedicated for this architecture. With a custom SRAM, the full potential of the WUC and the architecture can be reached.

Finally, the specifications of the SRAM to be designed were set in the last section. It resulted in the design of an UWVR asynchronous/synchronous TP SRAM. The 8T SRAM bitcell (with read port) was chosen for the implementation and the interfaces of the two port WRP and RP were defined. The target performance and power consumption (aligned to the WUC) were resumed in a TABLE 2.

The next chapter will detail and show all the design process, using the specification set in this chapter. This design resulted to the implementation of the TP SRAM on silicon.

CHAPTER III

Synchronous/Asynchronous Two-Port SRAM Design Introduction

The previous chapter described a normally-off architecture featuring asynchronous logic oriented for the IoT applications. One of the needs of this architecture, is the implementation of an SRAM module to be accessed by both the asynchronous WUC and the synchronous CPU module. The possibilities of using standard SRAMs was considered but was shown to be inefficient. Especially due to the non-standard specification and constraints set by the WUC on the SRAM. Therefore, to obtain a fully optimized architecture, a custom design of a dedicated SRAM is necessary. A top view showing the integration of the custom TP SRAM to be designed within the architecture was proposed. Finally, the specification and constraint imposed on this custom SRAM were established and resumed.

This chapter answers to these specifications and constraints by proposing a full custom TP SRAM. First, a full custom bitcell using logic rules is designed. Its functionality is validated through simulations to guarantee its functionality on all the voltage range supply. A specific solution, added to the read port of the bitcell, enables ULV read operations to comply with the WUC ULV read accesses. Then the behavior of the WRP and RP interfaces with their respective asynchronous signals is shown. Their interest is again highlighted through this demonstration. The sleep mode implemented to the TP SRAM is described as well. Its sleep and wake-up delays are extracted to evaluate their compliance with the WUC operation. Finally, the proposed TP SRAM is implemented and measured on silicon in 28nm FD-SOI technology in a standalone structure for test and characterization purposes. The silicon measurement results are shown at the end of the chapter and compared to several SoA SRAMs oriented for the IoT applications.

Design and simulation UWVR two-port SRAM bitcell

To be able to handle the double and simultaneous access to the memory, an 8T bitcell is used. The bitcell is made of six transistors to store the data and a two-transistors read port. The following subsections detail the design of the bitcell, the sizing to insure stability and yield of operation, and the physical implementation to guarantee a minimal foot print.

III.2.1.1 Statistical analysis

To evaluate the static power consumption of the designed bitcell, a simulation of its leakage power is done for several gate length values. Only the leakage power of the 6T is considered, since the read port does not add static power consumption (as explained in section III.2.2). The simulation is done in TT process corner at room temperature (27°C) [Fig. 19(a)]. The worst case (FF process corner at 125°C) leakage current condition is also considered [Fig. 19(b)]. The value of the leakage current is given on the average of 1000 Monte Carlo (MC) samples, which is enough to evaluate the mean of the leakage. In both conditions, a significant leakage reduction is observed with the increase of the gate length up to the value of 70nm, a reduction factor of 6.25 and 9.25 is observed for the nominal (TT 25°C) and worst (FF 125°C) case, respectively. Over the gate length of 70nm, two trends can be observed. For the nominal case, it is seen that an optimal point is reached around 100nm. Above that point, an increase in the leakage current is observed. For the worst case (FF 125°C), the higher the gate length, the lower the leakage current. This difference is due to the gate leakage current. In the nominal case (TT 27°C), when the gate length is going above 100nm, the gate leakage current increases more than the sub-threshold leakage decreases. In worst case of leakage current, the gate leakage current is negligible compared to the sub-threshold leakage current. Therefore, the higher the gate length, the lower the leakage current. Considering these results, the trade-off 70nm for the gate length is used. The leakage current obtained with this value is close to the optimal one and allows a relative high density.

To set the width value of the transistors present in the 6T bitcell and ensure its stability, the specifications shown in TABLE 3 Knowing the availability of at least 20 cuts to be tested. The fail probability of the bitcell is set so that the probability of having at most one cut failing over 20 is limited at 99.88%, which represents a high probability of having 19 functional memory cuts. Doing so, on cut size of 64kB, gave a sigma of 5.4 for the bitcell. The targeted frequency is of 50MHz at 0.5V, which represents 20ns cycle time. Considering that the bitcell operation time represent 30% of the cycle time, the time allocated for the bitcell to perform an operation is 6ns. The following figures shows the simulated results. The sizing chosen to match this specification and obtain these results is described in the next sub-section. Fig. 20 depicts the fail probability of the write operation corresponding to a given word line (WL) pulse. The write operation is done using negative BL (NBL) assist with a transistor capacitor of 10µm width. The write operation is considered as a fail if the internal nodes do not exhibit a voltage difference of 90% VDD at the end of the operation. The simulation is done in SS process corner, which is worst case for write operation, at room temperature for several values of supply voltage. For a supply voltage of 0.5V, the flip of the bitcell is done under 2ns, with a probability of fail significantly under the reference yield (5.4σ). For a supply voltage of 0.35V and 0.3V, the minimum WL pulse to meet the targeted yield is of 62.5ns and 650ns, respectively.

Write operation fail probability.

Fig. 21 shows a similar investigation done on the 6T bitcell read operation of the 8T bitcell. The operation is considered as a fail if the voltage difference between the bitlines (BL) do not reach 100mV at the end of the WL pulse, which is the standard value for a sense amplifier to read the data out. The simulation is done in SS process corner, which is worst case for read operation, at room temperature and for a supply voltage of 0.6V.

Fail probability of read operation using the WRP port. Fig. 22 shows the same investigation done in Fig. 21, but the read operation is performed on the read port. In this case, the operation is considered as a fail if the read bitline (RBL) discharge (when reading a '1') is above 50% VDD at the end of the WL pulse, which will output a false '0' if connected to an inverter. The simulation is done at SS process corner, which is worst case for the read port read operation, at room temperature and for a supply voltage of 0.45V.

For both read operations, the WL pulse obtained on the targeted sigma (5.4) satisfies the expected performances and specifications.

Fail probability of read operation using the RP port.

TABLE 4 presents an evaluation of the retention at ULV for several corners (TT, FF, SS, FS and SF) at high (125°C) and low temperature (-40°C). Considering the target sigma (5.4), the retention is validated at 0.25V on all corners and temperature, with a worst case at SF -40°C exhibiting a sigma of 8.5. However, lowering the supply voltage to 0.2V yields a sigma of 4.6 at worst corner, which is lower than the targeted yield. Thereby, the minimum data retention voltage (DRV) that can be obtained with the designed bitcell is equal to 0.25V. 

III.2.1.2 Schematic and layout implementation

Fig. 23(a) depicts the schematic of the 8T bitcell [30]. The 6T port and the read port are controlled by two different WLs. The difference with the standard 8T bitcell consists in the ground separation between the core and the read port, the purpose of this choice is explained later in section III.2.2. Fig. 23(b) depicts the bitcell layout. In order to separate the GND between the 6T cell and the read port, the M1 (1rst level of metallization) ground connection between the two is cut and another horizontal line is introduced in M3 (3rd level of metallization), which is called selective virtual ground (SVGND). The bitcell is compliant with the logic design rules, leading to lower density than the standard SRAM bitcell. The aim of this design is to operate in ULV with ultra-low leakage (ULL). To guarantee ULL at the matrix level, a gate length of 70nm is set for all the transistors. Regular-VT and a width of 100nm are chosen for the pass-gate (PG) and pull-down (PD) transistors. The pull-up (PU), pulldown-read (PDR) and pass-gate-read (PGR) are sized differently to maintain functionality for write operation at ULV. The PU are chosen to be low-VT with a width of 200nm to ensure a better write completion. The PDR and PGR are chosen to be low-VT to ensure the read port performance at ULV. This sizing leads to 0.527µm² bitcell area. This configuration provides a good balance between the access time and leakage current while reducing the impact of variations owing to large channel length, which is crucial for ULV operation. Read port featuring a selective virtual GND

In this section, the purpose of the modification done in the bitcell is explained, which consisted in the split of the ground between the 6T and the read port.

The read port is connected to the WUC and must perform read operations in ULV. In ULV, the ION/IOFF ratio is decreasing, leading to issues especially in read operation. A read operation results either in discharging the RBL (initially floating at VDD) when a '1' is stored in the read bitcell or maintaining the RBL at VDD when a '0' is stored in the read bitcell. If the leakage current of the unselected read ports connected to the RBL is important, there is a risk to discharge the RBL even if the read bitcell contains a '0', resulting in a false '1' read. The lower the ION/IOFF ratio, the stronger this phenomenon becomes. Hence, the worst case is located at ULV and high temperature.

Schematic of SVGND assist circuit for read port [25].

To overcome this limitation, a SVGND line is introduced in the 8T bitcell (previously mentioned in Fig. 23(a)). The use of a virtual ground line for the read port is not a novel idea [31], but an original way to drive the SVGND line from the row decoder is proposed. Therefore, when a RWL is triggered, the corresponding SVGND line will be pulled to GND, resulting in the establishment of a read path current through the selected read port, which will discharge the RBL at the condition that the bitcell stores a logic '1'. 
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The rest of the read ports on the columns (except for the adjacent read port) will not disturb the read operation since their SVGND line (maintained at VDD) will cut off their leakage. This design solution enables both a read at lower voltage, and an important static power consumption reduction.

