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Abstract

Non-volatile memories and flip-flops can improve the energy efficiency in battery-operated
devices by eliminating the sleep-mode consumption, while maintaining the system state.
Among emerging embedded NVM technologies, ReRAMs differentiate itself with a fast
programming time, a simple CMOS-compatible structure and a good scalability. Pre-
viously proposed ReRAM-based non-volatile flip-flops (NVFF) have been implemented
in 90nm or older CMOS nodes and suffer from CMOS reliability issues in scaled nodes
due to high programming and forming voltages. This thesis makes the analysis of ro-
bust and reliable non-volatile design in 28nm CMOS node and below. It presents two
novel thin-gate oxide CMOS design solutions for the programming of ReRAM devices.
The programming circuits are applied in dual-voltage NVFF architecture which employs
two ReRAM devices (2R). Alternative 1R NVFF architecture is also proposed in order
to achieve higher density and lower consumption. With regard to the existing ReRAM
technologies, given NVFF solutions are optimized for ReRAM programming conditions
which improve endurance and minimize programming power. Statistical analysis of the
FF core and its optimization was performed, to evaluate the best restore operation ar-
chitectures which meet digital CMOS circuit design yield requirements. The NVFFs are
implemented in 28nm CMOS FDSOI and benchmarked against a master slave flip-flop
from a standard library and a data-retention flip-flop. Finally, to minimize the NVFF
area overhead without impacting the robustness of non-volatile operations, multi-port
non-volatile register file (NVRF) based on the 1R NVFF solution is proposed.

Key words: Flip-flop, ReRAM, Low-power, Non-volatile memories
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CHAPTER 1

Introduction

Connected devices and their requirements

The evolution of technology, especially the miniaturization of electronic chips and sensors,
the improvements in wireless communication, and their relatively low price, led to enorm-
ous expansion of small electronic devices. Indeed, connected (smart) devices, so-called
Internet of Things (IoT), can be found in all aspects of modern human life, such as:
smartphones, wearable fitness and medical devices, home automation and environmental
control in smart buildings, transportation, smart grids, etc. Moreover, in the following
years it is expected that the total number of such devices will drastically increase, not
just in personalized applications but even more in business and manufacturing, e.g., for
tracking inventory, managing machines, increasing efficiency, etc. (Figure 1.1). In fact,
it is impossible to predict all potential applications in this area, as new creative solutions
are emerging every day, fundamentally altering the way we interact with our physical

environment [1].
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Figure 1.1: Predictions for IoT market for 2025, according to Intel [2].



2 Chapter 1. Introduction

Typically, connected devices contain sensors to gather environment information, local
computing and storage unit, as well as transceivers, power optimization circuitry, etc., as
depicted in Figure 1.2a. Programmable microcontroller units (MCU) are used as a main
component, to manage hardware and processing requirements. They periodically sample

and process the sensor data, and send it to the network.

Vee

input - Sensor
network
sensor 0/ 0sC
= A Telecom
imput T (_\ ‘\ Sensor
a3 ' cpU 8 | | always
sensor 1|—- : — '
E * | T : — nenvorl\i
input_* 4 e i . Wﬁﬂ -
sensor n™ \—'\f
Sensor modules Micro-controller

(a)

Figure 1.2: Conventional sensor node: (a) architecture, (b) energy consumption breakdown
(figures taken from [3]).

An important aspect of such systems is their normally-off nature, meaning that they spend
most of their lifetime in standby mode, interrupted only by short periods of activity.
Depending on the application, standby intervals can range from several microseconds
to several seconds, or even more. For example, sensors used in environment systems
(temperature, brightness, motion sensors, etc.) perform data sampling with intervals
ranging between 50ms and 10s [3|. Combined with the fact that with CMOS transistor
shrinking static leakage increases |4|, microcontrollers operating in long standby modes
can contribute as a dominant component of total energy consumption of a connected

device, as illustrated in Figure 1.2b.

In most cases smart devices are battery-powered and, for practical reasons, they should be
designed to support long operational lifetime without the need for battery replacement.
Additionally, energy harvesting based on solar, wind, thermal and kinetic energy sources
is often used to power the system, however, its availability is unstable and unpredictable.
Therefore, one of the key challenges in IoT design is creating energy efficient systems
which can operate at low power budgets. Particularly, there is a need for ultra-low
standby power hardware, without degrading the performance in the active
mode. Additionally, a design must be able to tolerate sudden device failures,

which may be frequent due to unstable external power sources.



Standard design techniques for energy efficient IoT systems

Numerous solutions for achieving high energy efficiency in both standby and active modes
exist, for instance: dynamic voltage and frequency scaling [5] and clock gating for the
dynamic power reduction; power gating using multiple threshold transistors [6], stacking
transistors, operating in near-threshold and subthreshold regime for static power reduc-
tion, etc. These methods are implemented in current commercial microcontrollers in the
form of various operating modes with complex power management. Particularly interest-
ing are multiple sleep modes characterized by different levels of power consumption, which
can be entered depending on the application requirements. For example, in a “shallow”
sleep mode clock can be gated and peripherals disabled, while in “deep” sleep mode almost
whole MCU can be powered down. Thus, in the realization of efficient normally-off com-
puting, an important role belongs to the power gating optimization and, consequently,
to the organization of registers and memory responsible for maintaining the

system state [7].

To disconnect the digital circuit from the power source, a high-threshold sleep transistor
is inserted between the supply and the circuit, and turned off during standby. However, if
the whole processor is power gated, the registers and the memory lose their state and the
MCU needs reboot after each standby, which is a very slow and expensive process. Thus,
in conventional architectures volatile registers and memory stay powered in standby,
preferably at reduced voltage, while the rest of the circuit is disconnected (Figure 1.3a,
top). For higher saving, registers can be upgraded to support data-retention, meaning
that an always-on source can be applied only to the part where data is preserved —
either the slave stage of a flip-flop [6], or an additional (“balloon”) latch attached to the
slave stage [8| (Figure 1.3a, bottom). Although this solution offers very fast active/sleep
mode transitions, the power dissipation in a CMOS flip-flop is always present, and can

accumulate to significant levels in long sleep modes.

Alternatively, during standby mode data can be preserved in external non-volatile memor-
ies, thus completely canceling power dissipation, as illustrated in Figure 1.3b. However,
core-bus-memory and memory-bus-core data transfers are slow and costly in energy con-
sumption, especially when the non-volatile module is Flash memory-based. Consequently,
only a limited amount of data and processor state is maintained, in accordance with the
go-to-sleep /wake-up time and energy requirements. In addition, this kind of system may

often fail to handle sudden power loss. To avoid the effect of power failures in energy-
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Figure 1.3: Saving the context during standby mode in normally-off computing systems: (a)
in volatile flip-flops, (b) in external non-volatile memory, (c¢) in non-volatile flip-flops (figure
updated from [7]).

harvesting systems, a checkpoint procedure is generally implemented. This means that
a snapshot of the system state is periodically taken and, when the supply is stabilized
again, the processor can recover and return to the last saved state. In this case, frequent

checkpoints can bring significant energy and performance overhead.

Application of emerging non-volatile memories in IoT

Today, with the extensive research on new types of non-volatile memories (NVM), other
opportunities have emerged. Initially envisioned as a Flash/DRAM replacement, they
can fit in the previous concept as an external non-volatile memory, leading to better
speed /consumption system characteristics. More importantly, they bring the possibil-
ity of easy integration with CMOS technology, allowing for incorporating non-volatile
feature directly in the processor logic, as shown in Figure 1.3c. At the moment, emer-
ging NVMs are too slow and power-hungry to completely replace SRAM, however, they
can be combined with it (e.g., nv-SRAM [9]). Thus, fast volatile memories can satisfy
performance-critical requirements, while NVMs can ensure zero-consumption standby
storage. The essential components in this approach, used to save the whole context of

microcontroller unit and enable fast transitions between modes, are non-volatile flip-



flops (NVFF). Moreover, using NVFFs improves system reliability, as it can efficiently
support the checkpoint procedure.

Among various NVM technologies resistive random access memories (ReRAMs)
are particularly attractive, as they rely on low operating voltages, fast programming and
reading time, low power consumption and high scalability. In addition, they exhibit an
adequate endurance for IoT applications. Due to their simple structure and compatibil-
ity with CMOS back-end-of-line process, ReRAMs offer the easiest integration with the
CMOS digital logic for a low cost.

Numerous non-volatile flip-flop solutions based on several NVM technologies can be found
in literature. Among them, reported ReRAM-based NVFFs have been implemented in
90nm or older CMOS nodes. However, in the scaled CMOS processes the maximum
CMOS operating voltage becomes lower than the required ReRAM forming and pro-
gramming voltages. Therefore, this voltage gap causes reliability issues in the designs
which use thin-gate oxide transistors. Besides, the choice of NVFF topology is strongly
affected by the characteristics of NVM devices, such as programming voltages, currents,
memory window, etc. Thus, proposed NVFFs architectures which use NVM devices other
than ReRAMSs cannot be directly applied to ReRAM-based cells.

Goal and contributions of the thesis

This work explores co-integration of ReRAM with 28nm and below CMOS technologies
in non-volatile flip-flop design. Process variability and static leakage in active mode,
which are the weak points of advanced CMOS nodes, are minimized by using FDSOI

technology [10], which also enables high-performance and low-voltage operations.

Two novel thin-gate oxide design solutions for the programming of ReRAM devices are
proposed, and then applied in a dual-voltage two-ReRAM NVFF architecture. In order
to improve the area overhead and reduce consumption, a new one-ReRAM architecture
is also presented. NVFFs are designed as standard cells for compatibility with digital
design flow. One of NVFF architectures is later used in an implementation of a non-

volatile version of ARM Cortex-M0+ microprocessor.

Along with new design solutions, the electrical characteristics of available ReRAM tech-
nologies are explored, in order to choose the most appropriate architecture and optimize

it accordingly. The main focus when defining optimum ReRAM resistive state values and
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programming conditions lies in: (i) improving endurance and minimizing programming
power, (ii) achieving reliable, low-voltage data recovery. The latter, which is compromised
by the variability of both ReRAM and CMOS, is accomplished by statistical evaluation

of different flip-flop core architectures.

The NVFFs are implemented in 28nm CMOS FDSOI and benchmarked against a master
slave flip-flop from a standard library and a data-retention flip-flop, to evaluate the impact
of adding non-volatility on regular flip-flop mode, and to estimate the break-even time

for employing NVFF instead of standard, volatile solutions.

Finally, to achieve higher design density without affecting the robustness of non-volatile
operations, novel multi-port non-volatile register file (NVRF) based on one of the NVFF

solutions is proposed.

Thesis organization

Following this introductory part, Chapter 2 provides a brief description and comparison
of emerging non-volatile memories — FeERAM, PCMs, MRAMs and ReRAM. It then
focuses on ReRAM devices and explains in more details their behavior and electrical
characterization. According to technology constrains, it highlights general challenges and
guidelines for ReRAM-based design. Chapter 3 gives an overview of existing non-volatile
flip-flops and non-volatile processors. It examines various aspects of their architectures
(e.g., supplies, operating modes, etc.) while taking into account used NVM and CMOS
technologies, and then completes the design guidelines for ReRAM-based NVFFs.

Chapter 4 covers four proposed NVFF solutions. First, it shows two design topologies
related to the restore operation — 2R NVFF and 1R NVFF, analyzes them and determines
their compatibility with available ReRAM devices. This is followed by the description of
two ReRAM programming circuits (level-shifter-based and current programming-based).
Chapter 5 is dedicated to evaluation of introduced non-volatile flip-flops and a comparison
with their volatile counterparts. It gives the simulation results of the flip-flop performance
and consumption in different operating modes, and shows the physical implementation
of the cells. Design work is concluded in Chapter 6, which describes the architecture of

non-volatile register file.

Finally, Chapter 7 summarizes presented work, proposes the application of NVFF and

NVRF in complex systems, and suggests several ideas for future work.
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2.1 Emerging non-volatile memories

Conventional memories

According to their ability to maintain the data when the power source is disconnected,
semiconductor memories can be separated in two categories, as depicted in Figure 2.1.
Volatile memories, which require power supply to preserve the stored state, are widely
present in modern computing systems in the form of SRAM and DRAM. Static random
access memory (SRAM) is a high-performance, CMOS-based memory which can be
tightly integrated with the processor core. Consisting of six transistors (or more, in case
of multi-port architectures), it is costly in area and power consumption. Therefore, it
is usually reserved for registers, and instruction and data cache. On the other hand,
dynamic random access memory (DRAM), containing one transistor and one ca-
pacitor, features much higher density and lower power. Hovewer, it is slower than SRAM
and requires periodical refresh as the capacitor discharges over time. Typically, DRAM

is used as a primary working storage (main memory) as an off-chip module which is later
cached in SRAM, or an embedded DRAM (eDRAM).

In the class of non-volatile memories, which do not lose the data when the power is
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cut-off, the dominant today is Flash memory, based on a floating gate transistor — a
MOS transistor structure with a modified gate stack. The floating gate, used as electron
storage element, is placed between the standard, control gate and the MOS channel. The
cell is written by forcing the electrical charge from the channel through the oxide layer
to the floating gate. As the floating gate is isolated by the insulating layer, the electrons
placed on it are trapped until they are removed by another application of electric field.
An array of floating gate transistors can be arranged in different fashions, resulting in
NOR and NAND Flash. Apart from non-volatility, Flash memory is characterized by low
fabrication cost and higher density than DRAM. However, it has much lower write/read
speed and endurance limited to around 10° cycles. Moreover, Flash requires programming
voltages much higher than the operation voltage of CMOS devices, which results in high
write consumption, and poses a strong limitation for integration with CMOS logic. Thus,
in current systems it is used as a secondary storage for code (faster, NOR Flash) and
data (denser, NAND Flash).

Semiconductor memories

A4 V.
VOLATILE NON-VOLATILE
v v o d
SRAM | | DRAM Flash
NOR 4 4 4 4
Charge Storage NAND FeRAM PCM MRAM ReRAM

conventional,; i CBRAM

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, STT, SHE, ...;{ OXRAM |
change a :
EMERGING resistance change

Figure 2.1: Semiconductor memories.

In order to improve memory integration and density, in the last years many memory
candidates based on a different storage principles are being explored [11]. Aiming at re-
placing Flash and DRAM memories, research is driven towards the “universal” memory,
characterized by low operating voltages, low energy programming, high operation speed,
long retention time, high endurance and simple structure [12]. With the progress in emer-

ging non-volatile memory technologies, it appears that their application can be further
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extended, as some NVM promise good performances and potential for integration over
CMOS processes. Hence, they can be used directly in the processor logic, as a non-volatile
“upgrade” of SRAM. Besides, this may alter the memory hierarchy by introducing new
levels of on-chip memory and offering significant reductions in off-chip memory transac-
tions [13].

FeRAM

Ferroelectric random access memory (FeRAM) exploits the polarization properties
of a ferroelectric material (e.g., lead zirconate titanate) placed between two electrodes, as
illustrated in Figure 2.2a. When an external electric field is applied across the structure,
electric dipoles formed in the crystal structure of the ferroelectric material align with
the field direction. As the ferroclectric material has a nonlinear relationship (hysteresis)
between the applied electric field and the stored charge (Figure 2.2b), the dipoles retain
their polarization state after the external field is removed. During the read operation,
the cell is forced into one state. If that state does not correspond to the previously stored
value, the re-orientation of the dipoles will cause a current pulse at the output. Thus,
reading the value stored in FeERAM device is a destructive process and requires the cell

to be re-written if it was changed.

Zero written by saturating with Veg=+Vpp

Ferroelectric

Word line

One written by saturating with Vg = -Vpp
(a) (b)

Figure 2.2: (a) Basic structure of 1T1FeRAM cell [11]. (b) Charge vs. voltage hysteresis of the
ferroelectric capacitor [14].

Compared to Flash, FeRAM has lower write delay, programming voltages and consump-
tion, and offers much higher endurance (e.g., 10'4). Even though FeRAM performance

is in theory expected to be comparable with DRAM, current FeRAM chips are slower,



10 Chapter 2. Non-volatile memories

as they are produced in wider CMOS nodes and the access transistor limits the speed.
Embedding FeRAM cells with conventional CMOS manufacture requires two additional
masking steps, which is simpler than Flash (typically nine masks). Still, as FeRAM ma-
terials are not commonly used for CMOS, their co-integration may cause process compat-
ibility and contamination issues. Apart from the destructive read disadvantage, FeRAM
technology has low storage density (lower than Flash) and does not demonstrate multi-
level cell (MLC) capability, leading to higher production cost. Additionally, to maintain
its polarization capability the ferroelectric layer must be thick enough, hampering the

device scaling.

At the moment, commercial FeRAM devices can be found in the market. For example,
Texas Instruments has incorporated FeRAM memory into MSP430 microcontroller units
in their new FeRAM series [15, 16].

PCM

Phase change memory (PCM) is based on chalcogenide glasses whose structure can
change between two phase states which have different electrical resistivity — low-resistance
crystalline state and high-resistance amorphous state. A PCM cell, shown in Figure 2.3a,
consists of a phase change material layer (e.g., GesShoTes, commonly known as GST)
sandwiched between metallic top and bottom electrode. Cell programming is achieved
by applying electrical pulses through the heater, resulting in Joule heating of the active
chalcogenide layer and, consequently, phase transition (Figure 2.3b) [17]. The phase
change occurs in the active region of the cell, located at the interface between the phase
change material and the heater, which is engineered to provide good thermal insulation

from the metal layers.

Compared to Flash, PCM is characterized by several orders of magnitude faster switching
time (a few tens of nanoseconds) and higher device endurance (around 10'?). However,
current PCM technologies require large programming current, increasing the
power consumption and the selector size in 1 T1PCM cell. As the phase-change
is a thermally driven process, the temperature sensitivity of PCM cells is high, bringing
an additional challenge in the production process. This also impacts the cell retention
in elevated temperature environments similar to thermal conditions that allow for fast
crystallization. PCM cells have the ability to achieve a number of distinct intermediate

states, thus storing multiple bits in a single cell (MLC). However, this property is limited,
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Figure 2.3: (a) PCM integration [11]. (b) Typical V-I characteristics of PCM [17].

as the technology suffers from long-term low-resistance drift towards higher values. PCM
technology offers high scalability and density. For example, Samsung recently proposed

an 8Gb array integrated in 20nm node [18].

MRAM

Magnetic random access memory (MRAM) is based on a magnetic tunnel junction
element (MTJ), consisting of a thin non-magnetic tunnel barrier layer between two ferro-
magnetic layers, as described in Figure 2.4a. The magnetization direction of the pinned
layer is fixed in the fabrication, while the direction of the free layer can be changed
between two states — parallel or anti-parallel to the direction of the pinned layer. This
can be observed as resistance switching, since MTJ with parallel magnetization has lower

resistance than MTJ with anti-parallel magnetization.

To program a conventional MRAM cell, the magnetization direction switching is in-
duced by applying an external magnetic field. This write mechanism results in poor
scalability of the device, as the current required to cause switching is inversely propor-
tional to the cell size. The problem is resolved by introducing spin-transfer-torque
MRAM (STT-MTJ), for which the write operation is performed by direct injection
of spin-polarized current to the device [19]. In this case, the required amplitude of write
current decreases with the area of the junction. Later, various improvements of the
technology have been developed, mostly to achieve lower switching currents: the solu-

tion with the magnetization perpendicular to the substrate surface (opposed to in-plane



12 Chapter 2. Non-volatile memories

magnetization of the free layer) [20], or more complex penta-layer MTJ [12].

1 I

z
Free layer Free layer I y
Spacer layer Spacer layer E-: e X
Pinned layer Pinned layer I
lA lA ~Sin Hall Metal
R.=Small R,=Large .|
State: 0 State: 1 / / horire
(a) (b)

Figure 2.4: (a) Schematic illustration of the three-layer MTJ in low-resistance state (left) and
high-resistance state (right) [12]. (b) Three-terminal spin Hall device structure [21].

To read MRAM, a small current is flown through the device and its resistance is sensed.
Therefore, as the sensing and writing current paths are the same, unintentional write
may occur during the read operation. With the reduction of the programming current,
which is beneficial for power consumption and the selector size, the device is even more
prone to read disturbs, and this imposes a significant disadvantage of the technology. To
solve this, spin hall effect MRAM (SHE) has been proposed [22], which is built with
independent reading and writing paths. It is a three terminal device, with the spin hall
metal attached to the free layer of MTJ, as depicted in Figure 2.4b.

Along with the high speed and low programming energy, the main advantage of MRAM
which puts it in front of other NVMs is its very high, virtually infinite endurance. It
is compatible with current CMOS technology, although its structure is not very simple,
because many additional layers are added to improve the device characteristics. Also, the
memory ratio between high and low-resistance state is relatively low. This leads to more
complex design solutions, as high-sensitivity sense amplifiers are required for reliable read

operation.

ReRAM

A resistive random access memory (ReRAM) element is a two-terminal, metal-
insulator-metal structure (as in Figure 2.5a) which exhibits reversible resistance switching.

Applying appropriate voltages/currents across the electrodes cause redox reactions which
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form or dissolve the conductive filament(s) between two terminals, resulting in a resist-
ance change. The existence of a conductive path in the insulator produces a low resistive
state, while its absence results in a high resistive state, as illustrated in Figure 2.5b. De-
pending on the materials used in the stack, the mechanism for creation/disruption of the
conductive path may be different [23|. Thus, two types of ReRAM are encountered — con-
ductive bridge random access memory (CBRAM), also known as programmable

metalization cell (PMC), and metal-oxide random access memory (OxRAM).
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Figure 2.5: (a) ReRAM BEOL integration. (b) ReRAM operations (figures from [24]).

Compared to PCM (see Table 2.1), ReRAM cells require lower operating voltages and
programming currents, and exhibit faster switching times (few tens of ns, even less than
1 ns). Due to the filamentary nature of the conductive path, the technology is highly
scalable, thus exceeding FeRAM possibilities. Furthermore, one of the major advantages
is its compatibility with conventional semiconductor processes. Using only two addi-
tional masks at the back-end-of-line (BEOL), and materials and temperatures compatible
with CMOS manufacture, it imposes as a simpler and cheaper solution than MRAM. As
the technology is characterized by a large memory window (much higher than MRAM),
the device can reach several current-controlled low-resistance or voltage-controlled high-
resistance states, allowing for MLC. ReRAM has the potential of forming a cross-point
structure without using access devices, achieving an ultra-high density. In addition, the
usage of ReRAMs is not limited to memory arrays, as devices can be integrated directly
on the top of a CMOS processor. The main drawback is the requirement for one-time
programming of the fresh cell which must be performed with an elevated voltage (form-
ing). Other aspects which must be considered in development of ReRAM technology are

the memory variability and endurance.

Several demonstrators implementing Mb arrays with 1T1R bitcell (one transistor, one
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Table 2.1: Comparison of key features of existing and emerging memories (updated from [25])
SRAM (¢)DRAM (e)Flash FeRAM PCM STT-MTJ ReRAM
I .. 6 14 12 16 CBRAM: 10576
endurance | unlimited unlimited 10 10 10 10 OXRAM: 101!
N eDRAM: 1-2ns NOR: lus CBRAM: 100ns-1us
write time|  <<Ins | hp AN 30ns | NAND: Ims | ~1o0ms | <100ms 2-30ns OXRAM: 1-100ns
. . NOR: medium low high . high
density | low (6T) medium NAND: high (MLC)| (no MLC) | (MLC) medium (MLC)
write low medium high medium | medium medium medium
power
standby | gium low 0 0 0 0 0
power
CMOS . .
R . X off-chip/FEOL| off-chip/FEOL BEOL BEOL BEOL BEOL
integration
voltages| CMOS CMOS ~10V ~1.5V 1.5-3V ~1V 1-2.5V
scalability| CMOS limited limited limited good good good
issues ds refresh eFlash requires new |destructive T° read disturb formi It
1ssu needs reires CMOS process read sensitive |low mem. window| O e VOHAES

ReRAM) have been developed [26-28|. Sandisk and Toshiba presented a 32Gb cross-
point memory array designed as a replacement for Flash [29]. Recently, Micron and Sony

introduced a 16Gb array that meets storage class memory specifications [30, 31].

2.2 ReRAM background

Figure 2.6 shows the typical quasi-static IV characteristics of a bipolar ReRAM stack,
obtained by applying a slow voltage ramp. In the first programming cycle, called FORM-
ING, the resistance of the fresh device changes from a very high initial value (RixiT) to
a low value (Ron). The switching, i.e. the abrupt current increase, occurs when the
threshold voltage is reached. Then, by applying a voltage of opposite polarity during
the RESET operation, the device switches to the high resistance state (Ropr). All suc-
cessive changes from Ropr to Ron are performed as SET operations, which generally
require lower threshold voltage than FORMING. During the SET and FORMING, it is
important to limit the current through the device by defining the compliance current (or

programming current, Icomp) to prevent the degradation and failure of the device.
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Figure 2.6: Quasi-static I-V characteristic obtained from experimental OxRAM data. The
illustration of the switching process in the simple binary OxRAM is taken from [32].

This behavior corresponds to the asymmetric stack design (different materials of top
and bottom eclectrode), leading to the bipolar switching which require different voltage
polarity for SET and RESET operations. Alternatively, if same material is used for both
electrodes, a ReRAM device can exhibit an unipolar nature, as depicted in Figure 2.7.
In that case, the switching operations are performed under different voltage ranges, but

with the same polarity. In the following, only bipolar devices will be discussed.
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Figure 2.7: I-V curve of a unipolar switch- Figure 2.8: Memory window as a function
ing device [23]. of the endurance performances for CBRAM

[33-40] and OxRAM [41-46] technologies.
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The presented I-V curve describes the electrical behavior of both, CBRAM and OxRAM
devices. However, the physical phenomena which cause the resistive switching in these
two device families are different. In OxRAM (illustrated in Figure 2.6), switching relies on
migration of oxygen anions (i.e. creation of oxygen vacancies) in transition-metal-oxides
towards the top electrode where they react with the oxidizable anode materials to form
an interfacial oxide layer |32]. Thus, the electrode/oxide interface behaves like an oxygen
reservoir. During RESET, oxygen ions migrate back to the bulk either to recombine with
the oxygen vacancies or to oxidize the metal precipitates and return the memory cell
to high resistive state. During FORMING, stress-induced defects are generated in the
material. As in the following RESET process only a portion of the defects is recovered,
the required SET voltage is smaller than the FORMING voltage, and the Ropr is much
smaller than Rinrr. On the other hand, CBRAM relies on the electrochemical metalliza-
tion mechanism where during SET the highly mobile cations from the electrochemically
active metal electrode drift in the ion conducting layer (an oxide or chalcogenide based
electrolyte) and discharge at the inert counterelectrode, leading to a growth of highly
conductive metal-rich filament(s) [47]. Then, RESET is an electrochemical dissolution of

the metallic filaments.

The materials used in ReRAM stacks and their interfacial properties have a strong influ-
ence on the memory performances and reliability. Additionally, various material engin-
eering methods have been investigated to improve their characteristics, mostly to reduce
switching uniformity, increase high resistive state values and increase endurance. For
instance, in CBRAMs the bottom electrode is usually tungsten, as manufacturing W vias
is already the standard CMOS process, while the top electrode can be made from Ag,
Cu, or their alloys. The ion conducting layer, typically includes germanium chalcogen-
ides (GegSy and GeySey), or different oxides (e.g., SiOy, ZrOy, AlyOs, SizNy, TaSiO).
Often, resistive switching is improved by introducing uniform and homogeneous impur-
ities in the electrolyte, or by creating a bilayer electrolyte with an inserted buffer layer
between the standard insulator and the electrodes. OxRAMs employ various oxydes, par-
ticularly binary-metal-oxides which are widely used in the current semiconductor tech-
nologies (HfOx, AlOx, NiOx, TiOx, TaOx), with Al or TiN for bottom electrode, and
TiN, Ta or TaOx for the top electrode. Therefore, even within one ReRAM family, a
wide range of electric characteristics is encountered. Figure 2.8 shows the memory win-
dow (Rorr/Ron) versus the cycling performance for different technologies, illustrating
the trade-off between the resistance ratio and the number of successful programming

cycles. Generally, CBRAMs can achieve a higher memory window at the expense of the
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endurance.

One of the disadvantages for ReRAM-based design is the need for the initial electro-
forming cycle, which requires higher voltage than the subsequent switching cycles. Thus,
significant efforts have been made to achieve forming-free devices. Results shown in Fig-
ure 2.9a indicate that the required forming voltage decreases linearly with a decrease of
the insulator thickness, which on the other hand does not affect SET/RESET voltages.
However, reducing the oxide thickness may increase the initial defect density and severely
decrease the resistivity of the oxide layer, thus decreasing Ropp resistance. Besides,
ReRAM technology is particularly attractive due to its good scalability potential. As
depicted in Figure 2.9b, Rox and SET voltage are not impacted by the arca reduction,
while Ropp increases, thus making the memory window even larger. However, lateral
device scaling will increase the required voltage for FORMING operation, as illustrated
in Figure 2.9c. Therefore, based on current research results, it can be assumed that a

certain electroforming process is unavoidable, which must be taken into account during

the design.
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Figure 2.9: (a) FORMING/SET voltage dependence on the oxide film thickness [23]. (b) De-
pendence of Ron, Rorr, Vsgr on device area [48]. (¢) VporMming as a function of device
area [46].

2.3 ReRAM electrical characterization

Generally, for a given ReRAM technology, there is a trade-off between the program-
ming voltages (Vser, Vreser, Vrorm), programming current (Iconmp), memory window
(Rorr/Ron ratio), device endurance and power consumption. In this section, the rela-
tions between these parameters are demonstrated using experimental results on OxRAM
TiN/Ti/HfO,/TiN stack [41,49].
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One of the essential characteristics of ReRAM cells, highlighted in Figure 2.10, is the
exponential dependence between the switching time and the applied voltage — higher
voltage causes faster resistance switching. Thus, programming can be performed with
wide range of supply levels. However, Figure 2.10b also shows that the higher Ropp
before the SET operation (thus larger memory window) demands higher Vggr for the

same programming pulse.
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Figure 2.10: Exponential dependence between switching time and (a) FORMING, (b) SET
voltages for the TiN/Ti/HfOy/TiN OxRAM cells (figures taken from [41]).

Furthermore, Figure 2.11 demonstrates that higher programming voltages (~ 2V) are
needed in order to improve the tails of the low resistance state distribution. These data
have been measured on several tens of OxRAM cells through 500 SET/RESET cycles to

capture both spatial (device-to-device) and temporal (cycle-to-cycle) variations.

Finally, simulation results in Figure 2.12 indicate that an increase of SET/RESET voltages
also reduces the programming energy. This is the consequence of the exponential relation
between switching time and programming voltage. The simulation is performed on a
IT1R cell, using 28nm FDSOI design kit and compact OxRAM model [50]. Various con-
stant VDDH voltages are supplying the whole structure. Digital pulses (0/1V) of the pw
widths, which correspond to the switching time, are applied at the gate. This graph also
highlights the discrepancy between SET and RESET programming conditions in digital
design. Using the same access path for both operations, especially with only one tran-
sistor type, may lead to significantly different switching times for the same programming

voltage.
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Another important ReRAM characteristic is that the low resistive state is defined by

the SET compliance current. As illustrated in Figure 2.13, which shows the Ronx and

Rorr values as a function of the programming

current, higher Iconp leads to lower Rox,

regardless of the ReRAM stack. In fact, the MLC capability of ReRAM is based on

this property, and different resistive levels are

achieved by controlling the programming

current. On the other hand, Rorr depends on the technology, and generally is not related

to Icomp, but rather to the RESET voltage. Figure 2.14 demonstrates how Ronx and Ropr
values depend on Igoyp and Vygser in TiN/Ti/HfO, /TiN OxRAM devices, respectively.
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Resistance distributions on this graph include both spatial and temporal variation.

To reduce the programming energy consumption, it is desirable to use low compliance
currents. Moreover, low [comp proves to have better endurance, as high Icomp gradually

leads to degradation of memory window by decreasing Ropp (Figure 2.15).
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Figure 2.15: Pulse cycling endurance test for a SET compliance current of: (a) 1mA, (b) 180uA.
Pulse width = 10us, Vsgr=1V, VResgr—1.3V [49].

2.4 Summary and design guidelines

ReRAM stands out as a promising emerging non-volatile memory technology, due to its
low power consumption, fast switching, high memory window and excellent scalability.
Its simple structure and low cost makes it attractive for usage as high-capacity storage
memories. Moreover, ReRAM technology is highly compatible with CMOS, therefore it

is not limited to memory arrays, and can be integrated directly into the logic.

In ReRAM-based design, it is important to take into account the impact of ReRAM
programming conditions on other device properties, such as resistance values, speed,
programming energy and endurance. Generally, Rox and Ropp values can be adjusted
by tuning the SET compliance current and the RESET voltage, respectively. Lowering
Icomp improves device endurance and reduces programming consumption, at the expense
of a higher Ron. The lower memory window can be compensated with a higher Vygsgr
that allows Ropr to be increased. Maximizing programming voltages also favorably lowers
the programming energy and overcomes the device variability in large memory arrays.
Also, devices need the FORMING operation, which is performed under a voltage higher
than Vggr and Vgrgser. Thus, ReRAM cells require programming voltages higher than
the typical operation voltages of advanced CMOS technologies.
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3.1 Design of non-volatile circuits

This chapter summarizes various NVFF designs found in the literature by explaining
different aspects of their architecture — power supply organization, circuitry for different
operating modes, etc. The solutions are analyzed with regard to used NVMs and CMOS
nodes, as the choice of technology can greatly influence NVFF design decisions. The
extracted conclusions provided in this chapter can be used as guidelines for the future

design of non-volatile flip-flops.

Finally, an overview of existing non-volatile processors is given, in order to investigate

the application of NVFFs in complex systems.
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3.2 Non-volatile flip-flops

3.2.1 State of the art solutions in different NVM technologies

With the CMOS technology scaling, leakage power consumed during the inactive mode
of the system may take the significant portion of the total consumption |4]. As one of
methods for static power reduction, data-retention flip-flop [8| has been developed to
replace the standard flops in the processing unit. Small retention latch attached to the
flip-flop can take its state (store operation), preserve it during the sleep mode, and return
it back to flop (restore operation). Therefore, the supply of flip-flop core can be turned

off during sleep, while the retention latch supply is maintained at reduced level.

To achieve even lower consumption, non-volatile flip-flop appears to be good substi-
tution for data-retention flip-flop, as it provides zero-consumption standby mode, while
enabling relatively fast store/restore transitions. Recently, various NVFF solutions built
by adding NVMs to flip-flops have been proposed. As the most mature of emerging
non-volatile memories, FeRAM is used in several silicon-proven NVFFs [14,51,52]. Then,
MRAM-based designs have been introduced: NVFF using a conventional MTJ is fab-
ricated [53], numerous NVFFs employ STT-MTJs [54-62], while some rely on SHE
MRAM |21,63|. Finally, ReRAM-based NVFFs have been described [64-69].

3.2.2 Design architecture
Top level

A majority of reported NVFFs are obtained using the master-slave flip-flop, by adding
1-bit non-volatile part (which may include several NVM devices and their store/restore
circuitry) to either master or the slave stage, as illustrated in Figure 3.1a. In the similar
way, NV part can be attached to the sense-amplifier flip-flop [62,69], as in Figure 3.1b,
or other pulse-triggered latches. Generally, volatile master-slave flip-flops have better
race immunity and lower consumption, but they are slower than volatile sense-amplifier
flop. However, the performance and consumption of non-volatile flip-flop in the regular
operating mode depends on both, the chosen flip-flop core and NV part, as well as their

connection.
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Figure 3.1: 1-bit NVM added to: (a) master-slave flip-flop (figure taken from [66]), (b) sense
amplifier flip-flop (figure taken from [69]).

Additionally, the architectures which store multiple bits in one NVFF have also been
introduced. For example, in |61] four MTJs are tied to one flip-flop and one store/restore
circuitry to form a 4-bit NVFF, as shown in Figure 3.2. For even higher number of bits,
authors in [68] propose attaching the small cross-bas memory to the flip-flop (Figure 3.3).
These solutions are intended for implementation in multithreaded processors, for saving

several contexts without the replication of registers.

Power supply

Most of the reported NVFFs use single-rail for the programming of NVM devices and
operating the flip-flop core, as this approach has the simplest power grid routing and
minimizes the signal routing congestion. Then, depending on the required programming
conditions and CMOS operating voltage, the supply may need dynamic change in different
modes. For example, MRAM programming voltage is generally fully compatible with the
CMOS range, so the nominal operating voltage can be used during the regular flip-flop
and store operations. However, due to narrow memory window of the technology, it may
impose the increase of supply during the restore operation, as suggested in [53,62]. On the
other hand, in ReRAM-based solutions, NVFF supply is increased during programming
of NVM. In this case, the CMOS-NVM voltage gap of cells designed in wider CMOS nodes
(130nm and above) is tolerable. But, with scaled CMOS processes, the maximum CMOS
operating voltage becomes lower than the required ReRAM forming and programming

levels, causing the reliability issues in the whole single-rail NVFF.
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Figure 3.3: Multistate register with cross-bar NV part [68].

To reduce the impact on power consumption in regular flip-flop operation, authors in |14]
apply the dual-rail configuration in which dedicated power rails for NV, implemented

at the same voltage level as the main supply, allow the power gating of the programming
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part when it is not needed.

Finally, NVFF presented in [55] uses the alternative approach using a dual-voltage
architecture. As the solution does not use level-shifting, the significant current leakage
is present during store operation. Moreover, the transistors supplied at high voltage are

not protected.

Operating modes

Typically, proposed NVFFs require clear distinction between operating modes — store
and restore procedures are controlled by dedicated signals and can not be performed
during the regular flip-flop activity, as depicted in Figure 3.4a. On the other hand,
NVFF presented in [54] stores the data to NV in each clock cycle (Figure 3.4b). Finally,
solution introduced in [53] is the combination of both designs — the back-up requires
dedicated signal, yet it is possible to perform it simultaneously with the regular write

operation, as shown in Figure 3.4c.

Even though the “fully non-volatile” option which stores in each cycle has simpler circuit
control, its performance and dynamic consumption are degraded as the speed of NVM
technology is lower than of CMOS, and the write energy is higher. Additionally, the
endurance of such system is limited by NVM endurance. Thus, ReRAM-based NVFFs
support only “the back-up when needed” option (e.g., before going to sleep mode, or at

the checkpoints).
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Figure 3.4: Operating modes: (a) store/restore/active are separated (figure taken from [70]),
(b) store to NV in each cycle (figure taken from [54]), (c) store can be performed in parallel with
write (figure taken from [53]).
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Restore operation

The most common approach for data restore (in literature also referred to as: sensing,
read, recall) is differential restore using 2 NVM. It relies on sensing the current dif-
ference between two branches containing non-volatile devices which are programmed to
different states. Depending on the sense amplifier which is used, several possibilities illus-
trated in Figure 3.5 are found in the literature. Numerous NVFFs have NVM branches
“outside the latch”, i.e. tied to the gate nodes of cross coupled inverters, as in Figure 3.5a.
On the other hand, many MRAM-based NVFFs connect NVMs to the sources of the latch
transistors (“inside the latch”, Figure 3.5b), as this solution offers higher yield of restore
operation. However, in case the sense amplifier is actually the slave stage of flip-flop, this
configuration may increase the flip-flop propagation delay. The impact on performance
is reduced by adding restore-access and ground transistors, as depicted in (Figure 3.5¢).
Still, resistance added in series has negative influence on the restore yield, which can be
significant for low-memory window technologies as MRAM. Finally, NVMs can be tied

to the gates of voltage sense amplifier, as in Figure 3.5d.

The variation of this architecture is differential restore using 1 NVM, as implemen-
ted in [61] (Figure 3.2). One programmable NVM device is compared to the reference
device. However, referent NVM device also requires one-time programming and is sus-
ceptible to the read disturb. Additionally, this halves the effective NVM window and
may cause insufficient restore yield. To compensate this, the authors suggest NVFF area

mcrease.

Furthermore, the differential restore circuit can be integrated in NVFF in two ways. Usu-
ally, already existing latch (e.g., slave stage of flip-flop) is used as a restore sense amplifier
— restore circuit is merged with flip-flop, as illustrated in Figure 3.5¢. Alternatively,
is can be separated from flip-flop, as implemented in solution in Figure 3.2. At the
cost of increased area, the latter allows separate optimization of regular mode and restore
mode circuits. This is introduced in MRAM-based NVFFs where the low sensing current
is imposed as a requirement in order to prevent the read disturb [71]. Thus, in case the
small sense amplifier is designed and used as slave stage, the flip-flop performance is de-
graded. Typically, ReRAM is not disturbed at CMOS nominal voltage, so the first option
can be employed for saving the area. Note that in case the latch is not re-optimized for
sensing, merged restore may actually have lower impact on flip-flop performance than the

separated one.
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Figure 3.5: 2 NVM differential restore, with NVM branches: (a) outside the latch (figure taken
from [58]), (b) inside the latch (figure taken from [55]), (¢) inside the latch, with access transistors
(figure taken from [70]), (d) tied to voltage sense amplifier [69].