To illustrate the efficiency of this solution, Fig. 25 depicts a simulation of read operation through the read port. The simulation is done on a single column, including all the resistive and capacitive parasitic elements, for several numbers of bitcell (read port) per column (bf/c) (1024, 512, 256, 128). The state of the RBL is observed when a logical '1' and '0' is read. The simulation is done at 0.3V (ULV), at room temperature (27°C) and 125°C where the leakage current is maximized.

Each of the following figures shows the read of '1', for 1024, 512, 256, and 128 read ports per column, with solid lines for the read of '1' and a dashed line for the read of '0'. As expected, the lower the number of read port, the lower the capacitance of the RBL, and thus the faster is the discharge when reading a '1'. The read of '0' is represented once because it does not depend on the number of b/c, i.e., the number of charges added in the RBL by a read port is compensated by the leakage induced by the same read port.

To minimize the effect of the leakage current and match the chosen sizing, a gate length of 70nm is set for the read port. The simulation is done with 10 000 MC at TT process corner with displaying the slowest and fastest cases for the read of '1' and '0', respectively. In an ideal case, the RBL should remain at VDD when reading '0' and drop abruptly to GND when reading a '1'. Even though this number of samples (10 000) is not enough to show the worst case for a 64kbit SRAM, it is enough to demonstrate the discussed phenomenon.

In Fig. 25(a), the standard configuration (without SVGND) is evaluated at 0.3V and 27°C. At 1024 b/c, it is observed that the discharge of the RBL, when reading a logical '1' or '0', superpose each other. Hence, it is not possible to distinguish between these two logical states, which fails the read operation. For a 512 read ports per column, the window shaped between the discharge of the RBL for a '1' or '0' is large enough for a sense amplifier to discretize between '1' or '0'.

When the temperature rises to 125°C [Fig. 25(b)] even with only 128b/c a sense amplifier could not distinguish a '1' from a '0' due to the low voltage difference between the two cases. The RDY and Q_V flag enable an auto tune of the cycle and access time, respectively. Depending on the variation of PVT, these two-time variables will adjust themselves to the minimum delay time corresponding to that PVT corner. Independently of the PVT corner, the RDY flag to differentiate between the write and read cycle time (cycle 2 and 3). As observed in Fig. 26, the write operation is identified to be faster than the read operation. This difference is explained by the delay necessary for the read sense amplifier to operate. The sleep mode consists mainly in power gating the driver located in the row decoder of the TP SRAM. The SVGND assist drivers are a significant source of static power consumption in the memory. Hence, a power gating circuit linked to the sleep mode is implemented. The role of this circuit is to drive the biasing scheme of the SVGND driver by moving its ground to VDD when not used. When moving the ground of the SVGND driver to VDD value, the leakage current path is eliminated, which removes the overall static power consumption of the SVGND drivers.

Asynchronous two-port IO interface

Fig. 27 depicts the circuit used consisting of a global virtual ground (GVGND) line, common for all the SVGND drivers present in the entire memory. As shown in the chronogram of Fig. 27, the GVGND line is set to GND only when the memory is in active mode, i.e., the SLEEP_REQ signal is at logical '0'. When the sleep mode is activated with SLEEP_REQ set at logical '1', the GVGND is driven to VDD and most of the SVGND read assist circuit leakage is cut off.

The chronogram shows results measured at 0.25V and 125°C where a reduction of 158x in static power consumption is achieved.

Schematic of the asynchronous sleep mode circuit and chronogram of the SVGND assist circuit leakage cut-off [25]. Fig. 28 shows the time delay for a sleep and wake-up transition for several supply voltages in nominal (TT 25°C) and worst corner (SS -40°C). At high voltage (1.25V), the nominal and worst corners for the delay time (sleep and wake) are aligned, with a transition delay around 1ns for both sleep and wake-up delays. The lower the voltage supply, the more important the gap between the two corners becomes. This significant difference between the nominal and worst corner is due to the impact of the VT on the performance. At nominal voltage the transistors are operating above threshold voltage, therefore the variation of the VT will have a low impact on the performance. At ULV, the transistor operates near or below threshold voltage, and in this case a slight variation on the VT has a significant impact on the performance.

At the lowest supply voltage (0.25V), the sleep time reaches 1.8µs and 59µs for the nominal and worst corner, respectively. The wake-up time reaches 2.1µs and 63µs for the nominal and worst corner, respectively. At 0.6V, the sleep and wake-up delays are below 10ns for both nominal and worst case. This is compliant with the sleep and wake-up delays of the WUC presented in chapter II.

Sleep and wake-up transition delay time as a function of the supply voltage [25]. Silicon implementation and measurements Fig. 29 shows the photo taken of the circuit implemented on silicon. The TP SRAM can be seen in the center of the scribe. A logic circuitry, close to its IO interface and commonly named BIST (builtin self-test), is used to send different kind of patterns to exhaustively test the memory.

The TP SRAM is partitioned in eight banks of 256 rows and 32 columns divided in two groups and separated by a common row decoder. In the bottom of the eight banks, a global controller managing the IO interface is present. In between two banks are present a local controller and local IOs. TABLE 5 summarizes the characteristics and feature present in the TP SRAM. The memory is designed using the 28nm FD-SOI technology fabricated at STMicroelectronics.

For simplicity, a configuration without word interleaving (MUX 1) is chosen. The differentiating features present in our design, are the presence of asynchronous flag enabling the full interaction with asynchronous modules and the SVGND assist dedicated to the read port for ULV read operations. The TP SRAM is functional on a supply voltage ranging from 0.25V up to 1.25V at room temperature (27°C).

Die photography of the 64 kbits TP SRAM macro and the BIST with feature table [25]. As explained in section III.2.4, the SVGND drivers present in the TP SRAM represent a cost in static power consumption. However, thanks to it, the leakage current of all the read ports is suppressed. Hence, to limit the static power consumption cost of the SVGND and maintain the suppression of leakage current on the read ports, the sleep mode of the TP SRAM is linked to the shutdown of the SVGND driver [Fig. 27].

To assess in measurement the static power consumption of the SVGND driver and read port from the static power consumption of the rest of the memory, a dedicated power supply is allocated for the SVGND drivers and the read port. Furthermore, a control input pin is added to the IO interface to disable only the SVGND drivers and suppress their static power consumption. Hence, returning to the configuration of a standard two port 8T bitcell memory. Fig. 30 presents the measurements of the SVGND assist plus read port leakage current. The leakage current is measured when the sleep mode is on and off, the reference used (straight line) is the case when the SVGND is disabled (standard two port SRAM). The measurements are done for several power supply values and at worst case leakage current temperature of 125°C. As expected, it is observed in active mode that the SVGND assist circuit adds static power consumption, at 0.3V the leakage current is multiplied by a factor of three compared to the reference. However, when activating the sleep mode, the leakage current is divided by a factor of 52 compared to the reference.

The IoT circuit for which this memory is designed is a system where the overall circuit sleep most of the time. Considering this context, the SVGND assist coupled with the sleep mode is a strong advantage with limited penalties. Fig. 31 shows the measured maximum frequency achievable on the TP SRAM for each operation, i.e., the write operation and the read operation on its two independent ports. The measurements are done at room temperature (27°C) and for several supply voltage values ranging from 0.25V up to 1.25V.

For the read operation, it is observed, at low voltage, that the RP read frequency is higher than the WRP read frequency. At a cross point located at VDD = 0.55V, the trend is inverted. The WRP read frequency becomes higher than the RP read frequency. This can be explained due to the different mechanism of read used in each port. The read operation done on the WRP is of differential type, it is done on two BLs with one maintained at VDD and another partially discharged, then the data is output with a sense amplifier. The read operation done on the RP is a single ended type, meaning: a single RBL is fully discharged (or maintained at VDD) and the data is output with an inverter. At low voltage, around 0.3V, the difference in discharge time between a full or partial discharge (100mV) of the BLs is not significant. But the response delay of the sense amplifier present in the WRP read operation is significantly higher compared to the inverter response applied for the RP read operation, which explains why the RP is faster than the WRP for read operation at ULV. At nominal voltage, this delay balance is inverted. Even though the sense amplifier remains slower than the inverter, the full discharge of the RBL takes significantly more time than its partial discharge of 100mV, which results in the WRP read operation being faster than the RP read operation. At ULV, it is observed that the RP read operation is more robust than WRP read operation. From the measurements, the read operations through the WRP and RP are functional down to 0.3V and 0.25V, respectively.

The write operation through the WRP is measured using NBL assist and its functionality is guarantee from 0.25V up to 1.25V. The NBL assist circuit is implemented with a transistor-based capacitance using a NMOS of 10µm width.

Measured operating frequencies for write and read accesses of the TP SRAM macro at 27°C [25]. Frequency (MHz)

VDD (V) WRP write WRP read RP read

As mentioned before, a control pin is included in our design to disable the SVGND assist and return into a standard 8T read port configuration. This is done to enable a benchmark of the read port with and without (standard read port) SVGND within the same memory cut. Fig. 32 presents measurements of the read port operation. The measurements are done at ULV, at room temperature (27°C) and at 125°C where the leakage is maximized. At 27°C, it is observed that the read operation is slightly faster when the SVGND assist is disabled, this is due to the parasitic leakage currents which discharge the RBL. However, because of these parasitic leakage currents, functionality is lost below 0.3V, as previously illustrated in Fig. 25. With SVGND the VMIN is brought down to 0.25V.

At 125°C, the leakage becomes more important. Hence, the read speed difference with and without SVGND becomes more significant. For the same reason, without SVGND assist, functionality is lost below 0.35V. With SVGND assist the VMIN is brought down to 0.3V. Theoretically, it would be possible to read down to 0.25V with SVGND assist at 125°C. The reason it failed is related to high temperature. At high temperature, the RWL pulse delay chain is speeded up and stops the operation before the RBLs are discharged properly.

Measured read operation at low voltage and high temperature w/ and w/o SVGND assist [25].

Even though there exists no fully compatible SRAM for the described IoT application, the designed SRAM is compared to the SoA ULV-oriented SRAMs in TABLE 6.

The maximum frequency is competitive on the largest voltage supply range. The average energy access achieved at 0.25V (1.45fJ/bit) shows a gain of at least 5x compared to the best referenced SoA. The VMIN (0.3V at 125°C) is the lowest considering high temperature functionality and leakage is competitive against older technology nodes, which by design leak much less than 28nm technology node.

Furthermore, the TP SRAM presents additional features such as asynchronous compatibility and asynchronous sleep mode. 50(idle) @0.25V @27°C 25(sleep) @0.25V @27°C 21 @0.2V N/A 6378 @1.1V/125°C N/A 13(idle) @0.5V 0.013(sleep) @0.5V Emin [fJ/bit-access] 1.45 @0.25V@27°C (WRP write + RP read)

7.8 @0.4V 611 @1.1V N/A 35.9 @0.35V 198 @0.75V

Conclusion and discussion

This chapter answered to the problematic introduced in the previous chapter. The solution consists in the design of a full custom asynchronous TP SRAM. This TP SRAM is the synchronization and communication bridge between the WUC and CPU.

The specifications set by the architecture strongly shaped the design of the TP SRAM, leading to the implementation of a non-standard memory. A specific bitcell is designed for the SRAM to enable UWVR functionality. The read port of the bitcell is to be used by the WUC for ULV operation. Therefore, a specific read assist is introduced for RP read operation. This assist enables operation down to 0.25V and suppresses the static power consumption of all the read port present in the SRAM.

An asynchronous sleep mode is implemented, its sleep and wake-up delay transitions are shown to be fast and compliant with the WUC specifications. Furthermore, it reduces the static power consumption introduced by the read port assist by a factor of 158.

Through silicon implementation and measurements, this work demonstrates a TP SRAM able to interact with both synchronous and asynchronous systems where two memory operations can be performed simultaneously on different addresses. This TP SRAM performs with only one power supply (mono-rail) in UWVR (0.25V to 1.25V).

The TP SRAM is compared to the SoA IoT oriented SRAMs. The SRAM showed several competitive performances and additional functionalities not present in the other SRAMs.

Nevertheless, some other aspects such as the bitcell density and the performance (frequency) are not optimized in this design. Therefore, in the next chapter, architectural and technological solutions are presented to enhance even further the characteristics and performances of the proposed SRAM.

CHAPTER IV 4T SRAM Bitcell Designed in 3D Monolithic FD-SOI Technology Introduction

The previous chapter proposed a solution suited for the architecture presented in chapter II. This solution consisted in the design of a full custom asynchronous/synchronous UWVR TP SRAM. All the process of the design was described, from the bitcell up to the top architecture. The design solution introduced in the SRAM, such as the SVGND, enabled the SRAM to respond to the IoT node architecture specifications. This SRAM was implemented on silicon with 28nm FD-SOI technology. The functionality of the SRAM was verified, and its characteristics measured. Although it showed competitive results compared to the SoA IoT oriented SRAMs, two key points were not optimized. The performance (frequency) and especially the density of the bitcell were not enough to respond to the future needs of the IoT applications.

To improve the performance and density of the SRAM, this chapter explores new architectures and technologies. First, a different design of an SRAM bitcell consisting in four transistors is presented. This 4T SRAM bitcell is deeply studied to highlight its strong and weak points. Then, the potential of the FD-SOI and 3D monolithic technologies to enhance the performance and stability of the 4T bitcell is shown. Finally, 4T SRAM bitcell combining these two technologies (FD-SOI and 3D) is proposed. Its performance and stability in all its operations (retention, read and write) are characterized using importance sampling simulations. The results obtained are shown to be very promising for the future IoT applications.

The 4T SRAM bitcell

The 4T SRAM bitcell [37]- [38] was first introduced in 1970 and was commonly used in stand-alone SRAM devices. Compared to the 6T SRAM bitcell, the PU PMOS transistors were replaced by resistors with high resistances [39].

The 4T bitcell provided an advantage in density at the expense of manufacturing complexity since an extra layer of polysilicon was used to implement the PU resistors. The principal drawback of that design is the considerable increase in static power consumption due to the constant current flow through the resistor and the active PD NMOS.

The interest for 4T SRAM bitcell has been lost as it appeared to be difficult to scale below 1.8V power supply due to its poor stability [40]. But with new technologies, its stability can be restored.

There exist two types of 4T SRAM bitcell: the 4T driver-less (4T DL) and 4T load-less (4T LL) bitcell. The 4T DL consists of removing the PD transistors linking the internal nodes to GND [Fig. 33(a)]. The 4T LL consists of removing the PU transistors linking the internal nodes to VDD and flipping the type of the PG transistors (switching from NMOS to PMOS), as depicted in Fig. 33(b).

4T (a) driver-less and (b) load-less SRAM bitcell.

Operations and fail mechanism study

This section presents a study of the 4T bitcell operations which are: retention, read and write. The failure mechanisms in retention and read operations of the 4T SRAM bitcell are deeply analyzed to understand why they occur and justify the pertinence of the solutions provided.

The 4T DL architecture is chosen for this study, but this work can also be applied on the 4T LL [41]. This choice was motivated by the superior retention robustness of the 4T DL as compared to the 4T LL based on the current data of 14nm 3D CoolCube TM technology.

Retention

In the 6T bitcell, the internal nodes are firmly maintained at their respective state through an active transistor (PU and PD). But in the 4T DL bitcell, the internal node at GND is maintained through an "equilibrium" of leakage current. This leakage current flows from the supply voltage into the BL, which is maintained at GND during retention. This can lead to a potential retention and/or read issues.

The retention critical path of the 4T DL bitcell is where the internal node is artificially maintained at GND (not physically maintained at GND by an active NMOS). If the leakage current of the PG NMOS is lower than the leakage current of the PU PMOS, the internal node voltage will increase. If the internal node voltage gets too close to VDD, the bitcell will toggle and loose the stored data.

The two leaking devices (PU and PG) connected in series can be modeled into a resistance voltage divider. To obtain a robust retention, the NMOS PG must provide more leakage current than the PMOS PU. In the resistance voltage divider model, it translates to a higher resistance for the PMOS PU compared to the resistance of the NMOS PG. The (a) transistor-based and (b) simplified models of the critical path during the retention of 4T DL SRAM bitcell [42].

By replacing the NMOS and PMOS by their equivalent resistance (respectively ROFF_N and ROFF_P), the resistance voltage divider shown in Fig. 34(b) is obtained.

The value of the internal node can be given in function of ROFF_N, ROFF_P and the value of the supply voltage, as shown in equation ( 1):

V BLFI OFF_N OFF_N OFF_P VDD ( 1 
)
If VBLFI is to be as close as possible to GND, the ratio of resistances given by the equation ( 1) must be as close as possible to '0'. This can be read as:

R OFF_P R OFF_N (2) 
Knowing that the VT of a transistor is proportional to its resistance, a similar condition for the retention stability can be deduced between the VT of the PMOS PU and NMOS PG.

V T_P V T_N (3) 
Defining the VT gap between the PMOS and NMOS as:

∆V T V T_P V T_N (4) 
The ∆VT should be positive and high to guarantee a good retention.

∆V T 0 (5) 
Fig. 35 presents a SPICE simulation of the resistances ratio that defines the internal node voltage for several values of ∆VT. The higher the ∆VT the closer is the resistances ratio to 0.

It is observed that the retention stability decreases with the temperature, the worst-case of retention is at low temperature. This is due to the difference in the resistance evolution between the NMOS and PMOS.

Based on the used transistor models, both the NMOS and PMOS resistances decreased with the decrease of temperature. However, the decrease rate of the PMOS resistance is higher. To accurately evaluate the 4T DL SRAM bitcell retention stability, its parasitic elements were extracted. A flow based on Mentor Graphics tool called Calibre X-ACT 3D was used, in which several adjustments were made to describe the 3D monolithic materials and architecture.

Using the post-layout 4T DL bitcell netlist which includes the resistance of the 3D vias connections, a sensitive analysis is performed with statistical simulations including global and local variations on a set of 1 000 000 MC. This number of samples was chosen as the best compromise between the simulation time and precision.