On the other hand, restore operation may rely on single-ended sensing. 2 N'VMs can

be configured to form a voltage divider, as shown in Figure 3.6a. Similarly, 1 NVM

single-ended restore solution is given in Figure 3.6b. Compared to differential circuits,

these architectures may lead to lower yield and slower restore operation.
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Store operation

In most cases NVM devices have dedicated programming transistors activated only during
the store operation (in literature also referred to as: write, backup), thus the store circuit
is separated from flip-flop (for example, see Figures 3.5a, 3.5¢ and 3.5d). On the other
hand, store circuitry can be merged with flip-flop so that the transistors of the latch
are used for programming, for a lower transistor count, as in Figure 3.7. Typically, if an
NVM device requires higher currents, the latter implies increasing the latch size, which
further negatively impacts the propagation delay and the power consumption. Hence,

this approach is limited to low-programming current devices (e.g., SHE MRAM).

For non-volatile flip-flops that contain two NVMs, three storing methods are encountered
in the literature. A majority of MRAM-based NVFFs perform serial store where two
serially connected devices are programmed simultaneously, as illustrated in Figure 3.8.
This solution is not appropriate for voltage-programmed NVM technologies (as ReRAM),
since it doubles the required power supply. Then, devices can be programmed in parallel,
using either the same transistors (Figure 3.7), or separate transistors (Figures 3.5¢ and
3.5d). To limit the supply current and the number of transistors, at the cost of slower

store procedure, some configurations implement 2-step store, shown in Figure 3.9.

Finally, designs proposed in [52,61,64] implement conditional store (compare and write)

in order to reduce the store consumption (Figure 3.10a, Figure 3.10Db).
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3.3 Non-volatile processors

Incorporating non-volatile memories into processing units offers lots of advantages over
the volatile systems. Along with the static power reduction in the standby mode, it
increases the system reliability by saving the system state during regular checkpoints or
in case of sudden power failure. Then, system can later be returned to the last saved
point. If granularity of non-volatile storage is maximal, all processor internal states
are saved (including the currently executing instruction, temporary calculation results,
pipeline registers, etc.), so the processor can continue working from the exact point it

stopped.
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In the current systems, non-volatility is provided by adding centralized non-volatile
module on-chip or off-chip. As they employ Flash memory, the store/restore transfers are
slow and with high energy consumption. Hence, they are not efficient for data-retention
in case of power loss or too frequent checkpoints. However, this can be significantly
improved if Flash is replaced with some of emerging NVMs. For example, ultra low power
microcontroller with FeRAM embedded memory module which has been demonstrated
[72] reports 1000x faster write capability at 100x lower power compared to typical Flash-
based system. To ensure state back-up, FeERAM power supply has the capacitor sized
to guarantee complete memory transfer. Centralized-memory approach does not bring
overhead in regular processor performance and consumption, nor increases testability and

reliability concerns. Still, in case of complex systems it results in slow sleep/wake-up, as



3.3. Non-volatile processors 31

the transfer bandwidth is limited by the bus size.

Another approach for building non-volatile processor relies on integrating non-volatile
elements at flip-flop level. Due to current NVM technologies limitations (endurance,
speed, consumption), fully NV architecture where everything is directly stored in a non-
volatile way is not practical. Thus, flip-flop can be replaced with NVFFs which behave
as standard flops in regular operating mode, and can store the data in non-volatile way
when it is needed, as described in previous section. Compared to centralized-memory
architecture, this can provide almost instantaneous sleep/wake-up, as many cells can be
stored /restored simultaneously. First implemented FeRAM-based microcontroller of this
kind [73] is shown in Figure 3.11a. Obtained by replacing all FFs in the core (~1600) and
128B register file with NVFFs [52], it is characterized by zero standby power, 7us sleep
time and 2us wake-up time. The flip-flop controller is used to generate control signals
to both NVFFs and FFs in the system. The authors later present the improvement
of the processor [74] illustrated in Figure 3.11b, by implementing the compression-based
recovery architecture. Instead of replacing all FFs, they propose adding smaller number of

NVFFs which save the compressed difference between the current and the last state.
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Figure 3.11: (a) FeRAM-based MCU proposed in [73]. (b) Improved compression-based archi-
tecture [74].

Afterward, 32-bit power-gated processing unit using STT-MTJ |75] is demonstrated (Fig-
ure 3.12). In this implementation, NVFFs are used for all pipeline registers and program

counter, while MRAM modules are used for the instruction memory, data memory and
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the register file. Furthermore, 16-bit microcontroller [76] shown in Figure 3.13, fabricated
using MRAM and 90nm CMOS technologies, is characterized by 120ns wake-up time. Its
processor core has all FFs (~4000) changed for NVFFs [53], while 64kB RAM/ROM uni-
fied macro is also MRAM-based. Apart from a CPU-activated store/restore, it supports
software control of NV operations handled by two additional instructions. Its power-
management module ensures three low-power modes.
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Figure 3.12: MRAM-based MPU proposed in [75]: (a) architecture, (b) power states.

Replacing each FF with its non-volatile counterpart implies large area overhead, as
store/restore circuitry is replicated in each flop, and NV power rail (if present) must
be routed through the whole processing unit. Also, error correction methods can not be
implemented if NVFFs are not organized in a regular array. Thus, a hybrid approach
is introduced [77]. In this FeRAM-based microcontroller, 256-b mini-arrays which have
direct access to the system flip-flops are used to backup their data (Figure 3.14). Volatile
data-retention FFs are slightly modified to allow the restore operation. Each array bitcell,
with 4 FeRAMs, contains sense amplifier for better restore margin. Control signals are

generated in NVL controller that can store/restore to all of the NVL arrays in parallel
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Figure 3.13: MRAM-based MCU proposed in [76].

or serial order depending on the time requirements and power possibilities of the system.
Three power domains are present — VDDN for arrays and the controller, VDDR for the
slave stage of all FFs (retention), and VDDL for all of the remaining logic, master stage

and memories.
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3.4 Summary

An adequate quantitative comparison of existing NVFF solutions is impossible, due to
limited reported results, wide range of used CMOS and NVM technologies, different sim-
ulation conditions, etc. However, presented overview indicates that the choice of NVFF
topology is strongly affected by the features of NVM devices and their compatibility with
the CMOS operation conditions. Different components of these two aspects, design and

technology, then together define the overall NVFF characteristics (Figure 3.15).

robustness
consumption
(in all modes)

7 voltages
*..CMOS vs. NVM

power management

digital integration

density
{ endurance speed (all modes)
""""" reliability :
_______________________ SA
TECHNOLOGY features NVFF specifications DESIGN topologies

Figure 3.15: NVFF characteristics depend on technology and design.

In the case of ReRAM-based design in advanced CMOS node, programming voltage
conditions imply using dual-voltage configuration, which further requires careful consid-
eration of power management and routing of power grid. On the other hand, required
programming voltages reduce the possibility of read disturb. This allows for the merged
implementation of restore circuit and the flip-flop, leading to a dense solution with small
time penalty. Generally, large memory window of ReRAM results in reliable restore op-
eration, thus offering more design flexibility. For example, it enables NVFF architecture
with only one NVM device, which is beneficial in terms of arca and programming con-
sumption. In addition, the variability of both CMOS and ReRAM can be overcome with

the proper choice of sense amplifier circuit.

Good compatibility of ReRAMs with CMOS process facilitates its integration in non-
volatile processor. From the aforecited approaches, the one based on the replacement of
flip-flop with NVFFs imposes itself as the simplest solution. It requires minimal design
time, while offering fast sleep /wake-up transitions and smallest impact on regular flip-flop
mode. In addition, the area overhead can be reduced by organizing NVFFs in a regular

array with shared store/restore circuitry, wherever it is possible (e.g., register file).
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4.1 Challenges

The main challenges for implementing ReRAM-based circuits in scaled CMOS technolo-

gies stem from the programming requirements presented in Chapter 2. First, the results
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have shown that the programming voltages for ReRAM devices are higher than
the typical operating voltages of advanced CMOS technologies. SET/RESET
voltages above 1.5V are needed to improve the bit tails in large memory arrays, espe-
cially when working at low programming currents, while FORMING operation requires
even higher voltages (>2.5V). Moreover, due to the exponential dependence between
the switching time and the voltage, increasing the voltage results in lower consumption
than increasing the pulse width. Second, the measurements underline that low pro-
gramming currents are preferred in order to reduce power consumption and
increase device endurance, at the cost of an increased variability and reduced memory
window. Third, there is a general discrepancy between SET and RESET pro-
gramming conditions. In order to target specific Rony and Ropr values with the same
pulse widths, different voltages across the device may be required. Finally, protecting
the CMOS devices for reliability is needed since ReRAM programming voltages
can cause the hot carrier degradation of the CMOS transistors. For example, in 28nm
FDSOI the voltage of Vpg = Vgg =1.6V would result in 10% degradation of drain current
after less than 1s of accumulated stress |78|, leading to the poor endurance of the system.

Moreover, forming voltage may cause the oxide breakdown of the transistors.

Regarding the implementation of ReRAM-based non-volatile flip-flops, it is important
to add non-volatile feature with minimal impact on flip-flop performance and
consumption. Another challenge consists of ensuring the sufficient NVFF yield
even with low-memory window technologies and at low voltage. Given the high
variability of ReRAM technologies, which is worsened with low programming currents,
Rorr/Ron memory window can be degraded, causing the restore operation failure. For
the full compatibility with the digital design flow, it is required to implement N'VFFs as
standard cells, using thin-gate oxide transistors. Finally, the forming operation
should be executed in one step and independent on the value of flip-flop, for

the easier integration of NVFF in larger systems.

In this chapter, two classes of NVFF design with different restore operation are presented:
two-NVM (2R NVFF) and novel one-NVM (1R NVFF) architecture. In the context of
store operation, two ReRAM programming solutions are proposed: level-shifter-based
and current programming-based. Combining them, four NVFF cells and the optimization
guidelines to meet all presented challenges are offered. The solutions are compared from

the design point of view, and with respect to the existing ReRAM technologies.
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4.2 Top level

The proposed NVFF architectures are built by adding non-volatile property to the stand-
ard C2MOS master-slave flip-flop (MSFF). On the rising edge of the clock the data is
captured in a volatile part, while the back-up is performed only when needed (e.g., before
going to sleep mode, or at the checkpoints), thus minimizing NVFF dynamic consump-
tion. Consequently, the switching time of non-volatile memory is not limiting the flip-flop
performance, and the required endurance for NVM is significantly smaller than the total

number of FF clock cycles.

The common block diagram of implemented solutions, depicted in Figure 4.1, consists of
three main parts:

e the adapted MSFF core (MASTER and SLAVE), connected to

e a non-volatile block (NV) to store and restore the flip-flop data, and

e a control logic block (LOGIC) which manages store, restore or forming operations

in addition to regular flip-flop operations.

Decoupling the NV block from the flip-flop core enables the separate optimization of
ReRAM programming circuit and the slave stage, hence the consumption and perform-

ance penalty during standard flip-flop operations are minimized.

VDD VDD
T T
MASTER SLAVE

ﬁ c cn {>° Qout

; P ainds
TI 1J “h o ¢ Qb . Q
VDD
TE — T
cn . c cn Q. Qb | LOGIC
CP o> FRM
D Cl1, store STR
v ‘IP H e restore RST
NV EQU
NV-control

Figure 4.1: Block diagram of NVFF.

Besides the basic data (D), clock (CP), test-enable (TE) and test-in (77) inputs, and
Qout output, NVFFs have additional NV-related inputs: FRM for forming, STR for
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store, RST and FEQU for restore operation. Added inputs are used together with flip-flop

state (@) for generation of NV-control signals.

The cells use two power rails. Core and control logic block are supplied at nominal
CMOS operating voltage (VDD), while NV operates at higher voltage (VDDH) to satisfy
the programming requirements for ReRAM FORMING, SET and RESET. Hence, the
transistors stacking required for high voltage protection is implemented only in VDDH
domain. Compared to the single-rail solution with dynamic voltage scaling [67], the dual-
rail scheme minimizes the CMOS degradation, since single-rail design has all transistors

of flip-flop exposed to high voltages during store and forming.

NVFFs are designed to work in five modes:
e active mode is the regular FF operating mode during which the NV part is dis-
connected;
e store mode stands for saving the flip-flop data in the NVM;
e sleep mode indicates that all supplies are off, and can be entered after data-
backup;
e restore mode stands for recovering the saved context from the NV and it is

performed after returning from the sleep mode;

e forming mode corresponds to the forming of ReRAMs and it is entered once,
before the first use of NVFF.

During the execution of asynchronous NV operations (store, restore and forming) the
clock is low, as they require the slave stage to latch the data and be disconnected from

the master stage.

The testing of the active mode does not differ from a standard scan flip-flop testing.
Moreover, the scan inputs can be used to test store and restore modes after the ReRAM

devices have been formed, by performing the following sequence:

1. scan in a first input vector in the chain,

2. store all NVFFs,

3. scan in a second input vector with dual values in the chain,
4

5

. restore all NVFFs,

. scan out to check the flip-flop values.

Finally, it should be mentioned that NVFF configurations proposed in this chapter can
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be applied to various flip-flop designs (e.g., FF without scan inputs, transmission-gate
FF, FF with negated output, FF with asynchronous set /reset, etc.). However, the choice
of MSFF core may influence the NVFF characteristics, especially in active and restore
modes. For example, in Chapter 5 it will be demonstrated that the impact on the
propagation delay can be greatly increased if NVFF uses flip-flop shown in Figure 4.2,

instead of one in Figure 4.1.

TE

D _h C cn
TI —1 {>Crcl LZ:J {C>0Qb {>C° Q {>°_QNOut
C cn
C

CP——P= o=

Figure 4.2: Flip-flop core (MSFF_QN) with higher impact on the propagation delay.

4.3 Restore operation

4.3.1 2R and 1R non-volatile flip-flops

In general, restore operation is performed as a differential sensing of two ReRAMs pro-
grammed to the opposite states (Ron and Ropr). To save the area, the slave latch is used
as a sense amplifier. Therefore, the restore circuit inside the NV block of 2R NVFFs,
shown in Figure 4.3, contains devices R; and Ry and restore access transistors Ny, No, N7
and Ng. Additionally, N3-Ng are inserted and biased with VDD to protect access tran-
sistors during the store mode, when higher voltage is brought to ReRAM top/bottom
electrodes. Although not crucial for the restore functionality, N3-Ng affect restore yield

by increasing CMOS front-end parasitic resistances.

At nodes C; and Cy NV block is tied to the modified NVFF slave latch shown in Fig-
ure 4.4. The P1-P3 PMOS transistors controlled by an equalizer signal (FQU) are used
to precharge ) and @b nodes at VDD at the beginning of a restore operation. Then,
they are released while restoring the data from the NV block. The additional transistors
in the latch (P, Np) balance the parasitic resistances of the branches, while the inverter

IV, balances the parasitic capacitances of the nodes @ and @b, allowing the same yield
to RESTORE 1 and RESTORE 0. Together with IV,, IV, also provides @ s/Qb_s
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outputs which are used to generate NV-control for the store operation instead of @/Qb
nodes, ensuring a minimal impact of the store operation on the latch performance. C
and Cj connections are the sources of NMOS latch transistors, and they are connected to
ground by additional Ng; and Ngo transistors when the cell is not in the restore mode.
Figure 4.5 illustrates the timing diagram of the restore operation for the case when the

resistance of Ry is higher than resistance of Rs.
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To limit the area overhead and to reduce the store consumption, new 1R architecture
derived from 2R is proposed (Figure 4.6). The same differential sensing approach is used

to compare a single programmed ReRAM device R; to a reference resistance designed with
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current mirror. Compared to the state of the art [61], the current mirror reference does
not need to be pre-programmed, and it is not limited by poly-resistance area overhead
for high resistance values. The area saving for 1R NVFF architecture is maximized when

several NVFFs are using the same current source (in dashed line in Figure 4.6).

4.3.2 Restore yield: choosing the slave stage architecture

For both NVFF flavors — 2R and 1R, the robustness of the restore operation is dependent
on slave stage architecture and restore mechanism (i.e. the way slave is connected to the
NV block). Furthermore, it is sensitive to the CMOS variability and resistance values.
Hence, in order to select presented slave-NV configuration (Figure 4.4), three different
latch architectures are investigated |79]:
e the voltage-restore unbalanced latch (Figure 4.7a), where the NVM devices are
tied to the internal Qb/@Q nodes of the standard cell;

e the voltage-restore balanced latch (Figure 4.7b), with inserted transistors for

symmetrical branches;

e the current-restore balanced latch (Figure 4.7c), where the NVM devices are
tied to the sources of the NMOS transistors of the latch.

The latches, tied to 2R NVFF structure (Figure 4.3) are implemented in 28nm FDSOI
technology, and the bit error rates (BER) of restore operations (both cases - RESTORE
1 and RESTORE 0) are estimated for various Ron, Ropr values by performing 10000-
sample Monte Carlo simulations, taking into account CMOS process variation. The sizing
of the slave is taken from a low-power standard cell library with a drive of X8, while the

size of restore access transistors is fixed as a trade off between area and restore yield.

Figure 4.8 shows BER versus Ropr/Ron ratio of voltage-restore unbalanced latch extrac-
ted for two Ron values — 3kQ2 (red) and 5k (blue). The graph corresponds to RESTORE
0 operation as this represents the worst case scenario — due to different PMOS resistance
of asymmetrical latch, charging node @) after the equalization is favored over charging @b,
leading to the higher RESTORE 1 yield. Results show that for a same ratio higher res-
istance values enable better yield. This is a consequence of lower impact of the parasitic

NV access transistors resistances on the sensing.

Figure 4.9 presents the robustness comparison of the three design options. The graph

shows the extracted (Ron, Rorr) pairs at 3o yield for the schematics in Figures 4.7a
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(circles), 4.7b (squares) and 4.7c (triangles). It demonstrates that: (i) balancing the

structure significantly reduces the memory window required for a same yield, and (ii)

current-restore outperforms the voltage-restore architecture. Therefore, the highest yield

is obtained at the cost of modifying the slave stage. However, these modifications do not

affect the performance and consumption significantly, which will be discussed more in

Chapter 5.
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4.3.3 Restore yield: OxRAM and CBRAM-based non-volatile
flip-flops

Finally, 2R NVFF and 1R NVFF structures (Figures 4.3 and 4.6) tied to the optimal
slave stage (Figure 4.4) are simulated, and BER is estimated for restore operations in
the [0.6V, 1V] voltage range, considering the CMOS variation, in typical-typical corner.
Then, the tails of resistance distribution of available ReRAM technologies are taken into
account, and the programming conditions that ensure 3o yield at the lowest restore

voltage are estimated.

For 2R NVFFs, Figures 4.10a and 4.10b show (ROFF_MIN, Rox wm Ax) couples which lead
to 30 yield of restore operation — for given Ron, all Ropr values above the curve result
in higher yield. With regard to the memory window and programming conditions of
OxRAM technology described in Chapter 2 (Figure 2.14), restore at 0.7V (Figure 4.10a)
is successful for Rox of 3 to 5k(2 and Ropr higher than 30k, compatible with 140uA of
Icomp and 1.5V of Vggser, enabling 10 endurance cycles. On the other hand, restore at
0.8V (Figure 4.10b) and more is possible with Roy in 4-10kQ2 range for 70pA of Icomp,

thus enabling lower programming energy.
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Figure 4.10: Restore memory window (Ropr vs Ron) extracted at 3o yield for 2R NVFFs at
different supply voltages, and the programming conditions for OxRAM stack [41,49] that ensure
successful restore (a) @0.7V, (b) @0.8V.

For 1R NVFFs, Figures 4.11a and 4.11b show the required Rrgr values versus Ron,

Rorr enabling 30 restore yield, where Rrgr is the equivalent resistance of transistor Ny
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in Figure 4.6. The lower limit of Rger (Rrer min) is defined by RESTORE 0 operation
(comparison of Rox and Rggr), and the upper limit of Rrer (Rrer max) is defined by
RESTORE 1 (comparison of Ropr and Rrgr). As depicted in Figure 4.11a, OxRAM
stack leaves a very small margin for designing Rgrgr at 1V, even with the more aggress-
ive programming conditions (e.g., Ron of 3k to 5k{) requires Rrgr higher than 12k,
and Ropp of 30kQ2 requires Rrpr less than 20k(2), while restore @0.8V is not possible

(Rrer_min higher than Rrer max)-

Instead, the sufficient memory window can be achieved by using CBRAM technologies, as
illustrated in Figure 2.8. For example, using CBRAM stacks introduced in [38,80] gives
the Rrer margin of around 70k2 to 100k(2 for the restore at 0.7V (Figure 4.11b). Figures
4.12a and 4.12b present the distribution of the currents for the CBRAM-based 1R NVFF
cells which are optimized to restore at 0.7V and 1V, respectively. Iopr mv is the current
through CBRAM device which is in the lowest OFF state, while Ion amax corresponds
to the highest ON state. Unlike 2R NVFFs; 1R cells require dedicated optimization for

different restore voltages.
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Figure 4.11: Reference resistance (Rrgr) extracted at 3o yield for 1R NVFFs at different supply
voltages. Ron and Ropr define the lower and the upper limit of Rrgr, respectively. (a) OxRAM
stack leaves small Rggr margin for restore @1V. (b) CBRAM [38,80] programming conditions
which provide the sufficient margin for Rggr implementation for restore @0.7V.
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Figure 4.12: The distribution of referent current (Iggr) and the current through CBRAM for
the border resistance values (ION_MAX and IOFF_MIN) during the equalization for 1R NVFFs,
for: (a) restore @0.7V, (b) restore @Q1V.