The retention is investigated in Fig. 36, which shows the bitcell fail percentage versus the ∆VT during a retention phase for a temperature range of -10°C to 125°C (commercial temperature operating range) and for supply voltages of 0.8V to 1V (14nm FD-SOI nominal voltage). The retention is ensured with 180mV and 210mV ∆VT for a supply voltage of 0.8V and 1V, respectively. These ∆VT are obtained owing to process and design knobs offered by the FD-SOI technology: the gate type combined with the backplane type [43] and BB technique [44].

Retention fail percentage versus ∆VT at (a) VDD = 0.8V and (b) VDD = 1V (SPICE simulation) [42]. Based on these results and to guarantee a stable retention mode, the configuration shown in TABLE 7 was set for the 4T DL bitcell. The width of the NMOS and PMOS are the smallest possible to achieve a maximum density gain. The length (maximum enabled w/ CPP = 90nm) is set at 30nm (LMIN = 20nm) for both PMOS and NMOS in order to maintain moderate variability. The feasibility of obtaining this ∆VT has been validated with silicon data. A memory array of 1024 4T DL bitcells were fabricated on silicon with the 14nm planar FD-SOI technology. These results can be extrapolated in 3D technology since the VT knobs are similar. Eight wafers were processed to extract the global variation. On each wafer 66 dies containing 1024 bitcells were measured to extract the local variation. On each site, 4 bitcells were selected and their PMOS and NMOS VT measured.

Fig. 37 shows silicon measurements of the ∆VT cumulative probability. It is observed that the configuration set in TABLE 7 is achievable at an industrial level. The condition for functional retention was not guaranteed on a population ranging from 25% to 4%. The value 25% is the worstcase, it corresponds to the bitcells with a ∆VT ≤ 210mV (∆VT necessary for a functional retention at VDD = 1V). The value 4% corresponds to bitcells with ∆VT ≤ 0mV and represents the best-case. The real percentage is expected to be between these two references. These silicon measurements correspond to the first process in 14nm FD-SOI for the 4T DL bitcell, they can be improved through process maturation.

Data retention validation with silicon data of ∆VT in LETI 14nm planar FD-SOI technology [42]. 

Read operation

In contrast to the retention, a functional read operation requires PG to be weaker than PU. A read fail is caused by the difference of currents driven by the PG and PU but also by the difference between the capacitance of the BL (CBLT) and of the internal node (CBLTI). When the bitcell is read, the voltage of the internal node at VDD drops. If the drop is too low, the bitcell will toggle and loose the stored data.

The critical path of the read operation can be modeled as an RC network by replacing the NMOS and PMOS by their equivalent resistance and adding the capacitance of the BL and of the internal node [Fig. 38].

From Fig. 38(b), during a read operation the internal node voltage can be given by equation ( 6) :

V BLTI ON_N ON_N ON_P VDD (6) 
Consequently, to minimize the internal node voltage drop, the following equations must be satisfied:

R ON_P R ON_N (7)  W PMOS W NMOS (8) 
The (a) transistor-based and (b) simplified model of the critical path during a read operation of 4T DL SRAM bitcell [42].

To study the effect of CBLT and RON_P on the voltage drop of the internal node during a read operation, CBLTI and RON_N are considered constant.

First, a focus is done on CBLT which is related to the number of b/c. Fig. 39(a) shows the voltage drop of the internal node during a read operation for different number of b/c. The greater the number of b/c (greater capacitance), the greater is the time of convergence of the internal node to VDD. This is related to the read operation mechanism in the 4T DL. At the start of the read operation, the BL are pre-charged at GND. Therefore, the internal node at VDD must charge the BL toward the same value to produce enough voltage offset. The greater the capacitance of the BL, the longer the period of charge transfer, and consequently, the longer the internal node will be in meta-stability. The intensity of the voltage drop is minimally affected by the value of the BL capacitance. 

Second, the effect of varying the PMOS width (RON_P) on the internal node voltage drop is observed. Fig. 39(b) shows the voltage drop during a read operation for different value of the PMOS width, the smaller the PMOS width (greater RON_P), the greater the internal voltage drop will be, as described in equation (6).

From these results and observations, two read fail mechanisms can be distinguished:

A slow fail occurrence which is driven mainly by the number of b/c (BL capacitance).

A fast fail occurrence based on the width ration between the PU PMOS and PG NMOS. The same justification made for the retention worst-case being at low temperature, can be applied to the read operation. As mentioned before, the stability condition of the read operation is contrasted with the stability condition for retention. Therefore, the worst-case for retention (low temperature) is the best-case for read. Consequently, the worst-case read is at high temperature.

Temperature effect on stability of the internal nodes (a) BLTI and (b) BLFI during a read operation (SPICE simulation) [42]. 

Fig. 41(a) presents the impact of the temperature on the NMOS and PMOS VT. The VT_NMOS decreases faster than VT_PMOS (14nm FD-SOI 3D models), which means that the current driven by the NMOS becomes higher than the current of the PMOS. This trend degrades the stability of the read operation. The ratio of the on-state resistances, which defines the voltage drop of the internal node, decreases when temperature rises. The decrease of this ratio leads to a larger voltage drop.

Fig. 41(c) presents the impact of the temperature on the ratio of the on-state currents of NMOS and PMOS transistors. The current ratio is less favorable at high temperature since the NMOS becomes stronger than the PMOS. In fact, the changes in the ratios of VT and on-state resistance have an impact together on the ION current of NMOS and PMOS.

Temperature effect on (a) the VT, (b) the on-state resistance and (c) the on-state current of the NMOS and PMOS (SPICE simulation) [42]. Fig. 43 presents PASS/FAIL grid for retention and read operations obtained after 1 000 000 MC simulations for the configuration of 32 b/c with a PMOS width of 90nm. The operating range in which the bitcell is fully functional covers supply voltages of 0.7V, 0.8V, 0.9V and 1V, in the temperature range from 27°C to 125°C.

The more the temperature decreases, the less the margin is w.r.t the variation of VDD supply, due to loss of retention functionality at low temperature.

PASS/FAIL grid for retention and read operations (SPICE simulation) [42]. 

Write operation

An important advantage of the 4T bitcell is its writability. Owing to the absence of PD transistors in the 4T DL bitcell, it exhibits no fight-back when written, enabling an easier toggle with low energy cost. At low supply voltage, where the write operation is difficult, a standard 6T bitcell requires the application of write assist techniques [45] that are costly both in terms of silicon area and energy. The 4T bitcell is free from these constraints, this difference with the 6T bitcell is illustrated in Fig. 44 and Fig. 45.

In Fig. 44(a), the fight-back of the 6T bitcell against the write operation causes the latches of the bitcell to consume current through short circuit between VDD and GND. In Fig. 44(b), the 4T bitcell exhibits no short-circuit current thanks to the removal of the PD transistors connected to GND. Fig. 45(a) shows that the 4T bitcell pulls the internal node to VDD faster than the 6T bitcell. As mentioned before, this is due to the write operation fight-back phenomenon present in the 6T bitcell and not in the 4T bitcell. This phenomenon causes the 6T bitcell to consume more current than the 4T bitcell during the write operation [Fig. 45(b)].

Currents present during a write operation on (a) 6T bitcell and (b) 4T bitcell [46].

Simulation of the (a) rise of the internal node to VDD and (b) current of the 4T and 6T bitcell during a write operation (SPICE simulation) [46]. 

4T SRAM bitcell and FD-SOI technology

The 4T SRAM bitcell stability relies on the transistor VT tuning. The more accurately the VT can be modulated, the more the stability is guaranteed.

Prior to FD-SOI technology, the BULK technology (sub 65nm) [47] was the transistor used for SRAM design. The BULK transistor is characterized by a high variability and a limited back bias (BB) modulation. The voltage that can be applied to the back gate is limited to the range of (-300 to 300) mV due to latch-up risks [48]. Therefore, the stability of the 4T SRAM with BULK transistors is difficult to maintain. The FD-SOI technology [49] enables both low VT variability and high VT modulation [50] (on a wide range). With FD-SOI transistor, the latch-up phenomenon is suppressed thanks to the isolation box [51], which enables a BB voltage range of (-3 to 3) V. Therefore, the FD-SOI is the most suitable technology to the design of a stable 4T SRAM bitcell. The fail area can be reduced further thanks to the long-range BB enabled in FD-SOI technology. As seen in Fig. 46(b), the BB on FD-SOI transistors can be used to significantly shift the mean of the VT to ensure stability. On BULK transistor, the effect of the BB is limited due to the small voltage range allowed on the back gate. The 3D integration at the transistor level has appeared in the early 2000 and is known as 3D monolithic. In this technology, several layers of transistor with their metallization are processed sequentially and connected with vias as small as the ones of the back-end-of-line (BEOL). This leads to a significant enhancement in performances and power consumption thanks to the wire length reduction [52]. Fig. 47 depicts a cross section view of two superposed transistor achieved with the 3D monolithic CoolCube TM technology.

Cross-section view of the 3D monolithic CoolCube TM technology [53].

The main challenge of this technology consists in low temperature CMOS integration for the top tier. This is indeed required in order to guaranty the stability of the intermediate metal layers and of the bottom tier devices. [54]. Fig. 48 resumes the challenges brought by the 3D monolithic process.

Among the 3D monolithic technologies, CoolCube TM technology [55] offers a fine 3D interconnect pitch (equal to planar contacted gate pitch). CoolCube TM technology opens the way for efficient 3D-VLSI circuits with the hope of reducing the congestion on the BEOL while providing real 3D routing possibilities [56].

3D monolithic VLSI technological challenges [53].

4T SRAM bitcell in 3D CoolCube technology

In the actual CoolCube TM 3D process, the PMOS cannot be processed in the top layer with a low thermal budget. Consequently, it is limited to a bottom PMOS/NMOS layer and a top NMOS layer.

To benchmark the designed 3D 4T bitcell, a 0.078µm² 6T SRAM bitcell implemented using the planar LETI 14nm FD-SOI technology is used as a reference.

The 6T bitcell exhibits an asymmetry in the number of NMOS and PMOS composing it. The mentioned 3D monolithic process (PMOS bottom layers, NMOS top layer) limits the density gain achievable on the 6T bitcell [57]. When designing a 3D 6T bitcell using the described 3D CoolCube TM process, the area gain achievable is less than 5%.

The 4T bitcell, by design, overcomes this limitation due to its equal number of PMOS and NMOS. Consequently, it is a promising candidate for this 3D monolithic process (PMOS bottom layers, NMOS top layer). The designed 3D 4T bitcell achieves an area reduction of 30% compared to the planar 6T bitcell (0.054µm² versus 0.078µm²).

Fig. 49 presents a 3D view of the designed 3D 4T bitcell. The PMOS PU is located at the bottom layer with a width of 90nm, the top layer contains the NMOS PG (width of 46nm) connected to the word line (WL) and the bitlines (BLT, BLF). Inter-tier vias (35nm in diameter, 85nm in pitch) are used to make connections between the bottom and the top tier. The 3D 4T bitcell is 405nm long, 135nm large and 150nm high, which yields an area of the 0.054µm².

3D picture of the 0.054µm² 4T DL SRAM bitcell in 3D CoolCube TM technology [42]. The DDBB is an efficient design technique that can increase the bitcell stability and improve its performance [58]. As explained in previous sections, owing to its large body factor, the FD-SOI technology is intrinsically more suitable to exploit the full potential of the BB compared to other technologies [59] (e.g.: Bulk, FinFET, …).

As mentioned earlier, the 3D process considered in this study is limited to bottom PMOS layer and top NMOS layer. On the top NMOS layer, the 3D monolithic process flexibility enables the implementation of individual transistor back gate at no area overhead cost. The bottom PMOS layer is similar to a planar process, implementing individual back gate represents a major area overhead. Therefore, there is a possibility to bias the back gate of each NMOS independently. The PMOS bottom layer possesses a common back gate for all the transistors, as they are implemented in a standard FD-SOI process.

Fig. 50 presents DDBB scheme for the 4T DL SRAM bitcell. The back gate of the PG NMOS is connected to the opposite internal node (BLTI or BLFI). This configuration allows the bitcell to maintain a strong retention state where the '0' is stored (BLFI) and stabilizes the reading by strengthening the PU PMOS connected to the stored '1' (BLTI). TABLE 8 shows the VT configuration of the DDBB 4T DL bitcell.

4T DL SRAM bitcell with DDBB on top transistors (PG NMOS) [42]. Fig. 51 presents, for both the configurations w/ and w/o DDBB, the necessary PMOS width for no read fails at a given number of b/c. The density gain compared to the planar 6T is shown on the right axis. The DDBB have a significant impact on the bitcell stability, it enables doubling the size of the memory array without enlarging the PMOS width to maintain stability.

VDD

Fig. 52 presents PASS/FAIL grid for retention and read operations obtained after 1 000 000 MC simulations. The configuration used featured 32b/c with a PMOS width of 90nm and using the DDBB. With the DDBB configuration, the bitcell is considered fully functional for a temperature ranging from -10°C to 125°C and a VDD variation from 0.7V to 1V. Which is considerable improvement compared to the functional range w/o DDBB shown in Fig. 43.

Minimum PMOS width and gain density w.r.t. the planar 6T SRAM bitcell (0.078µm²) versus the number of b/c with and without DDBB (SPICE simulation) [42].

(a) (b)

PASS/FAIL grid for retention and read operations with DDBB (SPICE simulation) [42].

DDBB 4T SRAM bitcell in CMOS over CMOS 3D Proccess

In this section, to fully exploit the advantages of the 3D monolithic integration, a 3D process enabling multiple tier stack is considered. Each tier can contain NMOS and/or PMOS type. This 3D configuration is not yet demonstrated (more than 2 tiers), but it is where the 3D monolithic technology is headed and can be expected to come in the future.

The design was performed using 28nm FD-SOI planar models. This choice was motivated by the fact that these models are mature enough to give reliable simulation results which are close to silicon measurements. With these models, it is possible to target the worst-case corner, voltage and temperature (PVT).

The 28nm FD-SOI models were slightly adjusted to better satisfy the 4T bitcell metrics. To enhance the retention stability, the ∆VT between the PMOS and NMOS is enlarged by 120mV (+60mV PMOS VT, -60mV NMOS VT). This optimal balance between NMOS and PMOS VT is achievable using the available process tuning handles, as demonstrated with silicon measurements in 14nm FD-SOI technology [42].

A fully DDBB 4T bitcell coupled with a read port is proposed to target ULV [Fig. 53]. A CMOS over CMOS 3D monolithic process is considered for the bitcell implementation. As described in section IV.5.2, the stability of the bitcell is sensitive during a read operation and is in trade-off with the retention stability. To fully optimize the retention despite the limitations of the read operation of the 4T bitcell, a read port is introduced to the 4T bitcell to access its content without disturbing it. The read port uses the same SVGND technique described in chapter III. The PG NMOS have their back gate biased with their opposite gate internal node, whereas the PU PMOS have their back gate biased with their same gate internal node. This configuration enhances the retention stability to ensure the integrity of the bitcell content at ULV. Schematic of 4T DL SRAM bitcell with a 2T read port coupled to a SVGND [46]. Fig. 54(a) shows how the bitcell is going to be integrated on multi-tier levels and Fig. 54(b) shows the configuration of the WLs and BLs on every tier. On three superposed tiers, two bitcells are integrated with their read ports put in-between the two 4T bitcells. This approach exhibits a gain in density while saving the addition of an extra tier by sharing one tier for the read ports. The simulations were done using the importance sampling method [60]. Typically, the SRAM stability is targeted at 6σ, corresponding to approximately one fail per billion. Importance sampling Fig. 55 shows the yield expected for a SRAM for a given bitcell σ. The yield is given as the number of maximum Mbit where at most one failing bitcell is present. The graph also shows, for a given σ, the number of cuts with at most one failing cut for a given size of the SRAM. As expected, the lower the size of the SRAM, the higher the number of cuts.

For a 64kbit SRAM, the number of cuts is 15466 and 4601 at 6σ and 5.8σ, respectively. In the targeted applications of this SRAM (IoT-oriented circuits and applications), the size of the memory is usually lower than 64kbit [61]- [62]. A sigma of 5.8σ gives, for a cut size of 64kbit, a likely yield of 99.99% and leads to 1 fail at most out of 4601 cuts, which is fairly acceptable.

Depending on the application, consumer integrated circuits (IC) require a failure rate around (200 -500) ppm (parts per million). Therefore, the chosen failure rate (217 ppm) for the presented SRAM, is valid for consumers (IoT oriented) industry standard.

SRAM yield expressed in maximum functional bitcell in Mbit for a given bitcell sigma [46]. 

IV.6.2.1 Data retention

In this section, the retention stability of the proposed 3D 4T DL bitcell is investigated. As mentioned before, the retention of the 4T bitcell relies on a VT equilibrium between the PG NMOS and the PU PMOS transistors.

To maintain the internal node at '0' close to GND, the PG must have more leakage current than the PU (section IV.5.1). However, at ULV and in particular at high temperature the ION/IOFF ratio is lowered. The leakage current of the PG (saturated ILEAK) can become equivalent to the ON current of the PU (linear ION). In this case, the internal node at '1' can be pulled down by the leakage current of the PG, resulting in bitcell data loss. Consequently, the most critical corners for retention stability evaluation are FS and SF.

With the DDBB design handle, the stability condition can be improved separately for both cases and brought to the targeted level, as shown on TABLE 9. A reliable retention for the 3D 4T bitcell is achievable at a data retention voltage (DRV) of 0.35V, where a σ of 5.9 and 5.8 is reached for the FS and SF corner, respectively. IV.6.2.2 Read operation on read port with SVGND Fig. 56 shows the case where a read operation is performed w/ and w/o SVGND.

In Fig. 56(a), no SVGND is added to the read port. Supposing that all the bitcells in the column contain a '0', the read current is joined by N-1 leakage currents (N being the number of rows). At ULV and with a high number of rows, the total leakage current can be equivalent to the read current. Under these conditions, the RBL is always discharged, regardless of the content of the read bitcell.

In Fig. 56(b), with SVGND added to the read port, the read current is joined by only one leakage current, assuring a distinctive read operation at ULV, high temperature and high number of rows.

Read operation (a) w/o and (b) w/ SVGND [46].

Fig. 57 shows the read of a '0' and a '1'. The read operation is done at ULV (0.35V) and at high temperature (125°C) for 1000 MC samples. Even if this sample size might not be sufficient to exhaustively analyze the memory stability, it is to demonstrate the phenomenon discussed here.