4.4 Store operation

The backup of flip-flop data in the NV block relies on the programming of ReRAM
device(s) in accordance with the flip-flop value. Therefore, the circuit which performs
SET, RESET, and FORMING of ReRAM depending on the control signals is required.
The general concept of proposed programming solutions is illustrated in Figure 4.13.
Transistors Ng and Pg are activated during the SET operation, while Nr and Py are
responsible for RESET of ReRAM. This allows for the separate optimization of SET
and RESET paths, to satisfy the different programming conditions needed for these
operations. Besides, both NMOS and PMOS are engaged in the programming circuit,
thus avoiding the Vg drop of the access transistors. Generally, the third operation,

FORMING of the device, can be implemented in two ways:
e by including the separate FORMING path (Np and Pg), controlled by dedicated

form and form signals

e by using the existing SET path, where set and sef signals are redefined to be

engaged during both operations.

The optimal implementation of FORMING depends on the whole NVFF cell (e.g., number

of devices, the details of programming circuit), and will be discussed in section 4.5.

ReRAM programming paths are supplied at VDDH, while the control signals are gen-
erated in the LOGIC block which operates at VDD (Figure 4.1). Considering this, the

function of programming circuit is delivering the needed programming voltage and the
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current to the device, while overcoming the voltage gap between VDD and VDDH. In
the following, two such programming circuits employing the idea shown in Figure 4.13
are proposed. Additionally, the reliable operations must be ensured, so both solutions
have all the transistors in the voltage-critical paths stacked and biased in a way that

guarantees limited voltages across their terminals.

4.4.1 Level-shifter programming solution for one ReRAM device

First programming architecture [81] is built by inserting level-shifters between the LOGIC
and NV blocks. Used level-shifter [82], depicted in Figure 4.14, consists of two branches
of stacked transistors that are differentially switched. It uses high supply VDDH and
middle supply Vy to provide the outputs at appropriate voltage levels: the input signals
A and A in the [0, VDD] range are shifted to the “low range” [0, Vy| (outputs A; and
Ap), or to the “high range” [V, VDDH] (outputs Ay and Ap). These signals then drive
the gates of output stage, placing the signal Z in full |0, VDDH] range.

This concept is applied to the store/forming parts of NV block. Transistors P; and N; in
Figure 4.14 correspond to programming transistors Pg and Ny in Figure 4.13, respectively,
while Py and Ny are inserted for reliability. The node Z is connected to the top or
bottom electrodes of ReRAM device. Gate signals Ay and A;, may come from different
level-shifters, depending on the required logic. Therefore, only the necessary inverters for
reshaping the signals are kept (e.g., I; and I3, or Iy and I;). The intermediate voltage

level V) is chosen so that all pin-to-pin transistor voltages are within the safe operating
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boundaries, while the level-shifter functionality is guaranteed. Vy; is ideally equal to
VDDH/2. However, if said conditions are fulfilled Vy=VDD can be used instead, in

order to reduce number of supplies.

4.4.2 Current programming solution for one ReRAM device

The second proposed solution [83] is based on the current programming structure depicted
in Figure 4.15a. SET of ReRAM is executed by applying signal set which activates the
current source and turns on the transistors in series with ReRAM. At the beginning of the
pulse, device resistance is high and the transistors are sized to provide high Vg = Vggr.
After the resistance switches, the mirror is working and the source current is copied thus
providing Iz = Isgr. Figure 4.16a illustrates the SET behavior. This structure performs
the function of level-shifter between VDD and VDDH (set signal levels are 0/VDD),
while additionally clamps the programming current. The RESET of ReRAM uses the
similar circuit, with the inverted top/bottom electrodes. At the beginning of the pulse
the mirror is activated and delivers Ig — Vgrgsgr/Ron in order to provide Vg — VggsgT,

and after the switching the mirror closes (Figure 4.16b).

VDDH VDDH

VDDH

-l set—
set Ve ™ S set

reset—
(a) (b)

Figure 4.15: Current programming structure: (a) principle (SET operation), (b) full current
programming circuit for one ReRAM device.

For complete store operation, device is connected to the pair of current programming
structures, as shown in Figure 4.15b. I¢g branch and transistors Py, Py, Ny and Ny are
dedicated to SET, while Igr branch together with P3, P4, N3 and Ny is active during the
RESET operation.
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Figure 4.16: Timing diagram of: (a) SET operation, (b) RESET operation.

4.5 NVFF

Based on the presented configurations for store and restore operations, four NVFF archi-
tectures are developed: 2R-LS and 1R-LS are NVFF cells that employ level-shifter-based
programming circuit, realized using two ReRAMs and one ReRAM device, respectively,
while 2R-CM and 1R-CM use current programming circuit. All NVFFs have the dual-
rail scheme with NV programming circuits decoupled from the flip-flop core, as explained
in Figure 4.1, and the slave stage with the highest restore yield given in Figure 4.4.
Consequently, this section describes only NV and LOGIC blocks for all cells.

4.5.1 2R-LS NVFF

Figure 4.17 shows the schematic of NV and LOGIC blocks of 2R-LS NVFF, which are

designed to implement the behavior given in Table 4.1.

During the store mode, activated by STR signal, R; and Ry are programmed to the
opposite states depending on the flip-flop value. Each ReRAM has the dedicated program-
ming circuit allowing for the simultaneous change of state of both devices. NV-control
signals are generated as:

S =STR-Qb_s (4.1)

Rl =STR- Q_S (42)

where ) s and Qb_s are used instead ¢ and (b in order to minimize impact on the
flip-flop performance (Figure 4.4). S;, R, and their negations S, R; are used as inputs to

two level shifters in order to place the gate signals of programming transistors in suitable
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Figure 4.17: 2R-LS NVFF (NV and LOGIC blocks).

Table 4.1: NV signals and supplies for all operating modes of 2R-LS and 1R-LS NVFFs

| mode (Q) | Ra R: || NV transistors | VDD | VDDH | vVu
forming SET SET nri, Pr1, nF2, Pre: ON || Verw/2 VERM VrrMm/2
other: OFF
store (0) SET RESET || ng1, psi, nr2, pr2: ON VNoMm VsTR VoM
other: OFF (VsTr/2)
(1) RESET SET NR1, PR1, Ds2, Ps2: ON
other: OFF
restore sense sense ni-ng: ON VoM VsTr VNOoM
prog. transistors: OFF (Vstr/2)
VRED 2VRED VRED
active / / ni, ng: ON Vyoum Vstr (0) VNoum
ng, ng: OFF (VsTr/2)
prog. transistors: OFF Vgrep | 2Vgep (0) VRED
sleep / / all OFF 0 0 0

range — NMOS transistors ngy, ngiy, nge and nge require S; and R; in “low” range (|0,

V] or [0, VDD]), while PMOS transistors psi, pri, pPs2 and pre require negated signals

in “high” range (|Va, VDDH]). To provide them, level-shifters use two inverters (I and




50 Chapter 4. Design solutions for non-volatile flip-flops

I3) instead of four shown in Figure 4.14.

For the forming mode which is activated by FRM signal, SET is performed on both
devices at the same time independently of Q value. It is done in the separate paths
consisting of ngy, nge, pr1 and pre, while the stacked transistors are shared. Fp and
Fj signals are generated in the additional level-shifter. Hovewer, in case of integrating
a large number of NVFF cells in a complex system, multiple NVFFs can be formed at
the same time and this level-shifter can be shared between cells. On the other hand,
alternative option which merges SET and FORMING paths into one would require more

level-shifters per cell for generating the proper control.

During the restore mode, resistance difference is sensed and amplified by the slave latch,
so all the programming transistors are turned off, while restore access transistors ni-ny

are open. RST is generated in LOGIC block to be used in the slave stage.

Finally, active mode resembles the restore mode, regarding the programming paths
that are disengaged. Nevertheless, in order to avoid floating of ReRAM electrodes, signal

ActRst connects them to 0 by turning on n; and ny during the active mode.

The proposed configurations of the power supplies VDD, VDDH, and Vy; are given in
the Table 4.1, where Vo is the nominal CMOS operating voltage, Vgrr and Vggy are
the values of VDDH during the store and forming, and Vggp refers to the reduced CMOS
operating voltage value. For the proper functionality of the circuit, it is important that
VDDH > Vy + 2Vry during the forming, store, and restore modes. For the long lifetime
of the circuit, Vyy and VDDH — V)1 should be minimized and not exceed Vyou for long
periods, to reduce the transistor degradation. Therefore, the optimal solution is Vy; =
VDDH/2, meaning that the separate power supply for V) is needed. However, given
the Vyowm of 28nm FDSOI and the SET/RESET programming voltage range of OxRAM
and CBRAM, the co-integration of these technologies allows for using Vgrr ~ 2V Nowum-

Therefore, using two power supplies is proposed:

Vsrr, store and restore modes (e.g. 2V)
VDDH = { Vg or 0, active mode (4.3)

VrRrur, forming mode (e.g. 3V)
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V store, restore, active modes (e.g. 1V
Viu=VDD=2{ "M (eg- 1V) (4.4)

Vrru /2, forming mode (e.g. 1.5V)

Note that NVFF in regular flip-flop mode operates correctly even with other supply
combinations. However, VDDH = Vgrr or VDDH = 0 are suggested in active mode as
they ensure simplest power management or minimum consumption, respectively. In order

to allow the system operate at reduced voltage, this can be extended to:

2V RED, restore mode (e.g. 1.6V)
2V or 0, active mode
VDDH ={ = P (4.5)
Vsrr, store mode (e.g. 2V)
Verar, forming mode (e.g. 3V)
VR®ED, restore and active mode (e.g. 0.8V)
VM=VDD = { Vyou store mode (e.g. 1V) (4.6)

Verym/2, forming mode (e.g. 1.5V)

4.5.2 1R-LS NVFF

1R-LS NVFF cell is given in Figure 4.18. Since it employs the same programming concept
as 2R-LS it is based on Table 4.1, but only the circuitry related to device R; is imple-
mented. Therefore, only one pair of SET and RESET programming paths is used. How-
ever, two level-shifters are still needed to accomplish required behavior during the store

mode.

Concerning the forming mode of 1R cell, it only differs from STORE 0 operation in
voltage levels. Hence, FRM signal is removed, and forming is performed in two steps: (i)
0 is written to the flip-flop, (ii) signal STR is activated. As a result, the forming path is
removed from NV block, while LOGIC is simplified.

Restore mode relies on the 1R idea explained in Figure 4.6, while the active mode

and the power supplies configuration are the same as in 2R-LS NVFF.
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Figure 4.18: 1R-LS NVFF (NV and LOGIC blocks).
4.5.3 2R-CM NVFF

Figure 4.19 depicts the schematic of 2R-CM NVFF, designed to implement the behavior
given in Table 4.2. In all operating modes, the required behavior for R; and Ry is identical
to the 2R-LS case, and the difference comes from the NV-control signals and the power

supplies.

For the store mode, both ReRAM devices have one current mirror programming circuit
(Figure 4.15b) attached to them and controlled with set;, reset; and sets, resety signals,
respectively. Unlike 2R-LS implementation, forming uses the same programming path
as SET operation, which is accomplished by the minor extension of logic functions. Thus,
the control signals are generated in LOGIC block at 0/VDD levels as:

sety = STR-Qb_s+ FRM (4.7)
sety =STR-Q_s+ FRM (4.8)
resety = STR-Q s (4.9)
reseto = STR-Qb_s (4.10)

While the restore is same as in 2R-LS, signal ActRst is not needed in 2R-CM, given that
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the top electrodes are not floating in active mode.
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Figure 4.19: 2R-CM NVFF (NV and LOGIC blocks).

Table 4.2: NV control and supplies for all operating modes of 2R-CM and 1R-CM NVFFs

| mode (Q) || Ra R: | NVcontroo | VDD | VDDH | Vy
forming SET SET set; = setp = 1 VrrMm/2 VerMm VrrMm/2
reset; = resets = 0
store (0) SET RESET set; = resetp = 1 VNoMm VsTr VNoMm
reset; = setg = 0 (VsTr/2)

(1) RESET | SET reset; = setg = 1

set; = resetg = 0

restore sense sense ni-ng: ON Vyom | Viowm (0) VoM
set; — reset; — 0
setg — resety — 0 Vrep | Vrep (0) VRED
active / / ni - ng: OFF Vyom | Viowm (0) VNoMm
set; = reset;y = 0
sets = resetg = 0 VR®RED Vrep (0) VR®RED
sleep / / all OFF 0 0 0

The proposed configurations of the power supplies VDD, VDDH, and V) are given in
the Table 4.2, with the same nomenclature as in previous sections. For the proper func-
tionality of the circuit, it is important that VDDH > Vy; + 2V gy during the forming and
store modes. On the other hand, in the restore mode transistors P;-P, of the program-
ming circuits (Figure 4.15b) must be turned off. Thus, Vyy = VDDH/2 relation, which
is preferable for LS NVFFs, is forbidden, since it causes PMOS leakage and impacts the
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restore vield. As a results, the proposed combination of power supplies is:

VNowm or 0, restore and active modes (e.g. 1V, or 0)

VDDH = Vg, store mode (e.g. 2V) (4.11)
Vera, forming mode (e.g. 3V)
V store, restore, active modes (e.g. 1V
Vu=VDD={ M (cg- 1V) (4.12)

Verm/2, forming mode (e.g. 1.5V)

In order to allow the system operate at reduced voltage, this is extended to:

Vgep or 0, restore and active mode (e.g. 0.8V, or 0)

VDDH = { Vgrg, store mode (e.g. 2V) (4.13)
ViR, forming mode (e.g. 3V)
VR8ED, restore and active mode (e.g. 0.8V)
Vu=VDD = { Vyou store mode (e.g. 1V) (4.14)

Veram /2, forming mode (e.g. 1.6V)

4.5.4 1R-CM NVFF

___ |LocGIc
RST < RST
Qs e
i Qb_s - STR
]
reset;
set;

Figure 4.20: 1R-CM NVFF (NV and LOGIC blocks).

1R-CM NVFTF cell is given in Figure 4.20. It is implemented according to R-related part

of Table 4.2. It uses only one programming circuit, and do not require FRM signal, since
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forming is performed as STORE 0 operation. Restore mode relies on 1R idea explained
in Figure 4.6, while the active mode and the power supplies possibilities are the same as
in 2R-CM NVFF.

4.6 Summary

Four non-volatile flip-flops presented in this chapter (2R-LS, 1R-LS, 2R-CM, 1R-CM),
built by attaching the non-volatile part to the standard master-slave flip-flop, successfully
co-integrate ReRAM and 28nm FDSOI technologies. Statistical analysis of the flip-flop
core reveals that the current-restore balanced architecture is the most robust in terms of

restore yield, and is thus used for the slave stage of NVFFs.

2R NVFF cells are robust and compatible with ReRAM technologies with small memory
window. They have high restore yield even with less aggressive programming conditions,
leading to high endurance. Particularly, simulation and silicon results suggest implement-
ation of 2R NVFFs using available OxRAM devices, with restore at 0.8V or higher, for

low programming energy.

On the other hand 1R NVFFs offer higher integration density, eliminate the FRM signal
and forming programming part, and allow sharing of the restore current mirror between
multiple cells. From the design point of view, 1R NVFFs are more energy efficient in
both active and store mode, since they involve only one programming circuit and simpler
control block. However, they require higher memory window which limits the choice of
ReRAM technology and its programming conditions. Data indicate that using available
CBRAM devices can result in 1R NVFFs which can operate at 0.7V in restore mode.

Both programming solutions use only thin-gate oxide transistors, which makes them
compatible with digital design flow. Moreover, they are reliable and can be implemented
with below-28nm CMOS nodes. NVFFs overcome the gap between SET and RESET
programming conditions, and have simple forming operation. Compared to LS NVFFs,
CM NVFFs do not require generation of intermediate signals on different voltage levels.
Dynamic voltage scaling of VDDH and VDD between store, restore, and active modes is
necessary for CM NVFF, while it can be avoided in LS NVFF.
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5.1 Implemented non-volatile flip-flop cells

In order to compare two programming architectures (LS and CM) and two restore config-
urations (2R and 1R) explained in Chapter 4, three of presented NVFF cells are imple-
mented and evaluated in 28nm FDSOI CMOS technology: 2R-LS, 2R-CM and 1R-CM.
To obtain the sufficient restore yield, 1R-CM is implemented with CBRAM, while 2R
NVFFs use OxRAM, as discussed in subsection 4.3.3. Programming circuits in the cells
are optimized to ensure Ron and Ropp distributions that improve endurance and min-
imize programming power, listed in Table 5.1. Apart from the nominal voltage, 2R, cells
can also operate at reduced voltage of 0.8V, determined in subsection 4.3.3 as the min-

imum voltage for the restore operation (for the chosen ReRAM programming conditions).
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On the other hand, although chosen memory window of CBRAM technology allows for

reducing the supply, designed 1R cell contains the restore current source optimized for

nominal voltage only.

Table 5.1: Parameters of implemented NVFFs

| Architecture || 2R-LS, 2R-CM \ 1R-CM
Technologies OxRAM [41,49], 28um FDSOI | CBRAM |38, 80], 28um FDSOI
Rox (£30) 7kQ (4-10 kQ) <30 kO
Rorr (£30) 200 k€ (30-1000 k€2) >200 kS
VoM 1V 1V
Vstr 2V 2.2V
VRED 0.8V /

Besides the comparison of proposed NVFFs among cach other, they are benchmarked
on the schematic level to: the standard MSFF cell used for building NVFFs (x8 drive),
and the dual-rail flip-flop with data-retention latch (“balloon”). Additionally, for MSFF
and NVFFs more thorough post-layout simulations are performed. The “balloon” data-
retention flip-flop (shown in Figure 5.1) is based on the multiple threshold-voltage solution
presented in [8]. In FDSOI technology the native Vg of the transistor is defined by the
metal gate and the well doping type while multiple thresholds can be realized by poly-
biasing |84|. Based on that, all transistors in this cell are regular-Vry devices, but six

retention latch transistors have channel lengths increased by +16nm to provide higher

Qout
D h C cn
P P
TE —
Cp [:cn[: c ¢
B, ——]— B BCIkB, — VDD

— VDD B

Figure 5.1: “Balloon” cell: dual-rail MSFF with the data-retention latch supplied at VDD _B.
Shaded inverters are poly-biased.
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Vru for lower standby leakage current. Additionally, control signal B3 has been detached
from signal B2 to close the balloon loop in active mode, thus avoiding floating state and

reducing consumption.

In this chapter, first the impact of adding NV property to the flip-flop is investigated -
the performance and power consumption of NVFFs and FFs are evaluated at nominal and
reduced voltages. Second, the consumption of store and restore operations is analyzed
and compared to the leakage of volatile FFs, to explore the benefit of replacing standard
cells with NVFFs.

5.2 Impact on active mode

5.2.1 Performance

Figure 5.2 shows the propagation delay of NVFF and “balloon” schematics normalized
to MSFF, at nominal voltage. The delay is measured from 40% of clock rising edge to
60% of rising and 40% of falling edge of the output signal, for low-to-high (LH) and
high-to-low (HL) transitions, respectively. The data is set on the falling clock edge, to
avoid setup and hold time violations. On the schematic level, non-volatile flip-flop delay
depends only on the core while NV block is decoupled, hence all NVFF cells have the
same characteristics. The delays are estimated for various output loads (Cy,: from 1 to 12
x4 inverters) and various D/CLK input drivers (BF: x8 buffer, x4 buffer, and x4 buffer
driving 4 FFs). Increasing the load and decreasing the drive results in higher propagation
delay of both MSFF and NVFF, leading to reduced delay penalty. Compared to MSFF,
NVFFs do not exhibit significant performance degradation (less than 3%), which makes

them competitive with “balloon” cell.

Having such a small overhead of tcrk.q is a consequence of using the MSFF core given
in Figure 4.1, in which adding the load on the internal nodes ¢ and @b only slightly
affects the path to the output Qout by changing the slope in @b. On the other hand,
additional load on the internal nodes in the MSFF QN core from Figure 4.2 has much
higher impact on tcrk.q as it is added on the critical path to the output ()Nout. Results
shown in Figure 5.3 confirm that using MSFF QN instead of MSFF core increases delay
penalty from 2-3% to 80-90%.
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Figures 5.4 and 5.5 show more extensive post-layout performance evaluation of the cells -

clock-to-q latency (tcrk-q) as a function of clock-to-data delay (tcrk-p), at nominal and

reduced voltage, respectively. Data/clock drivers and the output load corresponding to
the worst case in Figure 5.2 are used (Cp=x4, BF=x8). Obtained results show small

discrepancy among NVFFs due to the layout differences, but all cells have less than 8.5%

increase of clock-to-q delay compared to MSFF at nominal voltage. Setup and hold times

are not impacted since they depend on unmodified MASTER stage.
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Figure 5.4: tcrk.q as a function of terk-p, for MSFF and NVFFs, @1V (post-layout simulation).
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Figure 5.5: tcrk-q as a function of tcrk.p, for MSFF and 2R NVFFs, @0.7V (post-layout
simulation).

5.2.2 Consumption

Figure 5.6 shows the active energy of MSFF, 2R-LS, 2R-CM, and 1R-CM at nominal VDD
and zero VDDH, for 10MHz-1GHz frequency range (post-layout simulation results). The
consumption is evaluated for 6% data activity and 100% clock activity, using nominal
Ron and Ropr values for 2R NVFFEs, and nominal Roy for 1R NVFEFF. The test structure
uses x8 input buffers for data and clock, and x4 inverters as an output load. The active
energy consists of dynamic part dominant at high frequencies, and static part depend-

ent on the clock period and dominant at low frequencies. Dynamic energy overhead in

x 1012

{ MSFF

1 @ 2R-LS (VDDH = 0)

1 ©O 2R-CM (VDDH = 0)
¥ 1IR-CM (VDDH = 0)

Eacrive [J]

1 I - L

107 ‘ ‘]l'I* T ]O”
Frequency [Hz]

Figure 5.6: Active-mode energy of MSFF and NVFF cells for different frequencies and data
activity of 6%, Q1V (post-layout simulation).
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NVFFs comes from the modifications in SLAVE stage and the LOGIC block, while static
consumption overhead additionally includes the leakage in NV block. 2R-L.S NVFF has
higher consumption than 2R-CM due to stronger leakage in level-shifters. 1R-CM has
the smallest consumption at low frequencies due to simpler LOGIC, but it is higher than

2R-CM at high frequencies due to different load of internal signals.

Figures 5.7 and 5.8 show the active energy of NVFFs normalized to MSFF, for the range
of data activity levels (2%, 6%, and 10%) and frequencies (1GHz, 10MHz), at nominal
and reduced voltages, respectively. Presented results investigate different possibilities of
VDDH level during the active mode, as discussed in equations 4.3 — 4.6 and 4.11 — 4.14
of Chapter 4. The impact on the consumption is proportional to the data activity. At
high frequencies, the cells show similar overhead (<8% at nominal, and <7% at reduced
voltage, @1GHZ), while the difference is more notable at low frequency. In general,
turning off VDDH increases energy efficiency by suppressing the leakage of the cells.
Particularly, in 2R-LS NVFF using high VDDH can drastically increase consumption
(up to 2.5x at nominal, and 1.7x at reduced voltage, @10MHz).

3.0
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Figure 5.7: Active-mode energy of NVFFEs @1V, for different frequencies and data activity levels
(post-layout simulation).
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Figure 5.8: Active-mode energy of NVFFs @0.8V, for different frequencies and data activity
levels (post-layout simulation).

5.3 Sleep energy

5.3.1 Store operation

For all NVFFs, the energy of the store operation is:

Estore = Estore vpop + Estore vbDpDH (5.1)

Energy in VDD domain (Esrore vop) is spent in MS core and LOGIC block during the
store pulse. Assuming that clock and test inputs are low, it depends on the flip-flop value
that is to be stored (@) and the input D, and can be represented as:

Estore vpp(Q, D) = Estore_vpp_dyn +tp - PSTORE VDD _stat (5.2)

where tp is the width of the store pulse.

Similarly, consumption in VDDH domain (Estore vppr) consists of static and dynamic
part. However, considering the programming conditions of ReRAM technologies, dynamic
energy needed for activating the programming circuits is negligible, therefore only static
energy will be taken into account:

Esrore vppu(Q, NVaa) ~ Estore vDDH stat (5.3)
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Esrore vppw is related to the flip-flop value previously stored in NV block (NVq) and
the current flip-flop value (@), as summarized in Table 5.2. Eorr.on, Eon.orr, Eon.on
and Eopp.opr correspond to energy spent in the programming circuit of one ReRAM, for
SETing the device which is in OFF state, RESETing the device in ON state, SETing the
device which is already ON and RESETing the device which is OFF, respectively. This
representation corresponds to 1IR-CM NVFF, and 2R-CM NVFF where full programming
circuits (current mirrors) of two devices are separated. In 2R-LS NVFF, the programming
transistors are separated, while the level-shifters are shared between devices. However,
this approximation is justified since the leakage of level-shifters is negligible compared to

the currents in programming transistors.

Table 5.2: Store energy in VDDH domain (ESTORE_VDDH)

| NVoa Q|| 2R-LS,2R-CM | IR-CM |
01 Eorr-on + Eon-orr | Eon-oFF
10 Eorr-on + Eon-orr | Eorr-on
00 Eorr-orr + Eon-on | Eon-on
11 Eorr-orr — Eon.on | EoFF-oFF

To evaluate VDDH energy, simplified ReRAM programming behavior with abrupt switch-
ing and stable resistance before and after switching is assumed and illustrated in Fig-
ure 5.9. tg and tg are SET and RESET switching times of the device, while tp is the store

pulse width covering device switching time variability. Vg is the voltage across ReRAM,

OFF-ON ON-ON ON-OFF OFF-OFF
VDD [ set | [ set set set
[ — A — | |
VDD | reset | reset m reset m reset
0 - — ~ - - e —— e —
; Rorr i <R 35 Rorr Rorr
[t SlRwR | Rv R | Ry~ —R [~ "R
e k| lreser_ g Irsser Ie
i ,
YEDH. | Veg Ve Vi |__Vreser p——o Vi W&

Figure 5.9: Timing diagrams of R, V, and I of one ReRAM during the store pulse, depending
on the initial device state (Ron or Ropr) and required operation (SET or RESET).
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while IR is the device current. Based on this model, four presented scenarios are:

FEorr—on = Porrspr - ts + Pongar - (tp — ts) (5.4)
Eon-orr = PoNgpspr *tR + Porrapser - (tp — tr) (5.5)
Fon-on = Pongy - tp (5.6)

Eorr—orr = Porrppspr - tpP (5.7)

where Poppg,,, is the power of programming circuit when the device is in OFF state and
SET path is activated, Pong,, is the power when the device is in ON state and SET path

is activated, etc. Therefore:

Vser

Porrspr = %VSTR (+ IcsVsrr) (5.8)
Pongpr = IserVsrr  (+ IcsVsrr) (5.9)

Vi
PONRESET = %VSTR (+ ICRVSTR) (510)
Porrppser = IreserVsrr  (+ IorVsrr) (5.11)

where Vgrg is the level of VDDH during the store mode, and Isgr, Ireser, Vser and
VReser are shown in Figure 5.9. The components in the brackets are used in CM NVFFs

and Ics/Icr correspond to SET/RESET current sources.

Table 5.3 summarizes the values of the currents and voltages used in equations for imple-
mented cells (post-layout results), for nominal and extreme resistance values. Since Iggr
and Vggsgr are crucial for reaching targeted Ron and Ropp, the programming circuits
are optimized to achieve them, while the other two parameters (Iggspr and Vsgr) are

merely a result of that optimization.

Figure 5.10 shows store VDD consumption of proposed NVFFs, Esrore_vpp, for all Q/D
combinations and the same STORE drive (post-layout results). Leakage (left) of 2R-LS
is similar to 2R-CM, while 1R-CM requires less static power due to simpler logic block.
Dynamic energy (middle) is higher for CM design than LS, and lower for 1R than 2R.
However, total consumption (right) of 1R-CM is higher than the total consumption of

2R-LS due to longer store pulse.
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Table 5.3: ReRAM programming conditions (post-layout results)

| NVFF | 2R-LS | 2R-CM | 1R-CM |
RONmin | RONnom | RONmax RONmin | RONnom | RONmax RONmin | RONnom | RONmax
IsgT [1A] 86.5 82.5 79.3 72.8 71.2 69.5 53.0 52.0 47.0

VRESET [V] 1.3 1.6 1.7 1.3 1.6 1.7 1.3 1.6 1.9
ROFFmin | ROFFnom| ROFFmax|| ROFFmin | ROFFnom| ROFFmax|| ROFFmin | ROFFnom| ROFFmax

IreseT [pA] 63.0 9.9 2.0 63.0 9.9 2.0 8.7 5.5 2.2

Vser V] 1.5 1.9 2.0 15 1.9 2.0 2.1 2.1 2.9
Tes [pA] 0 11.9 15.6
Icr [pA] 0 11.9 20.6
tg, tr, tp [nS] 50, 50, 100 50, 50, 100 250, 250, 500
g x 107 g x 1015 . x 1018 =
- i 0 7 '
Z, ) =6 = 6
} : B ( ) 3 Qs
R 2
gsf 8 9 gl &, S g v
g 4 | % 3I'H ¥ 5 3
7 2R 2R IR &5 2 v 2
A 31§ CM CM 1 |- 9R._2R .. IR I 13[5‘ é‘i‘ lcia
, ,LIs ™M cm 2

Figure 5.10: Store energy in VDD domain (Esrore vpp) of NVFFs, for all Q/D combinations:
static power, dynamic energy and total consumption (post-layout simulation).

Power consumptions in programming circuit of one ReRAM device, described by equa-
tions 5.8 — 5.11, are given in Figure 5.11 for three implemented NVFFs. The results are
shown for nominal and extreme resistance values, using the extracted programming con-
ditions listed in Table 5.3. Similarity between 2R-CM and 2R-CM results indicates that
CM and LS architectures have comparable consumptions since the cells are optimized for
the same programming conditions, and the additional current sources in CM NVFF do
not contribute significantly. On the other hand, the difference between 1R-CM and 2R-
CM power consumptions reflects the difference in used ReRAM technologies. Generally,
1R-CM results show lower consumption due to higher resistance values (and Iggr). The
exceptions are Poprg,, and Poprgpep, for high Ropr, as 1R-CM cell is designed with
stronger current sources than 2R-CM. Data show that the most power hungry operation
is RESET of low-resistance state device, followed by SET of low-resistance state device.

Operations performed on the device in OFF state are significant only for low Ropr.
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Figure 5.11: Static power consumptions in VDDH domain per ReRAM programming circuit
in NVFFs, corresponding to equations 5.8 — 5.11, for the whole resistance range: Porrggy,

PoNggrs PoNppsprr POFFrpspr (Post-layout simulation).

Based on previous results, Figure 5.12 shows the estimated store VDDH energy of im-
plemented NVFFs (ESTORE_VDDH), obtained using Table 5.2 and equations 5.4 — 5.7, for
four NV,4/Q possibilities. Results are given for nominal resistance values. 2R NVFFs
consume between 20 and 35pJ, and 1R-CM between 30 and 120pJ depending on the Q
activity. Even thought 1R-CM NVFF on average has lower power consumption per pro-
gramming circuit (Figure 5.11), and uses less programming circuits than 2R NVFFs; its
energy consumption exceeds 2R cells. This is a consequence of assumed switching times
and store pulse widths, which are five times longer for CBRAM than OxRAM technology
(see Table 5.3).
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Figure 5.12: Store energy in VDDH domain (Esrore vppn) of 2R-LS, 2R-CM, and 1R-CM
NVFFs, for all NV,14/Q scenarios, corresponding to Table 5.2 (post-layout simulation).
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5.3.2 Restore operation

Figure 5.13 shows the simulated restore energy of implemented NVFFs (Ergstorg) at
nominal voltage, for the range of Ron and Ropr resistances. The consumption depends
on stored NV value (RESTORE 1 or RESTORE 0), and flip-flop value (@). The results
are given for the RESTORE and FEQU pulse widths of 1.5ns and 0.5ns, respectively.
1R-CM NVFF consumes the most due to active restore current source, while 2R-CM and

2R-LS NVFFs have similar consumption.
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Figure 5.13: Eggstorg of different NVFFs @1V, for all NV /Q scenarios and the whole resistance
range (post-layout simulation).

5.3.3 Break-even time

In order to benchmark the sleep energy of NVFFs to MSFF and “balloon” flip-flop, basic
scenario in which the flip-flop data is stored each time before going to sleep mode is

assumed (Figure 5.14).

Therefore, in one sleep cycle between consecutive active modes, NVFFs spend:

Esipepyyre(Q, NVoa) = Esrore + Erpstore ~ Estore vopH stat(Q, NVaa) (5.12)

This simplification is justified as results in Figures 5.10, 5.12 and 5.13 demonstrate that
store consumption in VDD domain (Esrore vpp) and restore consumption (Ergstore)
are negligible compared to the consumption in VDDH domain (Esrore vppm), using «1%

of the total energy.
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Figure 5.14: Illustration of the power consumption of different cells.

On the other hand, sleep energy of MSFF depends on the time spent in this mode, tsigrp,

and its power supply that is reduced to Vgygr:

Esieepysper (tsieep; Veer: Q) = VReT * Licakage(Q) - tsLeep (5.13)

Finally, the sleep energy of “balloon” cell includes both store/restore transitions and the

leakage of the retention part whose supply VDD B is reduced to Vggr:

EsieErPsas0on (tseeer, Vrer, @, NVad) = Veer - Lieakage(Q) - tsLeEpr
+ Esrore(Q, NVua) + Eresrore(Q) (5.14)

Break-even time (BET) of NVFF vs. MSFF /“balloon” is defined as ts ggp for which the
MSFF /“balloon” sleep energy is equal to NVFF sleep energy. Thus, replacing MSFF/
“balloon” with NVFF brings energy savings if periods of inactivity are longer than BET.
Figures 5.15 and 5.16 show the BET of three NVFFs vs. MSFF and “balloon” cells,
respectively, as a function of reduced voltage Vggr. The graphs depict the range of
curves for four (NV, Q) possibilities, while the bold curve represents the average. For
example, if the system uses the “balloon” cells supplied at 0.5V for the data-retention,
replacing them with 2R-LS/2R-CM or 1R-CM is beneficial if the periods of inactivity are
longer than 0.2 - 0.8 s, or 0.7-3 s.
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Figure 5.15: BET of NVFFs vs. MSFF as a function of MSFF retention voltage (Vgrgr), for all
NV,1q/Q possibilities (post-layout simulation).
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Figure 5.16: BET of NVFFs vs. “balloon” as a function of “balloon” retention voltage (VrgT),
for all NV1q/Q possibilities.

5.4 Physical implementation

Figures 5.17, 5.18, and 5.19 show the layouts of 2R-LS, 2R-CM, and 1R-CM cells. NVFF
layout is fully compatible with the digital design flow, using two standard cell rows, with
the metal-2 VDDH stripe in the second row. ReRAM cells are added at the back-end-of-
line, between metal-8 (B1) and metal-9 (IA) layers.

Compared to the corresponding MSFF from the standard cell library (1.2um x 3.128um),
NVFFs are 5.6x (2R-LS), 4.4x (2R-CM) and 3x (1R-CM) larger. Area overhead of 2R-LS
can be reduced by sharing the FORMING level-shifter between several NVFFs, while in

1R-CM case it can be achieved by sharing restore current mirror.
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Figure 5.18: 2R-CM NVFF layout. Figure 5.19: 1R-CM NVFF layout.

5.5 Summary

Compared to standard MSFF cell, NVFFs exhibit small increase of propagation delay,
lower than the “balloon” data-retention flip-flop. At nominal voltage, this increase is
around 5% or 8% for low-to-high or high-to-low tcrk.q, respectively. Furthermore, results
show that the consumption in active mode is the smallest for 1R-CM cell and the highest
for 2R-LS NVFF. In the case of LS NVFFs, the same VDDH in all modes is allowed,
however not using dynamic voltage scaling to reduce VDDH can significantly increase the
leakage of programming part of the cell. Active-mode consumption penalty is proportional
to the clock period and the data activity, ranging from 2-4% at 1GHz with 2% activity to
10-14% at 10MHz with 10% activity, at nominal voltage. Both, speed and consumption

overheads are lower if cells operate at reduced voltage in active mode.

During the store operation 1R-CM cell has the lower power consumption than other
NVFFs, due to higher resistance values and only one programming circuit. However,
its required store energy of 30-120pJ is the biggest, which is a consequence of longer
switching times of CBRAM devices. 2R-CM and 2R-LS NVFFs have the similar store
energy consumption of 20-35pJ. In comparison with MSFF| estimated break-even time of
NVFFs is in range of 5-200ms for OxRAM-based 2R cells, or 10-700ms for CBRAM-based
1R cell (the range covers 0.3-1V retention voltage of flip-flop, and all possible values of
stored data in consecutive cycles). It increases to 0.1-2s (2R) or 0.2-6s (1R), when NVFEs
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are compared to “balloon” flip-flop. Note that given results correspond to the simplest
scenario in which the back-up is performed before each sleep period, and that different use
cases may bring higher energy savings. For simplicity, presented estimation of standalone
cells ignores the transitions of power supplies between the operating modes. This aspect

must be taken into account into the savings analysis on the system level.

The biggest penalty of non-volatile over volatile version of flip-flop is in the area of the cell,
as the NVFFs are 3x (1R-CM NVFF) to 5.6x (2R-LS NVFF) bigger than MSFF.
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6.1 Introduction

Apart from the flip-flops which are scattered through the digital logic, microprocessor
cores also contain certain number of addressable memory elements (e.g., general-purpose
registers) that can be organized in a regular array — register file. Typically, the register
files must be capable of simultaneously reading and writing multiple data in each clock
cycle, thus they are realized as multi-port architectures [85]. To achieve high-performance,
simple and robust solution with minimal design time, processors with a small number of

registers and access ports often employ flip-flop-based register files generated using RTL
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code. For higher density and lower power consumption, large register files in complex

processor cores are generally designed as full-custom SRAM-like arrays.

In order to satisfy all the challenges of co-integration of ReRAM and CMOS technologies,
non-volatile flip-flop design solutions presented in Chapter 4 imply large area overhead.
However, they can be used to design denser multi-port non-volatile register file (NVRF)
by placing the common parts of NVFF outside of the cell and sharing it between multiple
cells. Common peripheral circuitry can be then provided for both volatile (multiple read,

multiple write), and non-volatile operations (store, restore).

Novel NVREF architecture based on this principle is demonstrated in this chapter. Two-
read, one-write (2R1W) access is realized, as this number of ports is compatible with the
instruction set of ARM Cortex-MO0+ processor. It contains 16 32-bit words, corresponding
to 13 general-purpose registers, stack pointer, link and auxiliary registers of M0+. NVRF
is designed and laid-out in 130nm CMOS and CBRAM technologies. While increasing
the cell density, the register file meets the constrains given for NVFFs in section 4.1: us-
ing nominal voltage for the volatile part and higher voltage for ReRAM, optimizing the
design to achieve programming currents for lower consumption and increased endurance,
overcoming the discrepancy between SET/RESET programming conditions, and ensur-
ing the sufficient restore yield. As the nominal supply of 130nm CMOS node is closer
to ReRAM programming voltage, transistor stacking is not implemented, although the

solution uses only thin-gate oxide transistors.

6.2 Register file architecture

6.2.1 Top level

Proposed NVRF architecture relies on 1R-CM NVFF described in Chapter 4. Current
programming solution (CM) is chosen over level-shifter programming (LS) as it requires
less area, while their power and speed characteristics are comparable. Besides, it can be
simply integrated into an array by sharing the current sources between several cells. Re-
garding the restore operation, implementing NVRF with high-memory window CBRAM
technology allows for 1R configuration, which is smaller and consumes less than 2R (for
the same ReRAM type). Moreover, it simplifies the design as it does not require dedicated

forming signal.
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Non-volatile register file, depicted in Figure 6.1, consists of the following components:

e one M cell per column, which is identical to the master stage of MSFF,

e array of S-NV bitcells, where S is the adapted slave stage of MSFF and NV stores

data from S in a non-volatile way,

e one ST and RST block per column, as the common parts of store and restore

circuitry,

e READ blocks, used during read and store operations, and

e DECODERS, to provide required word-line signals.