In Fig. 57(a) the read operation is performed with a conventional read port (without SVGND). The RBL drops to GND no matter the content of the bitcell. The RBL drops faster when reading a '0' than '1', but when superposing the two it is impossible to distinguish between them. In this case the read operation output always a '0'.

However, as depicted in Fig. 57(b), when using the SVGND and reading a '1', the RBL remains at VDD. When reading a '0', the RBL drops at GND. The RBL discharge is slower with SVGND, but fast enough to give enough read offset to distinguish between a '1' and a '0'. Even with a lower number of b/c (32 b/c) and w/o SVGND, the leakage currents discharge the RBL and output a '0' for every read operation. 58 shows several graphs displaying the minimum WL pulse length for the read operation at a 6σ yield for different configurations. The condition that must be satisfied for a successful read operation, is the discharge of the RBL to at least 50% of VDD.

In Fig. 58(a), a read operation is performed in the worst-case corner (SS|-40°C) on 256b/c. At the retention VMIN (0.35V) of the 4T DL bitcell, the WL pulse length was measured at 125ns. A square dependence for the WL pulse to the supply voltage is observed. This is explained by the square relation between the saturation current (IDS) and the gate voltage (VGS).

In Fig. 58(b), the read operation is performed at ULV (0.35V) where a high sensitivity of the WL pulse length to the variation of temperature is observed. The WL pulse length varies from 126ns at -40°C to 28ns at 25°C and going as low as 9ns at 125°C. In Fig. 58(c), a linear relation can be observed between the number of b/c and the WL pulse, which is related to the linear relation between the capacitance of the RBL (linked to the number of b/c) and the charge to be transferred out of the RBL.

An interesting trend can be observed in Fig. 58(d), where the read is evaluated at various values of read port VBB. It is expected that the read operation speed increases when increasing the VBB. Instead, an optimum is found around VBB = 1.3V. Above 1.3V, a decrease in read speed is observed. This phenomenon is due to the rise of the leakage current of the unaccessed read ports. The leakage currents from the SVGND lines maintained at VDD in unaccessed rows are charging back the RBL toward VDD, and thus slowing down the read operation. 

IV.6.2.3 Write operation

The write operation on the 4T bitcell can be done at ULV with no assist technique and low energy cost. The stability of write operation is evaluated in function of the minimum WL pulse length that has to be applied to the bitcell in order to write a data in the bitcell correctly with a 5.8σ yield. The pass condition to consider the operation successful, is to obtain 90% VDD voltage difference between BLTI and BLFI at the end of the WL pulse. TABLE 10 summarizes the results of write stability estimation expressed in number σ for different process corners at VDD = 0.35V and T = 25°C. Both SS (worst-corner) and FS corners exhibits low stability (at WL pulse = 10ns) of 4.6σ and 5.1σ, respectively. Thus, the write operation is highly dependent on the strength of the PMOS PU. When the PU is fast, the stability is above 6σ regardless of the PG NMOS state (fast or slow). TABLE 11 depicts the results of a similar analysis, but for various temperatures in SS corner. Results show that temperature has a major impact on the writability. The lower the temperature, the more difficult it is to write the bitcell. TABLE 12 shows the writability evaluation results for various supply voltages, at worst-case corner process and temperature of SS and -40°C, respectively. At worst-case PVT (SS|0.35V|-40°C) a WL pulse of 300ns is required to write the bitcell at 6σ (close to 5.8σ). An important trend can be observed from these results. To resolve poor stability and write failure, the straightforward solution of enlarging the WL pulse length is efficient. This is due to the architecture of the 4T bitcell, it does not exhibit hard write failure but only write completion fails. The 6T bitcell does not feature the same behavior. In specific fail conditions, no matter the size of the WL pulse, the bitcell always fails write operations.

Even though the 4T bitcell does not need any assist for write operations, the addition of NBL assist is studied to estimate the speed up factor on the write operation. 

IV.6.2.4 4T vs 6T SRAM bitcell comparison

In this section, the proposed 3D 4T bitcell is compared to a 6T bitcell optimized for operations at ULV/ULL. The reference 6T bitcell is simulated using its respective foundry models. The proposed 3D 4T bitcell however, is simulated using standard logic models (no dedicated 4T models available).

The write operation of the 6T bitcell is evaluated at its worst-case corner (SF|-40°C) and at the VMIN of the 3D 4T bitcell. As shown in TABLE 14, writing the 6T bitcell at ULV is not possible without NBL assist. With at least 30% VDD of NBL, a 6σ stability in the write operation can be achieved with a WL pulse of 200ns. However, a level of 30% NBL (-105mV) at 0.35V is difficult to implement, as it requires a large capacitance or a second power supply to generate this negative voltage, representing a major increase of area and power consumption [63]. Using logic models for the 4T bitcell and specific low-leakage models for the 6T bitcell, the leakage of the 4T bitcell is not optimized as the leakage of the reference bitcell. TABLE 15 shows the ratio of the leakage between the 4T and the 6T bitcell. The worst-case is at SS|0.35V|-40°C with a ratio of 58, while at the worst-case leakage (FF|0.35V|125°C) the ratio drops to 12. Even with unfavorable leakage as compared to the 6T bitcell, the 4T DL SRAM bitcell can be superior in terms of access energy. Fig. 59 shows the energy accumulation spent during 1000 write operations of 32 bits word and the standby energy lost in leakage afterward. After 1000 write operations, the 6T bitcell consumed six times more energy than the 4T bitcell in worst-case. During standby, due to the leakage of the 4T bitcell being higher than the one of the 6T, the energy expense of the 4T bitcell catches up to the one of the 6T. To maintain the energy expense of the 4T bitcell lower than the energy expense of the 6T bitcell, at least one write operation has to be done periodically. This period of time is defined as TRECOVERY and depends on the ratio of energy expense in write operation and leakage in stand-by between the 4T and 6T bitcell. In the worst-case of this study, TRECOVERY is equal to 350 cycles (considering writing 50% of the word bitcells).

In an asynchronous system, the cycle time adapts itself to the variation of process, supply voltage and temperature (asynchronous cycle time) [64], thus avoiding periods where the SRAM is ready to work but is waiting (idle) for the next operation (synchronous cycle time). Consequently, the system carries operations as soon as the SRAM is available, and hence make sure that the 4T bitcell energy consumption stays below the one of the 6T bitcell.

Furthermore, the leakage of the 4T bitcell can be optimized to be lower or equal to the leakage of the reference 6T bitcell. In this condition, there would be no drawback from the 4T bitcell compared to the 6T bitcell.

Simulation of the energy accumulation of the 4T and 6T bitcell during 1000 write operations and while idling at (a) FF|0.35V|125°C and (b) SS|0.35V|-40°C (SPICE simulation) [46].

(b) (a)

Conclusion and discussion

This chapter explored the possibilities and advantages brought by both the architecture of the 4T SRAM bitcell and the 3D monolithic design. The aim was to enhance the performance of the SRAM. An exhaustive study of the 4T bitcell highlighted its fail mechanism and proposed solutions to avoid them, but it also discussed some advantages such as its write operation. Finally, it is shown how the 3D design can act as a strong leverage to the stability and performance of the 4T SRAM bitcell.

A 4T DL SRAM bitcell enhanced with DDBB thanks to the 3D monolithic process is proposed. The introduction of DDBB technique and the addition of a dedicated read port featuring a SVGND to the 4T bitcell enabled non-disruptive read operation with sufficient retention stability at ULV (0.35V). A WL pulse of 125ns and 300ns in the worst-case condition is achieved at 0.35V for the read and write operation, respectively. Furthermore, it is demonstrated that a SRAM based on the proposed bitcell is more energy efficient than a 6T bitcell if a write operation is performed at least every 350 cycles. A 6x reduction of the write energy consumption is demonstrated for the 4T-based SRAM bitcell compared to the 6T-based one.

In a future work, it is expected to reduce the leakage current of the 4T bitcell to be equal to or lower than the current leakage of the 6T bitcell. This can be done without lowering the retention stability of the 4T bitcell by designing specific models for the 4T bitcell. These models will have to include all the metrics demonstrated in the chapter IV to guarantee stability at maximum performance.

The aim of the research work presented in this thesis was to propose new SRAM designs and architectures for the IoT applications. To complete this objective, several SRAM architectures, with design techniques to enhance their performance and stability, were proposed and validated through simulations and silicon implementation.

First, different IoT node architectures were studied. An architecture of normally-off type featuring asynchronous design has been chosen as the main SRAM design context. This choice was motivated by its high trade-off between performance and power consumption. This IoT oriented architecture consists of an asynchronous always-on module (WUC) and a synchronous on-demand module (CPU). It features also two power modes: sleep and active mode. To optimize this architecture, a specific solution had to be implemented for the mean of synchronization and communication between the WUC and the CPU. A suitable solution, consisting in the design of an SRAM, has been proposed. This SRAM provides a shared memory space for the two modules. The IoT architecture and its needs have strongly impacted the specification and the design of this SRAM.