Ds; Do
“b Qb D Q
M3, M,
CP R CP R
HCLK 9 |BWy T | BW,
N VDDH / VDDH
. ] Q —{ Q H
// WL_CLK WL_CLK
ADD WR qR 031 4dRr 0,0
4 WL ST = WL ST
+ WL_RST S WL_RST »
= |- = /
ADD_RD1 \ WL_EQU 582 WL_EQU 588 :
" NVos1223 NV 2522 Q1
ADD_RD2 WL_RDI WL _RDI
WL _RD2 WL _RD2
STORE z = =
4 g a <
a m
ADD NV o) L | L | 3
N Q Qu Q & Qu Q ~
= WL_CLK WL_CLK
=] dr 15,31 dr 15,0 Q2
RESTORE WL _ST - WL_ST
WL_RST I WL _RST _
RST70 WL_EQU SI8|2| WL_EQU SIE'SI‘;’ZI
NVisszza NViso==22
RST* 1 WL_RDI1 WL_RDI1
WL _RD2 WL _RD2
RST 2
VDDH VDDH
RST 3 | |
RST GL Q GL RST GL QGL
RESET ST GL  ST/RST;; ST GL  ST/RST,

Figure 6.1: Proposed NVRF architecture.

Like NVFF, the solution uses two power supplies — CMOS operating voltage VDD, and
VDDH for programming of ReRAM devices. VDDH rail is distributed to the NV part of
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bitcell and ST block, while VDD supplies all other blocks. The digital signals are:

e standard write inputs: 32b input data (D), 4b write address (ADD_ WR), clock
(HCLK) and asynchronous reset (R),

e standard read inputs and outputs: two 4b read addresses (ADD RDI1, ADD RD2)
and two 32b output data (QI and Q2),

e NV-related inputs: global STORE and RESTORE control signals, 4b store address
(ADD_NV) and four restore signals (RST 1-RST /).

6.2.2 M and S-INV cells (write operation)

Standard master-slave flip-flop cell used as a base for the register file design is shown in
Figure 6.2. The M cell of NVRF is the same as the master stage of MSFF, except the
clock inverters which are weaker in the M cell, as their load is now reduced. S-NV bitcell,
given in Figure 6.3, employs the slave stage of MSFF. As explained in subsection 4.3.2,
slave is connected to the NV restore part through sources of the latch NMOS transistors,
for the current-restore which improves the restore yield. Small Icp; and Icpo inverters
arc added to provide required clock signals. NV part of the bitcell will be explained in

the following sections, as it is related to the store and restore operations.

4° 10y
D D —|—Dcn {>c Qm—lﬂ—IQ_| IQb[: Q
kI Ry
|°_cn .
Ccp— [: cn[: C |_C ]
R —1—— |‘R cn
M —

Figure 6.2: Volatile MSFF used for building NVRF.

In order to capture the data D to the register at address ADD _WR on the rising edge
of the clock HCLK, the address is decoded and corresponding word-line signal WL CLK
which acts as a slave clock is generated. However, deriving the slave clock by simply gating
the master clock with the decoded address may cause the write error, as demonstrated in
Figure 6.4. The delay between clocks, caused by decoder, leaves both master and slave

stages transparent between falling edges, and input D is passed to the output ). To avoid
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Figure 6.3: S-NV bitcell.

WL _ST

this, signal WL _CLK must have high level “inside” the master clock pulse, as shown in

Figure 6.5.

HCLK | M transparent HCLKJ M opaque
WL _CLK S transparent WL _CLK S transp.

Q=Qm=D
fail!
Figure 6.4: If the slave clock (WL_CLK) Figure 6.5: Master clock must envelope the
is gated master clock (HCLK), wrong value slave clock to prevent the error.

may be written to NVRF.

To reshape the data signal and enable fast write operation, the buffers BW are inserted

between M cell and the column of S-NV bitcells, as depicted in Figure 6.1.

Compared to single MSFF, the delay between master and slave clocks causes the increase

of HCLK-() propagation time, while not impacting setup and hold times.

However,

certain delay may appear in the MSFF-based volatile register file if it uses slower flip-flop

cells with enable signal. The inserted buffers do not bring additional delay penalty as it

is masked by WL CLK delay.
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6.2.3 RST block (restore operation)

Restore operation uses the same method as 1R NVFF — differential sensing is performed

to compare single ReRAM device to a reference resistance designed using current mirror.

As shown in Figure 6.6, S-NV bitcells contain restore access transistors N; — Ny, while
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Figure 6.6: RST block with two S-NV bitcells in one column.
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the slave latch acts as a sense amplifier. They include P;1-P3 as precharge transistors, and

Ng1 and Ngg to ground the sources of the latch when the cell is not in restore mode.

Each bitcell has one ReRAM device, while the current source used to generate the ref-
erence is located in RST block and shared between cells. Global RST GL signal is
active during whole restore procedure (for the full array), providing the stable current
in the source (Icyr). By activating WL _ FEQU and WL _RST, reference current Igxgp
and device current Iz are generated and compared in the selected word, as illustrated in

Figure 6.7a.

Note that the latch in the bitcell is not fully balanced, i.e. there are no inserted transistors
and inverters which exist in NVEFs (Pg, N, and IV; in Figure 4.4). The yield of restore
operation is sufficient without this modification, since: (i) transistor stacking is not used
in the design, leading to reduced resistance of restore access transistors, and (ii) the
wider CMOS nodes have less process variation. This is demonstrated in Figure 6.7b,
which shows the spread of reference current and ReRAM current in one cell (Iggr and
Ig in Figure 6.6). The results are shown for the smallest memory window of CBRAM
— lon max is obtained for maximal Roy, while lorr v corresponds to minimal Ropr.
Monte Carlo simulations are performed for 10000 samples, taking into account the process
variation in all corners, at nominal VDD voltage of 1.5V. Results show that there is no

overlap of compared currents, leading to the correct restore operation.
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Figure 6.7: (a) Timing diagram of RESTORE 1 of selected cell (ReRAM is in OFF state). (b)
The distribution of referent current (Iggr) and the ReRAM current for the extreme resistance
values (Ion max for Ron wmax, and Iorr MmN for Rorr min) during the restore @1.5V.

Since RST generates the reference voltage which is the same for the whole array, single

block can be used to simultaneously store multiple bitcells. Still, one RST is placed in
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each column, as it simplifies the layout design, without the area overhead and results
in minimal voltage loss in bit-lines. Moreover, this architecture allows for restoring all
bitcells in the array at the same time. However, the limitation is set by the maximum level
of the currents. Due to large variability of the ReRAM technology, cells must be designed

to provide large currents — Iggr must be lower than the lowest Ig, which corresponds to the
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Figure 6.8: RST block with two S-NV bitcells in one column — alternative solution.
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highest Ron. Consequently, Ig is even higher for nominal and minimal Rgy. Therefore,
in the worst case, if all bits of the word are in the minimal Roy state (Iox an~50 p1A),

restoring 32b word can create up to 2 mA of current during the equalization pulse.

The proposed restore NVRF architecture is chosen over the alternative solution shown in
Figure 6.8. The latter is obtained by moving transistors Ny and N, outside of bitcell to the
RST block, to generate global reference current. Although this reduces the bitcell area, it
is more sensitive to the parasitic resistance of the bit-line. Furthermore, to restore more
than one word at the same time, it is necessary to provide multiple reference currents,
which increases the size of RST block.

6.2.4 ST block (store operation)

Store operation in NVRF is realized using the programming principle described in Fig-
ure 4.15a — SET and RESET current mirrors/sources use the control signals at VDD level
to provide higher programming voltage (VDDH) and required current. The architecture
is depicted in Figure 6.9 which shows ST block, and two S-NV bitcells that belong to
the same column. Each cell has the device programming transistors — P5, Ng and Ng on
the SET path, and Pg, N5 and N; on the RESET path. Common SET/RESET current
sources (Pg, Py and Ng — Nyo) are located in the ST block. Transistors Nig and Ny
in ST are inserted for the mirror symmetry and to reduce the current variation. Both
bitcells and ST blocks are supplied by VDDH.

To activate appropriate current source, control signals in ST block (GL RESET and
GL _SET) are generated using global signal STORE GL which is high during whole store
procedure (for the full array), and the @ value of the selected cell. The latter (@ GL) is
obtained using already existing read circuit. On the other hand, the programming paths
inside bitcells are selected by internal flip-flop nodes (IQ, I1Qb) and word-line WL ST.
Figure 6.10 illustrates the control signals and the voltage, current and the resistance state

of ReRAM devices during the store operation performed on two bitcells.

As ST block programs one selected cell at a time, one ST per column architecture enables
row-by-row store procedure for the whole NVRF. Still, it is important to estimate the
possible current peak during this operation. Based on the results of NVFF cells shown
in section 5.3, the highest current appears when performing RESET on the device in ON

state. Thus, in the worst case, if all CBRAMs of the word have minimal Roy value and
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Figure 6.9: ST block with two S-NV bitcells in one column.

should change the state, storing 32b can reach up to 8mA.

In the proposed store NVRF architecture it is necessary to distribute VDDH supply to
the whole array, which may complicate the routing of the power grid. To avoid this,

alternative schematics shown in Figure 6.11 can be used. It is obtained by moving whole
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Figure 6.10: Timing diagram of store operation of S-NV,,1, cell (RESET is performed on
ReRAM which is in ON state) and S-NVpay cell (SET is performed on ReRAM which is in
OFF state)

current mirrors, as well as VDDH power supply, outside of bitcell to the ST block. How-
ever, in order to keep the initial approach and avoid Vry drop of the access transistors,
both PMOS and NMOS must be used as selectors. Consequently, PMOS selectors re-
quire level-shifted word-lines, which complicates the decoder circuits. Besides, it is more

sensitive to the parasitic resistance of the bit-line.

6.2.5 READ block (read operation)

Figure 6.12 presents the READ block used in NVRF. The output @) of each bitcell is tied
to the bit-lines by NMOS selector controlled by word-line, and bit-line value is amplified
with PMOS keeper and inverter. This circuit is then duplicated to provide two read

operations in parallel.

To achieve higher density, this architecture is chosen over the solution which employs
the standard multiplexer cells. For example, READ block can be realized in two stages
of 4—1 multiplexers, as shown in Figure 6.13, or in four stages of 2—1 multiplexers.

As the multiplexer cells use the address bits directly, they do not require decoders in
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Figure 6.11: ST block with two S-NV bitcells in one column — alternative solution.

front of the array. According to the estimation shown in Table 6.1, the implemented

solution reduces NVRF width (and consequently, NVRF area) 29% to 39% compared to
the multiplexer-based implementation.
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Figure 6.13: READ block with two S-
NV bitcells in one column, realized using
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Table 6.1: Estimation of the layout width for different READ possibilities

H NMOS selector | mux 4—1 | mux 2—1 H

2-read column pitch [pm] 1.94 10 8
Decoders width [um] ~20 0 0
32b 2-read circuitry [pum)| ~82 320 256
32b 2-read NVRF [um)] 620 860 800
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6.2.6 DECODERS

To allow parallel execution of 2 read and 1 write operations, three address decoders are
needed, as presented in Figure 6.14. In order to meet the requirement for the slave clock
WL _CLK discussed in subsection 6.2.2, the pulse HCLK auz is generated based on the
main clock HCLK, and then gated by the decoded address ADD_ WR, as illustrated in
Figure 6.15.

ADD RDI = 4-16 K WL RDI
Decoder
A HCLK aux
HCLK
4—16 — WL CLK
ADD_WR 4 Decoder 16
ADD_RD2 ——I\ Ry 6
N
ADD NV z || Decoder WL_RD2
N — WL ST
STORE ——> P _
ST GL
A >
RST i —>=—— WL _EQU
- 4 4 x4
N
— WL _RST
I'I/ 4 -
1 RST GL
RESTORE > _
DECODERS
Figure 6.14: DECODERS block.
( \ HCLK
/ \ HCLK_aux
- ' N WL CLK

Figure 6.15: Signals related to WRITE operation.

The separate decoders are not necessary for NV address, as NV operations are not per-

formed at the same time as read/write. Particularly, as the store operation requires the
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read from the same address, they can share the decoding circuitry. Thus, during the
store operation generated WL RD2 and WL ST correspond to decoded ADD NV,
while during the active mode, WL RD2 corresponds to decoded ADD RDZ2 and all
WL ST are low.

As restore operation can be performed on several rows at the same time, it is controlled
by signals RST 1-RST 4, each restoring four words simultaneously. Hence, there is no
restore address nor decoder. Each signal is used to generate the corresponding equalizer
pulse required for the restore operation. This partitioning is chosen to have the same

maximal current peak as the store operation.

6.2.7 Operating modes

NVRF works in the following modes, according to the timing diagrams of NVRF in-
put/output signals and power supplies, shown in Figures 6.16 and 6.17.

e In active mode, two read and one write operation (2R1W) on 32b words are
performed in parallel at ADD RDI1, ADD RD2 and ADD_ WR addresses, re-
spectively. STORFE, RESTORE, and RST 1-RST 4 must be low, to deactivate
NV part. VDDH can be at Vyou level, or at 0 to reduce the consumption.

e During the store mode 32b words defined by ADD_ NV are backed-up. Clock
HCLK must be low to latch the slave and prevent the write operation, as well as
RESTORFE and RST 1-RST 4. Output Q1 is still reading from the ADD RDI,
while 2 shows the values which are currently stored (from ADD NV'). VDDH is
increased to Vgrrg.

e In the sleep mode all supplies are off.

e During the restore mode, four 32b words can be restored in parallel. Clock HCLK
must be low to latch the slave and prevent the write operation, as well as STORE
signal. VDDH must be at Vnowm, as VDDH=0 causes leakage in the programming
part and reduces restore yield significantly. Note that this differs from NVFF, due
to the design without protection transistor stacking.

e Forming mode starts by reseting the whole array to write 0 in each bitcell, which

is followed by store operation with power supply increased to Vggm.
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Figure 6.16: Timing diagram of NVRF modes: active, store, sleep, restore.
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Figure 6.17: Timing diagram of NVRF modes: forming. Figure 6.18: Parameters of

implemented NVRF.

6.2.8 Implementation

The parameters of 16x32 CBRAM-based NVRF in 130nm CMOS node are listed in
Figure 6.18, and the layout is shown in Figure 6.19. CBRAM device is located between
Metal 4 and Metal 5 layers. To avoid the routing congestion caused by three-supplies
power grid on top of the logic and CBRAMSs, the memory uses only Metal 1 — Metal 5
layers. Then, the power ring for VDD, GND and VDDH in Metal 5 and Metal 6 is placed
outside the NVRF.
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The total area of non-volatile register file, including the power ring and inserted decoup-
ling capacitors is 638um x 104pum, while the array and the decoders occupy 620um x
72pm. S-NV cell is 1.85x bigger than the corresponding volatile flip-flop of the same
driveability. However, compared to RTL-generated volatile register file, the area penalty
of adding non-volatility is minimal, as custom READ block is significantly smaller than

the one made of standard cells, according to the Table 6.1.

ARRAY

DECODERS

. I VDD/VDDH decoupling capacitors iy A—

- T T, T T T e T B i A e

Figure 6.19: Layout of NVRF (top), and a zoom-in on the decoders (bottom, left), the column
(bottom, right), and the power grid arrangement (bottom, middle).

6.3 Summary

Presented design demonstrate that the area overhead in non-volatile flip-flops can be
minimized by organizing them in a register file array, without impacting the robustness
of store and restore operations. Implemented solution enables the parallel execution of

write-to-one and read-from-two addresses. Moreover, the number of ports can be easily



90 Chapter 6. Non-volatile register file

extended without the modification of S-NV bitcell. Along with supplementary address de-
coder, each additional read or write operation require one NMOS transistor in the READ
block, or new M cell, respectively. This NVRF architecture supports very fast wake-up

transition, as restore operation can be performed on several rows simultaneously.

Finally, proposed NVRF design can be ported to 28nm and below CMOS node using
only thin-gate oxide transistors, by following the approach implemented in NVFFs in
chapter 4. Thus, the transistor stacking must be implemented in NV part of S-NV bitcell
and in ST block, and VDD/VDDH supply levels must correspond to the configuration
proposed in Table 4.2.
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Conclusion

Non-volatile sequential logic circuits

To achieve an adequate ReRAM-based design and exploit all the benefits that this non-
volatile technology brings, it is important to understand the relations between different
NVM device properties, and the ways they can be adjusted. In this thesis, the in-
fluence of ReRAM programming voltages and currents on Ron and Rorr
values, switching speed, programming energy and device endurance has been
analyzed. Moreover, different elements of NVFF design topologies (store/restore circ-
utry, power supply, etc.) are investigated with respect to the properties of used NVM
and CMOS technologies, such as memory window, programming conditions, variability.
Gathered design guidelines are then used for the implementation of novel non-volatile
ReRAM-based flip-flops and register file.

First, two dual-voltage circuits for the programming of ReRAM devices have
been proposed: level shifter-based and current programming-based. Using only thin-
gate oxide transistors for the compatibility with digital design flow, both solutions suc-
cessfully solve the problem of reliability, which is a main issue encountered in
co-design of ReRAM and advanced CMOS nodes. Additionally, current programming
circuit does not require generation of intermediate signals on different voltage levels.
Second, two restore architectures have been investigated: a two-device archi-
tecture, compatible with wide range of ReRAM technologies, and a novel single-device
architecture which allows for better integration density and reduced consumption. Ro-
bust low-voltage restore operations are achieved by choosing the appropriate ReRAM
technologies and their programming conditions, after the statistical analysis which take
into account both CMOS and ReRAM variations. Third, the core of NVFF, particularly
the slave stage architecture, is examined and defined to reach the highest restore

yield and performance in regular flip-flop mode.
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To investigate the difference between store/restore architectures, three out of four pro-
posed NVFFs have been simulated and laid-out in 28nm FDSOI - 2R-LS, 2R-
CM and 1R-CM. Designed as standard cells, all solutions are optimized to satisfy the
following challenges: using ReRAM programming conditions which improve endurance
and minimize power, achieving minimal impact on flip-flop operations, and overcom-
ing the gap between SET and RESET programming conditions which allows the same
programming-pulse widths for both operations. 2R-CM and 2R-LS are OxRAM-
based and can perform restore operation at reduced voltage of 0.8V, while 1R-CM is

CBRAM-based and have successful restore at nominal voltage.

Post-layout simulations have shown that, compared to the master-slave flip-flop from
the standard cell library, all NVFFs are characterized with similar, small propagation
delay penalty (8.5% in the worst case), while their setup and hold times are not affected.
Regarding the active-mode consumption, NVFFs require 10-14% more energy than
MSFF at 10MHz with 10% data activity at nominal voltage. This overhead can be
reduced down to 2% at higher frequencies, lower data activity and lower operating voltage.
Among proposed solutions, 1R restore and CM store are the most energy efficient

architectures in active mode.

To evaluate the consumption of NVFFs in the store mode, simplified electrical model
of ReRAM behavior has been used, covering different store scenarios which depend on
the flip-flop data. Results indicate that the consumption for LS and CM program-
ming circuits is similar when they are optimized for the same technology and the
programming conditions. In general, NVFFs with 1R restore are more energy effi-
cient than 2R N'VFFs with the same ReRAMs, due to only one programming circuit
and simpler control block. However, their higher-memory window requirement limits the
choice of ReRAM technology or implies more aggressive programming conditions (particu-
larly, longer pulse widths), increasing the programming energy. Hence, designed 2R-CM
and 2R-LS NVFFs based on faster OxRAM devices have the lower store en-
ergy consumption than CBRAM-based 1R-CM NVFF. Evaluation presented in
this work suggests that for normally-off systems characterized by long standby modes
NVFF solutions can bring considerable energy savings. For example, existing
data-retention flop supplied at 0.5V exceeds the consumption of 2R-LS/2R-CM or 1R-
CM after inactivity periods of 0.2-0.8s, or 0.7-3s, respectively.

NVFF layout is fully compatible with the digital design flow, with ReRAM devices

at the back-end-of-line between two last metal layers. Compared to the area of standard
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MSFF cell, NVFFs range from 3x larger (1R-CM) to 5.6x larger (2R-LS). However, both
cells can be reduced, as they can share restore current source or forming level-shifter with
other NVFFs on chip.

Presented results have been obtained for the standard MSFF cell of the smallest drive (x8)
and corresponding NVFFs. As the NVFFs with more complex flip-flop cores (e.g., with
higher drive, or with asynchronous set/reset) have the same NV block, their active-mode

performance and consumption, as well as the area, will have smaller penalty.

Finally, it has been shown that the main drawback of NVFFs, area overhead, can
be minimized by creating the memory array and placing the common circuitry
for write, read, store and restore on the periphery. In this work, two-read one-write
multi-port non-volatile register file has been implemented in 130nm CMOS node.
The array relies on the CBRAM-based 1R-CM NVFF. Suggested solution offers higher
density than NVFF with the same wake-up transition, and can be easily adjusted to

support more read and write ports.

Future work: non-volatile processor

After designing ReRAM-based NVFF, the next natural step is to apply the same approach
on a larger-scale circuit. In fact, there is already an ongoing work in implementing the
solution presented in this thesis is the bigger NVP project. In the first attempt to realize
ReRAM-based non-volatile microcontroller unit, NVFF based on 1R-CM architecture is
included in the ARM Cortex-MO0+ microprocessor. All flip-flops of the volatile version of
the processor core are replaced with their non-volatile counterparts, as illustrated in the
Figure 7.1. Consequently, dedicated power management unit (PMU) with the finite-state
machine which handles different sleep modes and power supply requirements is realized.
In the deep sleep mode, only PMU and wake-up controller (WIC) stay powered, while
the rest of the circuit can be cut-off. Thus, the non-volatile version enables high energy
savings compared to the standard MCU, with minimal go-to-sleep/wake-up penalty. The

layout of the non-volatile MCU is shown in Figure 7.2.

One of the major challenges and the following step in the development of non-volatile
processor is reducing its area. To address this issue, a plausible solution may be including
non-volatile register file together with non-volatile flip-flops. For the architectures such

as MO+, which do not contain the register file and have flip-flop-based general-purpose
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registers, the implementation of NVRF requires slight modification of the processor core.
Consequently, the power management unit and NVFF/NVRF controller must be adjusted

to support this modification.

Once the concept with “fully” non-volatile hardware is proven, new directions for NVP
improvement will arise. For example, instead of straightforwardly making all flops non-
volatile, deeper system examination can suggest appropriate subset of FFs to be replaced
with NVFFs. Finally, the development can also be continued on the software level. In
order to better support NV capability, new ways to adapt the system software can be
explored, such as: additional control of go-to-sleep/wake-up procedures, optimum choice
of sleep mode, etc. Thus, proper hardware/software co-design can exploit all the benefits

of adding non-volatility to the IoT system.
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1. Introduction

L'évolution de la technologie, en particulier la miniaturisation des puces et des capteurs
¢lectroniques, les améliorations apportées a la communication sans fil et leur prix relativement
faible, ont entrainé une énorme expansion de petits appareils électroniques. En effet, les
périphériques connectés (intelligents), appelés Internet of Things (IoT), peuvent trouver des
applications dans différents dans la vie moderne et, dans les prochaines années, représenteront
une part considérable du nombre total de périphériques.

Une caractéristique importante de ces systémes est leur nature normalement désactivée, ce qui
signifie qu'ils passent la plus grande partie de leur vie en mode veille, avec uniquement de
courtes périodes d'activité.

La réduction des dimensions physiques du transistor CMOS augmente le courant de fuite
statique [4]. Ainsi, les périodes de veille des microcontréleurs peuvent constituer la composante
dominante de la consommation totale d'énergie d'un appareil connecté. Dans la plupart des cas,
les périphériques intelligents sont alimentés par batterie et, pour des raisons pratiques, ils
devraient étre congus pour supporter une longue durée de vie opérationnelle sans avoir besoin de
remplacement de la batterie. Par conséquent, 1'un des principaux défis de la conception d'ToT est
de créer des systemes éconergétiquement efficaces qui peuvent fonctionner a de faibles budgets
de puissance. En particulier, il y a une forte demande pour une ultra-faible consommation
durant les phases de veille, sans dégrader les performances en mode actif. De plus, la
conception doit étre en mesure de supporter les défaillances soudaines de I'appareil, qui
peuvent étre fréquentes a cause de D'instabilité des sources d'alimentation externes en cas
d'alimentation basée sur la récuperation d'énergie.

Il existe de nombreuses solutions pour atteindre un rendement énergétique €élevé en mode veille
et en mode actif (par exemple, avec une tension dynamique et mise a 1'échelle de fréquence,
horloge et récupération d’énergie, entre autres). Ces solutions sont implémentées dans des
microcontrdleurs commerciaux actuels sous la forme de différents modes de fonctionnement et
de sommeil avec une gestion d’énergie complexe.

Dans la mise en oeuvre efficace de calculateurs devant étre normalement en mode veille, un role
important consiste a I'optimisation du portionnage d’énergie et, par conséquent, a I'organisation
des registres et de la mémoire responsables pour la sauvegarde de 1'état du systéme [7].

Pendant le mode de veille, dans les architectures MCU classiques, les registres volatiles et la
mémoire restent alimentés, de préférence a tension réduite, tandis que le reste du circuit est
déconnecté (Figure 1.1a, haut). Pour une économie plus significative, les registres de retention
des données peuvent étre utilisés, et la source toujours passante est appliquée uniquement a la
partie ou les données sont préservées, comme dans un latch "ballon" attaché a l'étage esclave
secondaire [8] (cf. Figure 1.1a, en bas). Bien que cette solution offre des transitions trés rapides
entre mode actif / dormant, la dissipation de puissance toujours présente dans une bascule CMOS



peut atteindre des niveaux non négligeables dans les modes de sommeil longue durée.
Alternativement, en mode veille, les données peuvent étre conservées dans des mémoires
externes non-volatiles, annulant complétement la dissipation de puissance (Figure 1.1b).
Cependant, les transferts de données coeur-bus-mémoire sont lents et ont un impact négatif dans
la consommation d'énergie, surtout lorsque le module non volatile est basé sur la mémoire Flash.
Par conséquent, seule une quantité limitée de données et d'état du processeur est maintenue,
conformément au temps de mise en veille / réveil et aux besoins énergétiques.

Lo

(a) (b) (©)

Figure 1.1: Enregistrement du contexte en mode veille dans les systémes informatiques normalisés: (a) dans les
bascules volatiles, (b) dans la mémoire externe non-volatile, (¢) dans les bascules non-volatiles.

Aujourd'hui, avec les recherches approfondies sur les nouveaux types de mémoires non-volatiles
(NVM), telles que des mémoires résistives a accés aléatoire (ReRAMs), d'autres possibilités
sont apparues. Initialement envisagées comme une solution de remplacement de Flash / DRAM,
elles peuvent s'adapter au concept précédent en tant que mémoires externes non-volatiles, ce qui
conduit a de meilleures caractéristiques vitesse/consommation du systéme. Plus important
encore, elles apportent la possibilité d'une intégration facile avec la technologie CMOS, ce qui
permet d'intégrer la fonctionnalit¢ non-volatile directement dans la logique du processeur,
comme le montre la figure 1.1c. Pour I’instant, les NVM émergentes sont encore trop lentes et
consommatrices de puissance pour remplacer complétement les SRAM. Cependant, elles
peuvent étre combinées avec ces derniéres (par exemple, NV-SRAM [9]). Ainsi, les mémoires
volatiles rapides peuvent satisfaire les exigences critiques en maticre de performance, tandis que
les NVM peuvent assurer un stockage sans consommation d’énergie en mode veille. Les
¢léments essentiels de cette approche, utilisée pour sauvegarder l'ensemble du contexte du
microcontroleur et permettre des transitions rapides entre les modes, sont des bascules non-
volatiles (NVFF).

De nombreuses solutions a bascule non-volatile basées sur plusieurs technologies NVM sont
reportées dans la littérature. Parmi elles, les ReRAM basées sur NVFF ont été¢ implémentées
dans des nceuds CMOS de 90 nm ou plus anciens. Cependant, dans les processus CMOS, la



tension de fonctionnement maximale devient inférieure aux tensions d’initialisaiton et de
programmation requises pour les ReRAM. Cet écart de tension génere des problemes de fiabilité
dans les conceptions qui utilisent des transistors a oxyde de grille mince. En outre, le choix de la
topologie NVFF est fortement affecté par les caractéristiques des périphériques NVM, telles que
les tensions de programmation, les courants, la fenétre de mémorisation, etc. Ainsi, les
architectures NVFF proposées jusqu’a présent et utilisant des périphériques NVM autres que
ReRAM ne peuvent pas étre directement appliquées aux cellules ReRAM .

Objectif et contribution de la these

Cette these explore la co-intégration des ReRAM avec des technologies CMOS de 28 nm et
moins dans la conception de bascules non volatiles. La variabilité du procédé et les courants de
fuite en mode actif, qui sont les points faibles de noeuds CMOS avancés, sont réduits au
minimum en utilisant la technologie FDSOI [10], ce qui permet également de hautes
performances et un fonctionnement a basse tension. Deux nouvelles solutions de conception pour
la programmation de dispositifs ReRAM basées sur oxyde de grille mince sont proposées, puis
appliquées dans une architecture a double tension a deux NVFF ReRAM. Afin de diminuer le
surcolt en surface et réduire la consommation, une nouvelle architecture ReRAM est également
présentée. Les bascules NVFF sont congues comme des cellules standard pour assurer la
compatibilité avec le flot de conception numérique. L'une des architectures NVFF est par ailleurs
utilisée dans la mise en ceuvre d'une version non-volatile du microprocesseur ARM Cortex-MO+.

Paralléelement aux nouvelles solutions de conception, les caractéristiques électriques des
technologies ReRAM disponibles sont explorées afin de choisir 'architecture la plus appropriée
et de l'optimiser en conséquence. Lors de la définition des valeurs d'état résistif et des conditions
de programmation optimales de ReRAM, ’accent est principalement dans: (i) 'amélioration de
l'endurance et la réduction de la puissance de programmation, (ii) la réalisation d'une
récupération de données fiable et a basse tension. Cette derniére tache , rendue difficile a cause
de la variabilité¢ des dispositifs ReRAM et CMOS, est réalisée par l'évaluation statistique des
différentes architectures bascules. Les bascules NVFF sont mises en ceuvre dans une technologie
CMOS FDSOI de 28 nm et comparées a une bascule d'une bibliothéque standard et a une bascule
pour data retention, afin d'évaluer I'impact de 1'ajout de non-volatilité sur le mode bascule normal
et d'estimer quand il est opportun d’employer les NVFF au lieu de solutions volatiles standards.
Enfin, pour obtenir une densité plus élevée sans affecter la robustesse des opérations non-
volatiles, un nouveau file register non volatile (NVRF : non volatile register file) multi-port basé
sur 1'une des solutions NVFF est proposé.



2. Mémoires non-volatiles

En fonction de leur capacité a retenir les données lors de la déconnexion de la source
d'alimentation, des mémoires a semi-conducteurs peuvent étre séparées en deux catégories
(Figure 2.1). Les mémoires volatiles, qui nécessitent une alimentation pour préserver 1'état
stocké, sont largement présentes dans les systémes informatiques modernes sous forme de
SRAM et DRAM. Dans la classe de mémoires non-volatiles, qui ne perdent pas les données
lorsque 1'alimentation est coupée, la plus dominante est aujourd'’hui la mémoire Flash. Elle se
caractérise par un faible colit de fabrication et une densité plus élevée que la DRAM. Cependant,
elle a une vitesse de lecture/écriture beaucoup plus faible et son endurance est limitée a environ
10¢ cycles. En outre, la mémoire Flash nécessite des tensions de programmation beaucoup plus
¢levées que la tension de fonctionnement des dispositifs CMOS, ce qui entraine une forte
consommation pour 1’écriture et pose une forte limitation pour son intégration avec la logique
CMOS. Ainsi, dans les systemes actuels, les mémoires Flash sont utilisées comme stockage
secondaire pour le code et les données.
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Figure 2.1: Mémoires a semi-conducteurs.

Afin d'améliorer l'intégration et la densité de la mémoire, de nombreuses solutions ont été
¢tudiées dans les derniéres années [11]. Parmi les différentes technologies NVM, les mémoires
résistives a acceés aléatoire (ReRAMs) sont particulierement intéressantes, car elles se basent
sur des tensions de fonctionnement faibles et permettent programmation et lecture rapides, ont
une faible consommation d'énergie et se prétent a la réduction d’échelle. En outre, elles
présentent une endurance adéquate pour les applications IoT. En raison de leur structure simple
et de leur compatibilit¢ avec le processus de back-end-line CMOS, les ReRAM offrent
l'intégration la plus simple avec la logique numérique CMOS a faible cofit.

ReRAM contexte et caractérisation électrique

Une ReRAM est une structure métal-isolant-métal a deux terminaux (Figure 2.2 (a)) qui présente
une résistance de commutation réversible. L'application de tensions/courants appropriés a travers
les électrodes provoque des réactions qui forment ou suppriment le(s) filament(s) conducteur(s)



entre deux bornes, entrainant un changement de résistance (Figure 2.2 (b)). La création d'un
chemin conducteur dans l'isolant est obtenue pendant 1'opération SET, et il en résulte un faible
état résistif du dispositif (Ron). L'absence de piste conductrice est obtenue pendant I'opération de
RESET et conduit a un état hautement résistif (Rorr). Le premier cycle de programmation,
appelée FORMING, nécessite généralement une tension de seuil supérieure a celle de I’opération
SET car la résistance du dispositif frais a une valeur initiale trés élevée (Rt >> Rorr). Au cours
de SET et FORMING, il est important de limiter le courant a travers le dispositif en définissant
le courant de conformité (ou courant de programmation, Icompr) pour empécher la dégradation et
la défaillance du dispositif.
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Figure 2.2: (a) L' intégration ReRAM BEOL, (b) Caractéristique IV quasi-statique obtenue a partir des données
expérimentales OXRAM, et 1'illustration du processus de commutation dans les OXRAM binaires simples [32].

En fonction des matériaux utilisés, le mécanisme de création/rupture d’un chemin conducteur
peut étre différent [23]. Ainsi, deux types de ReRAM se distinguent : pont conducteur de

by

mémoire a acceés aléatoire (CBRAM), également connu comme cellule de métallisation
programmable (PMC), et mémoire a acces aléatoire métal-oxyde (OxRAM). Cependant,
méme au sein d'une famille ReRAM, un large éventail de caractéristiques électriques est
rencontré, comme I’indique la Figure 2.3 qui montre le rapport des résistances (Rore/ Ron) par

rapport a la performance en terme de nombre de cycles pour différentes technologies.
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Figure 2.3: Fenétre de mémorisation en fonction de l'endurance pour CBRAM [33-40] et OXRAM [41-46].

En général, pour une technologic ReRAM donnée, il existe un compromis entre la tension de
programmation (Vser, Vreser, Vrorming), le courant de programmation (Icomp), le rapport de
résistances (Rorr/Ron ratio), l'endurance du dispositif et la consommation d'énergie. Par

conséquent, il est important de prendre en compte ces relations dans la conception basée sur
ReRAM.

Par exemple, les valeurs Ron et Rorr peuvent étre ajustées en réglant le courant de conformité
SET et la tension RESET, respectivement (Figure 2.4 (a)). Pour réduire la consommation
d'énergie de programmation, il est souhaitable d'utiliser de faibles courants de conformité.
En outre, le faible Icomr se traduit par une meilleure endurance, aussi Icomr élevé conduit
progressivement a la dégradation du rapport de résistances en diminuant Rorr (Figure 2.4 (b)).
Malheureusement, la réduction de du courant de conformité augmente Ron (Figure 2.4 (¢)), ce
qui réduit la fenétre de mémorisation. Toutefois, cette fenétre de mémorisation inférieure peut
étre compensée par un Veeser plus élevé permettant d’augmenter Rorr.
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Figure 2.4: (a) La distribution de la valeur de résistance par rapport a des conditions de programmation (R on vs I
comp, R orr Vs V raz), pour les cellules TiN / Ti / HfO / TiN OxRAM, (b) Test d'endurance (pulse cycling) pour
différents courants de conformité SET [49], (c) Valeurs RON et ROFF en fonction du courant de programmation
pour différentes piles ReRAM.

Comme l'une des caractéristiques essentielles des cellules ReRAM est la dépendance
exponentielle entre le temps de commutation et la tension appliquée (Figure 2.5 (a)), la
maximisation des tensions de programmation permet de réduire la largeur d'impulsion de
programmation, et ainsi réduire 1'énergie de programmation (Figure 2.5 (b)). En outre, des
tensions de programmation élevées surmontent la variabilit¢ du dispositif dans les grands
tableaux de mémoire (Figure 2.5 (¢)). Enfin, les dispositifs ReRAM ont besoin de l'opération de
FORMING, qui est réalisée avec une tension supérieure a Vser et Vreser. Ainsi, les cellules
ReRAM nécessitent des tensions de programmation supérieures aux tensions de
fonctionnement typiques des technologies CMOS avancées.
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Figure 2.5: Impact de la tension de programmation: (a) la dépendance exponentielle entre le temps de commutation
et V ser [41], (b) 1'énergie simulée SET / RESET vs. temps de commutation pour différentes VDDH, (c) distribution
de R pour différents V ser, en utilisant largeur d'impulsion et courant de programmation fixes.

3. Travaux connexes

Avec la mise a 1'échelle de la technologie CMOS, la consommation due aux courants de fuite
pendant le mode inactif du systéme peut prendre une part trés importante de la consommation
totale [4]. Afin de réduire la consommation statique, la bascule pour retention de données [8] a
¢té mise au point pour remplacer les bascules standards dans 1'unité de traitement (Figure 3.1
(a)). Le latch a faible retention attaché a la bascule peut prendre son contenu (opération de
stockage ou « store »), le conserver pendant le mode veille et le renvoyer a la sortie du mode
veille (opération de restauration ou « restore »). Par conséquent, l'alimentation de la bascule
principale peut étre désactivée pendant le sommeil, tandis que I'alimentation du latch de retention
est maintenue a un niveau réduit.
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Figure 3.1 — (a) Bascule de rétention de données volatile (latch "ballon") [8]; (b) Exemple de bascule non-volatile a
base de FeRAM [14].



Pour atteindre une consommation encore plus faible, une bascule non-volatile semble étre une
bonne substitution pour la bascule de retention de données, car elle offre un mode de veille a
consommation nulle, tout en permettant des transitions store/restore relativement rapides.
Récemment, diverses solutions NVFF créées en ajoutant des NVM a des bascules ont été
proposées. Du fait d’étre la plus mature des nouvelles mémoires non-volatiles, la FERAM est
utilisée dans plusieurs NVFFs fabriquées [14, 51, 52] (par exemple, Figure 3.1 (b)). D’autres
conceptions basées sur MRAM ont également été introduites: NVFF en utilisant un MTJ [53], de
nombreux NVFFs employant STT-MTJs [54-62], et autres comptant sur SHE MRAM [21, 63]
(par exemple, Figure 3.2 (a)). Enfin, des NVFFs a base de ReRAM ont été décrits en [64-69]
(par exemple, Figure 3.2 (b)).
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Figure 3.2: (a) Exemple de bascule non-volatile a base de MRAM [53], (b) Exemple de bascule non-volatile & base
de ReRAM [67].

Une comparaison quantitative et pertinente des solutions NVFF existantes est impossible, en
raison de I’insuffisance de résultats publiés, d'une large gamme de technologies CMOS et NVM
utilisées, de différentes conditions de simulation, etc. Cependant, la littérature présentée indique
que le choix de la topologie NVFF est fortement influencé par les caractéristiques des dispositifs
NVM et leur compatibilit¢ avec les conditions de fonctionnement CMOS. Les différentes
facettes de la conception et de la technologie, définissent alors ensemble les caractéristiques
NVFF globales (Figure 3.3).
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Figure 3.3: Les caractéristiques NVFF dépendent de la technologie et de la conception.

Dans le cas de la conception basée sur les ReRAM dans un nceud CMOS avancé, les conditions
de tension de programmation impliquent une configuration a double tension, ce qui nécessite
¢galement un examen attentif de la gestion de la consommation et du routage du réseau
d’alimentation. D'autre part, les tensions de programmation requises réduisent la possibilité de
problémes de lecture. Cela permet I'implémentation conjointe du circuit de restauration et de la
bascule, ce qui entraine une solution dense avec de faibles pénalités de temps. Généralement, la
large fenétre de mémorisation des ReRAMs permet une opération de restauration fiable, offrant
ainsi plus de souplesse de conception. Par exemple, il est possible d’obtenir une architecture
NVFF avec un seul dispositif NVM, ce qui est bénéfique en termes de surface et consommation
pour la programmation. En outre, les problémes de variabilit¢ des technologies CMOS et
ReRAM peuvent étre surmontés en choisissant judicieuxement le circuit sense amplifier.

La bonne compatibilit¢ des ReRAM avec la technologie CMOS facilite son intégration dans un
processeur non-volatile. Parmi les approches précédentes, celle basée sur le remplacement de la
bascule traditionnelle par une bascule NVFF s'impose comme la solution la plus simple. Elle
nécessite un temps de conception faible, tout en offrant des transitions rapides de veille/réveil et
présentant un faible impact sur le mode de fonctionnement bascule « normal ». De plus, les
surfaces requises peuvent étre réduites en organisant des NVFF dans un réseau régulier avec des
circuits de stockage/restauration partagés (cela est possible, par exemple, dans les register file).