The designed SRAM features two ports: A port for read and write operation and a port exclusive to read operation. The two ports are able to interact with synchronous circuits, but also asynchronous circuits thanks to the implementation of control signals enabling a four-phase handshake protocol. Two memory operations can be performed simultaneously on different addresses on a supply voltage ranging from 0.25V to 1.25V. A proposed read assist implemented for the exclusive read port enabled ULV read operation. Furthermore, this assist cuts off the leakage current related to the read port without introducing extra static power in the control circuitries thanks to a proposed low power sleep technique.

This designed SRAM was implemented on silicon in 28nm FD-SOI STMicroelectronics. The SRAM was tested and measured to validate its functionality and characterize its performance. It was compared to the SoA IoT oriented SRAMs. The frequency measured was not the strongest point, but still competitive compared to the other reference SRAM. However, the SRAM exhibits an average energy access achieved at 0.25V of 1.45fJ/bit, leading to at least 5x reduction compared to the best referenced SoA. Furthermore, the designed SRAM presents additional features such as asynchronous compatibility and asynchronous sleep mode as well as simultaneous 2-port access.

To enhance further the performance of the SRAM, we explored some possibilities and advantages brought by both the architecture of the 4T SRAM bitcell and the Monolithic 3D Technology. First, an exhaustive study of the 4T bitcell was done to highlight its strong and weak points. The write operation was revealed to be much more efficient than in the 6T SRAM bitcell. However, the read and retention modes exhibit low stability. The fail mechanism of read and retention modes were studied, and adapted solutions were proposed. One of this solution, consisted in the usage of the monolithic 3D technology which offered several design possibilities (DDBB) to strengthen the 4T SRAM bitcell.

A 4T DL SRAM bitcell enhanced with DDBB thanks to the monolithic 3D technology has been proposed. The introduction of DDBB technique and the addition of a dedicated read port featuring a SVGND (validated in conventional 2D technology on silicon on the TP SRAM) to the 4T bitcell enabled non-disruptive read operation with sufficient retention stability at ULV (0.35V). A WL pulse of 125ns and 300ns in the worst-case condition (SS -40°C) is supported at 0.35V for the read and write operation, respectively. Furthermore, it has been demonstrated that a SRAM based on the proposed bitcell is more energy efficient than a 6T bitcell if a write operation is performed at least every 350 cycles (a cycle of 2ns and 200ns at 0.35V|FF|125°C and 0.35V|SS|-40°C, respectively). A 6x reduction of the write energy consumption is demonstrated for the 4T-based SRAM bitcell compared to the 6T-based one.

As a perspective to this demonstrated work, the TP SRAM has been embedded in the presented architecture of chapter II and the circuit has been sent to foundry for fabrication in 28nm FDSOI. This IoT node is expected to come back for test and measurement in the first quarter of 2019. The measurements of this IoT node will show the gain brought by the TP SRAM to the performance and power consumption of the IoT node. Following this evaluation, the performance of the TP SRAM can be further optimized by relaxing the constraint on the static-power consumption and access energy. The purpose is to find the best trade-off to the TP SRAM to bring the maximum gain to the IoT node.

For the 3D 4T SRAM bitcell, the next step is to reduce the leakage current of the 4T bitcell to be equal to or lower than the current leakage of the 6T bitcell. When achieved, the 4T bitcell will be a practical solution to replace the 6T bitcell for ULV SRAMs and for energy-efficient IoT applications. This can be achieved by designing specific models for the 4T bitcell. These models will have to include all the metrics demonstrated in the chapter IV to guarantee stability at maximum performance.

Finally, the two works of the TP SRAM and the 3D 4T SRAM bitcell could be merged into a unique SRAM design. This SRAM will be optimized for the IoT application by exhibiting minimum power consumption and maximum performance with high density.

  IoT node architecture: (a) standard architecture and (b) normally-off architectures.

  Classification of the different IoT node architectures: (a) standard, (b) synchronous normally-off and (c) asynchronous normally-off architecture.

  Deep Sleep Power ARM Cortex-M0+ Core SoC in 28nm FD-SOI[12].

(

  

  Asynchronous and synchronous interfaces between the SRAM and the WUC or CPU, respectively.

  Illustration of the communication/synchronization interface between the WUC (always-on module) and CPU (on-demand module): (a) ideal model and (b) practical model.

  Simulation of the average leakage power with 1000 MC on (a) TT corner at 27°C and (b) FF corner at 125°C.

  -08 (5.4σ) Fail condition : Vdiff(internal nodes) < 90% VDD w/ NBL (Capacitive MOS width = 10 um )

  (a) Schematic and (b) layout views of TP SRAM bitcell with shared SVGND in 28nm FD-SOI technology[25].

Fig. 24

 24 Fig. 24 shows that SVGND lines are parallel to RWL lines and common for the ground of two adjacent read ports. SVGND lines are driven with local drivers located in the row decoder, resulting in a 27% area overhead on the row decoder. The SVGND driver consists of an AND gate driven by two adjacent RWL signals [Fig. 24].

Fig. 25 (

 25 Fig.25(c) evaluates the SVGND assist at 0.3V and 125°C. With the SVGND assist, it is possible to distinguish a '1' from a '0' up to 1024 b/c, which is at least 8x higher number of b/c than the standard read port. Therefore, the SVGND assist enables a functional read operation regardless of the number of b/c.

Fig. 26

 26 Fig. 26 depicts a chronogram showing the memory behavior in four successive cycles where different operations are performed. This set of operations illustrates the asynchronous characteristics and the total independence of the two ports. The CK, Q bus Q, RDY and Q_V flags are shown for both the WRP and the RP.

  First cycle: A write operation is done on the WRP. The RDY flag display the availability of the memory during the operation.Second cycle: A write and read operations are done simultaneously on the WRP and RP, respectively. The Q_V flag of the RP states when the data can be acquired.Third and fourth cycle: Two read operations are done (WRP and RP), one time on the same address and simultaneously, and another time on different addresses at different time.

  As explained in chapter II, an asynchronous sleep mode had to be implemented in the TP SRAM to reduce its static power consumption. The sleep mode is activated when the IoT node is idling for a long lapse of time. The asynchronous logic of the sleep mode is enabled by the two signal SLEEP_REQ and SLEEP_ACK.

  Measured leakage current of SVGND driving circuit w/ and w/o sleep mode at 125°C[25].
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Fig. 34 (

 34 Fig.34(a) depicts the 4T DL SRAM bitcell in retention mode. The content of the bitcell corresponds to a logical '1', BLTI is maintained at VDD through the PU PMOS and BLFI maintained at GND with the leakage of the PG NMOS.

  Resistance ratio of voltage divider versus temperature for several ΔVT (SPICE simulation).

  Internal node voltage drops for (a) several b/c and (b) PMOS widths (SPICE simulation)[42].

Fig. 40 (

 40 Fig. 40(a) and 10(b) depicts, during a read operation, the voltage evolution of the internal nodes BLTI and BLFI, respectively. The read operation is performed at different temperatures ranging from -40°C to 160°C. The voltage drop of BLTI becomes larger with the rise of temperature. At 140°C and 160°C, the drop leads to the bitcell toggle and loss of stored data. The voltage rise of BLFI is a consequence of the voltage drop of BLTI.

Fig. 41 (

 41 Fig.41(b) presents the impact of the temperature on the on-state resistance of NMOS and PMOS transistors. The ratio of the on-state resistances, which defines the voltage drop of the internal node, decreases when temperature rises. The decrease of this ratio leads to a larger voltage drop.

Fig. 42 (

 42 Fig. 42(a) shows the evaluation of read fail percentage for different number of b/c versus the PMOS width at worst-case read temperature (125°C). Fig. 42(b) shows the necessary PMOS width for no read fails at a given number of b/c, the density gain compared to the planar 6T bitcell (0.078µm²) is shown on the right axis. The maximum density gain is 30% and is possible for 32 b/c.

Fig. 46

 46 Fig.46shows the PMOS and NMOS VT variability for both BULK and FD-SOI technology. The area where the distribution overlap defines the non-stable 4T bitcells. In Fig.46(a)with BULK transistor, the overlap area is large due to the high variability. In Fig.46(b)with FD-SOI transistor, the overlap area is considerably reduced thanks to the intrinsic low variability demonstrated in the FD-SOI transistor.

  and 3D monolithic technology 3D monolithic technology: focus on CoolCubeTM 

  back bias (DDBB) in 3D 4T SRAM bitcell DDBB 4T SRAM bitcell in NMOS over PMOS 3D Proccess

  (a) Cross section view and (b) orientation of the WLs and BLs of two superposed 3D 4T DL SRAM bitcells with 2T read ports on the in-between 2 nd tier[46].

  methods enable stability evaluation within this low failure range with good accuracy and low execution time.

  Fig.58shows several graphs displaying the minimum WL pulse length for the read operation at a 6σ yield for different configurations. The condition that must be satisfied for a successful read operation, is the discharge of the RBL to at least 50% of VDD.

  Read operation with importance sampling analysis at 6σ on (a) different supply voltages, (b) different temperatures, (c) different number of b/c and (d) different values of back-bias voltage (VBB) (SPICE simulation) [46].

  

  

  

TABLE 1

 1 

compares and summarizes the advantages and disadvantages for asynchronous and synchronous logic.

TABLE 1 .

 1 SYNCHRONOUS AND ASYNCHRONOUS COMPARISON

		Asynchronous	Synchronous
		High performance	Simplicity
	Advantages	High robustness Low power dissipation	Well known CAD compatible
		Low noise and EM emission [14]	Large catalog of IPs
		Higher number of gates	Sensitive to variations
	Disadvantages	Circuit area overhead Not well known (CAD)	High power consumption Clock distribution
			Limited to the critical path

TABLE 3 .

 3 SRAM BITCELL YIELD SPECIFICATIONS

	Cut size (kB) Sigma (σ) Bitcell fail probability 1 fail every # cuts	Probability of 1 cut fail over 20 (at most)
	64	5.4	3.83E-08	399	99.88%

TABLE 4 .

 4 RETENTION EVALUATION FOR DIFFERENT SET OF SUPPLY VOLTAGE, TEMPERATURE AND PROCESS

			0.1	1	10 RWL pulse (ns)		100
	Fail probability	1.E-49 1.E-39 1.E-29 1.E-19 1.E-09	SS|0.45 V|27°C		
					Retention integrity (sigma)
				TT	FF	SS	FS	SF
	0.25V	125°C -40°C	12.3 11.9	10.2 9.2	11.6 9.7	8.9 9.7	10.1 8.5
	0.2V	125°C -40°C	8.1 7.2	7.1 4.6	8.3 6.9	5.8 5.3	7.4 5.5

Fail condition : V RBL < 50%VDD

TABLE 5 .

 5 TP SRAM CHARACTERISTICS AND FEATURE SUMMARY[25].

	Technology	28nm FD-SOI (STMicroelectronics)
	Capacity	64kbits (2k x 32bits MUX-1)
	Area	0.118mm²
	Macro structure	8 Banks x (256 Rows x 32 Columns)
	Output data bus	2 x 32 bits
	Output flag	(2 x SRAM Ready) + (2 x Output Ready)
	Operating voltage	0.25V -1.25V @27°C
	Assist techniques	-Negative bitline -Selective virtual GND (SVGND) for read port

TABLE 6 .

 6 COMPARISON WITH THE STATE-OF-THE-ART ULV-ORIENTED SRAMS[25].

	Reference	This work	[32]	[33]	[34]	[35]	[36]
	Technology	28nm FD-SOI	65nm Bulk 40nm Bulk	28nm Bulk	28nm FD-SOI	65nm SOTB
	Interface	Async / Sync	Sync	Sync	Sync	Sync	Sync
	Access Type	Two-port	Single-port Dual-port	Single-port	Single-port	Single-port
	Capacity [kbits]	64	16	38	128	32	8192
	Word width [bits]	32	128	19	32	32	32
	Bitcell (µm²)	0.527 (8T)	1.352 (8T) 0.944 (8T)	0.161 (6T)	0.384 (10T)	0.541 (6T)

Temp [°C] @ VMIN

TABLE 7 .

 7 4T DL SRAM BITCELL VT AND TRANSISTOR SIZING CONFIGURATION[42] 

		W (nm) L (nm)	Nominal VT (mV)	VBB	Final VT (mV)	∆VT (mV)
	NMOS PMOS	46 90	30	361 475	GND VDD	361 540	179

WL BLF BLT VDD GND VTP VTP VTN VTN + FBB

  

TABLE 8 .

 8 4T DL SRAM BITCELL VT AND TRANSISTOR SIZING IN DDBB CONFIGURATION FOR THE (A) RETENTION CRITICAL PATH AND (B) THE READ CRITICAL PATH[42] 

		W (nm) L (nm) Nominal VT (mV) VBB Final VT (mV) ∆VT (mV)
	NMOS PMOS	46 90	30	361 405	VDD VDD	291 470	179
		W (nm) L (nm) Nominal VT (mV) VBB Final VT (mV)	∆VT (mV)
	NMOS PMOS	46 90	30	361 405	GND VDD	361 470	109

5.8; 287.6 6.0; 966.6 1E-06 1E-03

  

					Bitcell Sigma			
		1	2	3	4	5	6	7	8	9	10
		1E+18								
			Cut size Cut size	1 fail every # cut 1 fail every # cut					
	1 Fail / # Mbit	1E+03 1E+06 1E+09 1E+12 1E+15	32Kbit 64Kbit 128Kbit 256Kbit 32 kbit 64 kbit 128 kbit 256 kbit 5.8 σ | 288 Mbit(w/o bit fail) 9203 4601 2300 1150 9203 4601 2300 1150			6 σ | 967 Mbit(w/o bit fail)
		1E+00					Cut size Cut size 32Kbit 32 kbit	1 fail every # cut 1 fail every # cut 30932 30932
							64Kbit 64 kbit	15466 15466	
							128Kbit 128 kbit	7733 7733	
							256Kbit 256 kbit	3866 3866	

TABLE 9 .

 9 4T DL RETENTION STABILITY ANALYSIS AT FS AND SF CORNER FOR VARIOUS TEMPERATURES AND SUPPLY VOLTAGES[46] 

				Temperature (°C)		
	VDD (V)	-40		25		125	
		FS	SF	FS	SF	FS	SF
	0.38	7.6	7.2	7.5	6.9	7.1	6
	0.37	7.1	7.1	7	6.8	6.7	6
	0.36	6.7	6.9	6.6	6.7	6.3	5.9
	0.35	6.2	6.9	6.2	6.6	5.9	5.8
	0.34	5.8	6.7	5.7	6.6	5.4	5.7

TABLE 10 .

 10 4T DL WRITE OPERATION FEASIBILITY ON SEVERAL PROCESS CORNERS[46] 

	VDD = 0.35V			WL pulse (ns)		
	T = 25°C	100	80	60	40	20	10
		FF	15.0	14.7	13.7	12.3	10	7.6
		FS	12.4	12.2	11.2	9.8	7.5	5.1
	Process	TT	13.5	13.2	12.3	10.9	8.6	6.2
		SF	14.8	14.5	13.5	12.2	9.8	7.5
		SS	11.8	11.5	10.6	9.2	6.9	4.6

TABLE 11 .

 11 4T DL WRITE OPERATION FEASIBILITY FOR SEVERAL TEMPERATURES[46] 

	Process = SS			WL pulse (ns)		
	VDD = 0.35V	100	80	60	40	20	10
		125	24.9	24.5	23.3	21.5	18.0	14.1
		85	20.4	20.1	19	17.3	14.5	11.8
	Temp (°C)	25	11.8	11.5	10.6	9.2	6.9	4.6
		0	8.3	8	7.2	5.9	3.8	1.7
		-40	2.9	2.6	1.9	0.8	0	0

TABLE 12 .

 12 WRITE OPERATION FEASIBILITY ON SEVERAL LOW SUPPLY VOLTAGES AT WORST CORNER[46] 

	Process = SS			WL pulse (ns)		
	T = -40°C	500	400	300	200	100
		0.39	10.8	10.2	9.5	8.5	6.7
		0.38	9.9	9.4	8.6	7.6	5.8
	VDD (V)	0.37	9.1	8.5	7.8	6.7	5
		0.36	8.2	7.6	6.9	5.8	4.1
		0.35	7.3	6.8	6	5	2.9

  TABLE 13 depicts the obtained results on write operation when using NBL assist for the worst-case PVT. With only a 10% VDD NBL, a gain of almost 4x is obtained, reaching up to over 30x if 30% NBL is considered.

TABLE 13 .

 13 4T DL WL PULSE AT VMIN FOR WRITE OPERATION AT WORST CORNER W/ AND W/O NBL[46] 

	SS | 0.35V | -40°C	100	80	WL pulse (ns) 60 40	20	10
		30% VDD	14.5	13.9	13.2	12.1	10.3	8.5
	NBL	20% VDD	10.7	10.2	9.4	8.4	6.6	4.8
		10% VDD	7	6.4	5.7	4.6	2.8	1
		w/o NBL	2.9	2.6	1.9	0.8	0	0

TABLE 14 .

 14 4T VS 6T WL PULSE AT 0.35V FOR WRITE OPERATION AT WORST CORNER WITH NBL ASSIST[46] 

		4T (SS)					WL pulse (ns)			
		6T (SF)		500		400		300		200		100
	0.35V|-40°C	6T	4T	6T	4T	6T	4T	6T	4T	6T	4T
		30% VDD 7.2 18.7 6.9 18.1 6.5 17.4	6	16.3 5.1 14.5
	NBL	20% VDD 5.3 14.9	5	14.3 4.6 13.6 4.1 12.5 3.1 10.7
		10% VDD 0	11.2	0	10.6	0	9.8	0	8.8	0	7
	w/o NBL	0	7.3	0	6.8	0	6	0	5	0	2.9

TABLE 15 .

 15 LEAKAGE ANALYSIS IN CROSS CORNER AT MULTIPLE VDD FOR THE 4T AND 6T BITCELL[46] 

	Process			FF					SS		
	T (°C)			125					-40		
	VDD (V)	1	0.8	0.6	0.4	0.35	1	0.8	0.6	0.4	0.35
	Leakage ratio (4T/6T)	6.6 8.3 10.1 11.7 12.0 1.9 3.8 11.3 41.6 57.9

Four-phase handshake protocol based on REQ and ACK control signals: (a) circuit and (b) chronogram.

Chronogram of the state flag outputs, independent clocks, address buses and output buses[25].

Read operation of a '1' and a '0' (a) w/o and (b) w/ SVGND (SPICE simulation)[46].

General Conclusion
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