4. Solutions de conception pour flip-flops non-volatiles

Deéfis

Les principaux défis pour la mise en ceuvre des circuits basés sur ReRAM dans les technologies
CMOS fortement submicroniques proviennent des exigences de programmation. Tout d'abord,
les résultats ont montré que les tensions de programmation pour les mémoires ReRAM sont
plus élevées que les tensions de fonctionnement typiques des technologies CMOS avancées.



Des tensions SET/RESET supérieures a 1,5 V sont nécessaires pour améliorer les retards dans
les grands réseaux de mémoire, surtout lorsqu'ils fonctionnent a des courants de programmation
faibles, alors que I'opération FORMING nécessite des tensions encore plus élevées (> 2,5 V). De
plus, en raison de la dépendance exponentielle entre le temps de commutation et la tension,
l'augmentation de la tension entraine une consommation plus faible que I'augmentation de la
largeur d'impulsion. En second lieu, les mesures mettent en évidence que les courants faibles de
programmation sont préférés afin de réduire la consommation d'énergie et augmenter
I'endurance de du dispositif, au prix d'une augmentation de la variabilité et d’une réduction de la
fenétre de mémorisation. Troisiémement, il y a un écart entre les conditions de
programmation SET et RESET. Afin de cibler des valeurs spécifiques Ron et Rorr ayant les
mémes largeurs d'impulsions, des tensions différentes aux bornes du dispositif peuvent &tre
nécessaires. Enfin, il est nécessaire d’améliorer la fiabilité des circuits CMOS puisque les
tensions de programmation ReRAM peuvent provoquer une dégradation des transistors CMOS
par porteurs chauds. Par exemple, dans la technologie FDSOI 28nm la tension Vos = Ves = 1,6V
se traduirait par une dégradation de 10% du courant de drain aprés moins de 1s de stress
accumulé [78], conduisant a une mauvaise endurance du systéme. En outre, la tension de
FORMING peut provoquer la rupture d'oxyde des transistors.

En ce qui concerne la mise en ceuvre de bascules non-volatiles a base de ReRAM, il est
important de garantir que la propriété de non-volatilité se fait avec un impact minimal sur
les performances et la consommation de la bascule. Un autre défi consiste a assurer le
rendement de NVFF suffisant méme avec les technologies a faible fenétre de mémorisation
et a basse tension. Compte tenu de la forte variabilité des technologies ReRAM, par ailleurs
aggravée par les faibles courants de programmation, la fenétre de mémorisaiton Rore/Ron peut
étre dégradée, ce qui provoque 1'échec de I'opération de restauration. Pour la pleine compatibilité
avec le flot de conception numérique, il est nécessaire que les NVFFs soient disponibles en tant
que cellules standards en utilisant des transistors a oxyde de grille mince. Enfin, pour
l'intégration plus facile des NVFF dans les grands systémes, 1'opération FORMING doit étre
exécutée en une seule étape et doit étre indépendante de la valeur de la bascule..

Solution proposées

Dans cette these, quatre cellules flip-flop non-volatiles qui co-intégrent avec succes les
technologies ReRAM et FDSOI de 28 nm sont présentées. Ces cellules comprennent deux
architectures de restauration différentes (restauration 1R et 2R) et deux architectures de stockage
différentes (LM et CM). Toutes les bascules NVFF sont construites en attachant la partie non-
volatile a la bascule standard maitre-esclave (Figure 4.1) et se composent de trois parties:

- le cceur de la bascule MSFF adaptée (c’est-a-dire, parties MASTER et SLAVE), connecté a

- un bloc non-volatile (NV) pour stocker et restaurer les données de la bascule, et

- un bloc logique de contréle (LOGIC) qui gere les opérations de stockage, de restauration ou de
FORMING en plus des opérations classiques de la bascule.



Les cellules utilisent deux rails d’alimentation. Les blocs logiques de base et de commande sont
alimentés a la tension nominale de fonctionnement CMOS (VDD), tandis que le bloc NV
fonctionne a une tension plus élevée (VDDH) pour satisfaire les exigences de programmation du
dispositif ReRAM (FORMING, SET et RESET). Par conséquent, l'empilage des transistors
requis pour la protection haute tension est implémenté uniquement dans la zone soumise a
VDDH.
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Figure 4.1: Schéma de principe de NVFF

Les NVFF sont congus pour fonctionner en cinq modes:

- le mode actif est le mode de fonctionnement FF normal, pendant lequel la partie NV est
désactivée;

- le mode store permet d'enregistrer les données de la bascule dans le NVM;

- mode veille indique que toutes les alimentations sont éteintes et peut étre activé apres la
sauvegarde des données;

- le mode de restauration permet de récupérer le contexte enregistré dans la NV et il est activé
apres le retour du mode veille;

- le mode initialisation correspond a 1’opération FORMING des ReRAMs et est activé une fois,
avant la premiere utilisation de NVFF.

Opération de restauration

Dans les solutions NVFF 2R (Figure 4.2 (a)), l'opération de restauration est exécutée en tant que
détection de différentiel de deux ReRAMs programmées pour les états opposés (Ron et Rorr),
alors que le latch esclave est utilisé en tant qu’amplificateur de lecture. Afin de limiter le surcotit
en surface et réduire la consommation pour la mémorisation, une nouvelle architecture NVFF 1R
dérivée de NVFF 2R est proposée (Figure 4.2 (b)), ou un seul dispositif ReRAM programmable
R, est compar¢ a la résistance de référence basée sur un miroir de courant.
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Figure 4.2: Bloc NV (opération de restauration) de (a) 2R NVFF, (b) IR NVFF.

Les architectures proposées sont mises en ceuvre en technologie FDSOI de 28 nm, et leur
robustesse est estimée en extrayant le taux binaire d'erreur (BER) de l'opération de restauration.
Ceci est fait pour diverses valeurs de Rox et R orr, dans la plage de tension [0.6V, 1V], en tenant
compte des variations du process CMOS. Ensuite, la distribution de la résistance des
technologies ReRAM disponibles est prise en compte, et les conditions de programmation qui
assurent le rendement 36 a la tension de restauration la plus basse sont estimées (Figure 4.3).
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Figure 4.3: (a) Fenétre de mémorisation (Rorr vs Rony extraite avec un rendement de 36 pour 2R NVFFs a
différentes tensions d'alimentation, ainsi que les conditions de programmation pour OXxRAM Stack [41, 49] qui
assurent une restauration réussie a 0,8V. (b) Résistance de référence (R rer) extraite avec un rendement de 3¢ pour
1R NVFFs a différentes tensions d'alimentation, et CBRAM [38, 80] avec conditions de programmation qui
fournissent une marge suffisante pour la mise en oeuvre de Rrer pour restaurer a 0.7V.

Les cellules NVFF 2R sont robustes et compatibles avec les technologies ReRAM a faible
fenétre de mémorisation. Elles ont un rendement de restauration élevé, méme avec des
conditions de programmation moins agressives, ce qui entraine une endurance ¢levée. En



particulier, les résultats de simulation et de mesures suggerent la mise en ceuvre de NVR 2R en
utilisant des dispositifs OxRAM disponibles, avec une restauration a 0.8V ou plus, pour une
faible énergie de programmation (Figure 4.3(a)).

D'autre part les NVFF 1R offrent une densité d'intégration plus élevée, n’ont pas besoin du signal
de FRM ou la partie FORMING et permettent d’utiliser un seul miroir de courant de restauration
pour plusieurs cellules. Du point de vue du design, les bascules NVFF IR sont plus
éconergétiques a la fois en mode actif et en mode stockage, car ils ne comportent qu'un seul
circuit de programmation et un bloc de controle plus simple. Cependant, elles nécessitent une
fenétre de mémorisation plus large, ce qui limite le choix de la technologic ReRAM et de ses
conditions de programmation. Les données indiquent que 1'utilisation des dispositifs CBRAM
disponibles peut conduire & des NVFF 1R pouvant fonctionner a 0.7V en mode restauration
(Figure 4.3 (b)).

Operation de stockage

La sauvegarde des données d’une bascule dans le bloc NV repose sur la programmation du (des)
circuit(s) ReRAM selon la valeur contenue dans cette bascule. Par conséquent, il faut un circuit
qui effectue le SET, RESET et FORMING de la ReRAM en fonction des signaux de commande.
L’idée générale des solutions de programmation proposées est illustrée dans la figure 4.4(a). Les
chemins liés a la programmation ReRAM sont alimentés a VDDH, tandis que les signaux de
commande sont générés dans le bloc LOGIC qui fonctionne a VDD. La fonction du circuit de
programmation est alors de fournir le courant et la tension de programmation nécessaires au
dispositif, tout en gérant 1'écart de tension entre VDD et VDDH. Deux circuits de programmation
sont proposés: I’un basé sur le décalage de niveau « LS » (Figure 4.4(b)) et I’autre sur miroir de
courant « CM » (Figure 4.5).
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Figure 4.4: (a) Programmation d'un dispositif ReRAM - principe, (b) Détecteur de niveau fiable et partie de
programmation.
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Figure 4.5: Structure de programmation a miroir de courant: (a) principe (opération SET), (b) circuit de
programmation complet pour un périphérique ReRAM.

Les deux solutions de programmation utilisent uniquement des transistors a oxyde de grille
mince, ce qui les rend compatibles avec le flot de conception numérique. En outre, ils sont
fiables et peuvent étre implémentés avec des noeuds CMOS inférieurs a 28 nm. Les NVFF
gérent I'écart entre les conditions de programmation SET et RESET et ont une simple opération
de FORMING. Par rapport aux NVFF LS, les NVFF CM ne nécessitent pas la génération de
signaux intermédiaires sur différents niveaux de tension. La réduction de tension dynamique de
VDDH et VDD entre les modes de stockage, de restauration et actif est nécessaire pour les
NVFF CM, alors qu'elle peut étre évitée dans le cas des NVFF LS.

5. Evaluation de NVFF

Cellules NVFF mises en oeuvre

Afin de comparer deux architectures de programmation (LS et CM) et deux configurations de
restauration (2R et 1R), trois des cellules NVFF présentées sont mises en ceuvre et évaluées dans
la technologie CMOS FDSOI de 28 nm: 2R-LS, 2R-CM et 1R-CM. Pour obtenir le rendement de
restauration suffisant, la cellule 1R-CM est mise en ceuvre avec des CBRAM, tandis que les
cellules NVFF 2R utilisent des OxRAM. Les circuits de programmation dans les cellules sont
optimisés pour répartir Ron et Rorr améliorant l'endurance et réduisant au minimum la puissance
de programmation (Tableau 5.1). Les cellules 2R peuvent fonctionner a la tension nominale et a
une tension réduite de 0,8 V (cf. Section 4), comme tension minimale pour l'opération de
restauration (pour les conditions de programmation ReRAM choisies).

Les bascules NVFF proposées sont é¢galement évaluées sur le plan schématique par rapport a la
cellule MSFF standard utilisée pour la construction de NVFF et a la bascule a double rail avec
latch de retention de données ("ballon"). En outre, des simulations post-layout plus complétes



sont effectué¢es pour MSFF et NVFF. Les caractéristiques des NVFF simulées et présentées ci-
apres sont: le délai de propagation en mode actif, la consommation d'énergie en mode actif, la
consommation d'énergie en mode stockage et le break-even sleep time des NVFF par rapport aux
cellules volatiles.

Table 5.1: Parametres des bascules NVFF implémentées

Architecture 2R -LS, 2R-CM 1R-CM

Technologies OxRAM [41, 49], 28nm | CBRAM [38, 80], 28nm
FDSOI FDSOI

Ron (£30) 7 kQ (4-10 kQ) <30 kQ ON

Rorr (£30) 200 k€ (30-1000 k€2) >200 kQ

Vrom v v

Vstr 2V 2.2V

VRED 0.8V /

Résultats

Par rapport a la cellule MSFF standard, les NVFF fonctionnant en mode actif présentent une
faible augmentation du délai de propagation, inférieure a la bascule avec retention de données
"ballon". A la tension nominale, cette augmentation est de l'ordre de 5% ou 8% pour des temps
transitions tcik-q 0->1 ou 1->0, respectivement (Figure 5.1).
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Figure 5.1: tcrk g en fonction de tcik p, pour MSFF et NVFFs, @ 1V (simulation post-layout).

En outre, les résultats montrent que la consommation d'énergie en mode actif est la plus petite
pour la cellule NVFF 1R-CM et la plus ¢élevée pour NVFF 2R-LS (Figure 5.2). Dans le cas de
NVFF LS, le méme VDDH dans tous les modes est autorisé, mais ne pas utiliser la palette de
tension dynamique pour réduire le VDDH peut considérablement augmenter les fuites dans la




partie programmation de la cellule. La pénalit¢ sur la consommation en mode actif est
proportionnelle a la période d'horloge et a le taux d'activité de données, allant de 2-4% a 1GHz
avec 2% d'activité jusqu’a 10-14% a 10MHz avec 10% d'activité, a la tension nominale. Les
pénalités en vitesse et en consommation sont plus faibles si les cellules fonctionnent a tension
réduite en mode actif.
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Figure 5.2: Energie des NVFF en mode actif @ 1V, pour différentes fréquences et niveaux d'activité de données
(simulation post-layout).

Pour évaluer la consommation des NVFFs en mode stockage, un modéle ¢électrique simplifié du
comportement ReRAM a été utilisé, couvrant différents scénarios de stockage qui dépendent de
la donnée dans la bascule. Pendant 1’opération de stockage, la cellule 1R-CM présente une
consommation d'énergie inférieure a celle d'autres NVFF, en raison de valeurs de résistance plus
¢levées et d'un seul circuit de programmation. Cependant, son énergie nécessaire au stockage de
30-120pJ est la plus importante, ce qui est une conséquence des temps de commutation plus
longs des dispositifs CBRAM (Figure 5.3). Les NVR 2R-CM et 2R-LS possédent une
consommation d'énergie similaire de 20 a 35 pJ.

Le “Break-even time” (BET) des NVFF par rapport aux MSFF/«ballon» est défini comme la
valeur tsieep pour laquelle 1'énergie du sommeil MSFF/«ballon» est égale a 1'énergie du sommeil
NVFF. Ainsi, cette valeur indique le point ou le remplacement de la cellule volatile par NVFF
apporte des ¢économies d'énergie si les périodes d'inactivité sont supérieures a BET. En
comparaison avec MSFF, le BET estimé de NVFF est dans la gamme de 5-200ms pour les
cellules 2R basées sur OxXRAM, ou 10-700 ms pour la cellule 1R a base de CBRAM, comme le
montre la Figure 5.4 (la gamme couvre la tension de retention de 1-3-1V de la bascule et toutes
les valeurs possibles des données stockées en cycles consécutifs). Il augmente a 0.1-2s (2R) ou
0.2-6s (1R), lorsque les NVFF sont comparées a la bascule "balloon". Il faut noter que les
résultats donnés correspondent au scénario le plus simple dans lequel le back-up est effectué
avant chaque période de sommeil, et que les cas d'utilisation différents peuvent entrainer des
¢conomies d'énergie. Dans un but de simplification, I'estimation présentée ne tient pas compte



des transitions des alimentations entre les modes de fonctionnement. Cet aspect doit étre pris en
compte dans 1'analyse des économies au niveau du systéme.
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Figure 5.3: Energie (mode stockage) dans le domaine VDDH (E store_vpopn) des NVFF 2R-LS, 2R-CM et CM-1R,
pour tous les scénarios Qoia/NV (simulation post-layout).
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La pénalité la plus importante de la version non-volatile par rapport a la version volatile de la
bascule est dans la surface requise pour la cellule, car les NVFF sont 3x (1R-CM NVFF) a 5,6x
(2R-LS NVFF) plus gros que les MSFF (Figure 5.5).

(b) (©)

Figure 5.5: Layout de (a) 2R-LS NVFF, (b) 2R-CM NVFF, (c¢) 1R-CM NVFF.

6. File register non-volatile

Outre les bascules qui sont dispersées dans la logique numérique, les coeurs de microprocesseur
contiennent également un certain nombre d'éléments de mémoire adressables (par exemple, les
registres a usage général) qui peuvent Etre organisés dans un fichier de registre ordinaire
(« register file »). En régle générale, les register files doivent pouvoir lire et écrire simultanément
plusieurs données a chaque cycle d'horloge, ainsi ils sont réalisés en tant qu'architectes multi-
ports [85]. Pour obtenir une solution haute performance, simple et robuste avec un temps de
conception minimal, les processeurs avec un petit nombre de registres et ports d'acces utilisent
souvent des register files basés sur des bascules générés a 1'aide du code RTL. Pour une densité
plus élevée et consommation d'énergie limitée, les gros register files dans les processeurs
complexes sont généralement congus comme des tableaux de type SRAM entierement
personnalisés.

Afin de satisfaire tous les défis de la co-intégration des technologies ReRAM et CMOS, les
solutions de conception de bascule non-volatile présentées dans la Section 4 impliquent des



surfaces utilisées ¢levées. Cependant, elles peuvent étre utilisées pour la conception de register
files multi-port non-volatiles (NVRF) plus denses en plagant les parties NVFF communes en
dehors de la cellule et en les partageant entre plusieurs cellules. Une circuiterie périphérique
commune peut étre utilisée ensuite pour les opérations volatiles (lecture multiple, écriture
multiple) et les opérations non-volatiles (stockage, restauration).

Une nouvelle architecture NVRF basée sur ce principe est démontrée dans cette theése. Un acces
double lecture simple écriture (2R1W) est considéré, étant donné que ce nombre de ports est
compatible avec le jeu d'instructions du processeur ARM Cortex-MO0 + processeur. Il contient 16
mots de 32 bits, ce qui correspond a 13 registres généraux, le pointeur de pile, le registre de lien
et les registres auxiliaires de MO +. Le NVRF est congu et dessiné en technologies CBRAM et
CMOS 130 nm. Tout en augmentant la densité cellulaire, le register file répond aux contraintes
données pour NVFFs:

e en utilisant la tension nominale pour la partie volatile et une tension plus élevée pour
ReRAM,

e en optimisant la conception pour avoir des courants de programmation qui conduisent a
une consommation plus faible et une augmentation de 1’endurance,

e cn surmontant I'écart entre les conditions de programmation SET/RESET,

e en assurant un rendement de restauration suffisant.

Comme l'alimentation nominale du noeud CMOS 130 nm est plus proche de la tension de
programmation ReRAM, il n’y a pas d'empilement de transistors, bien que la solution utilise
uniquement des transistors a oxyde de grille mince.

L'architecture NVRF proposée repose sur la cellule NVFF 1R-CM. Une solution de
programmation de type CM plutot que LS est choisie car elle nécessite moins de place, alors que
les consommations et les vitesses de ces deux approches sont comparables. Par ailleurs, elle peut
étre simplement intégrée dans un tableau en partageant les sources de courant entre plusieurs
cellules. En ce qui concerne la restauration, la mise en ceuvre du NVRF avec la technologie
CBRAM a haute fenétre de mémorisation permet la configuration 1R, plus compacte et moins
consommatrice que la configuration 2R (pour le méme type de ReRAM). De plus, cela simplifie
la conception car le signal de FORMING dédié n’est pas nécessaire.

Le register file non-volatile, représenté dans la Figure 6.1, se compose des ¢léments suivants:

- une cellule M par colonne, identique a I'étage maitre de MSFF,

- le tableau de cellules S-NV, ou S est 1'étage esclave adapté de MSFF, et NV stocke les données
de S d'une maniére non-volatile (Figure 6.2),

- un bloc ST et RST par colonne, soit les parties communes de circuiterie pour stockage et
restauration (Figure 6.3),

- des blocs de lecture READ, utilisés pendant les opérations de lecture et de stockage, et

- des blocs DECODERS, pour fournir des signaux d’adressage requis.



Comme pour la cellule NVFF, la solution utilise deux alimentation - la tension VDD d’opération
CMOS et et la tension VDDH pour programmation des dispositifs ReRAM . VDDH est distribué
vers les parties NV des bitcells et le block ST, tandis que VDD alimente tous les autres blocs.
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Figure 6.1. L'architecture NVRF proposée.
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Figure 6.3. — Les cellules RST (a gauche) et ST (a droite).

La conception présentée démontre que les surfaces silicium des bascules non-volatiles peuvent
étre minimisées en les organisant dans un tableau de type file register, sans impact sur la
robustesse du stockage et de restauration. La solution mise en oeuvre permet l'exécution en
paralléle d'écriture a une adresse et de lecture en deux adresses. De plus, le nombre de ports peut
étre facilement étendu sans modification de la cellulle ¢élémentaire S-NV. Avec ajout de
décodeur d'adresse, chaque opération de lecture ou d'écriture requiert, respectivement, un
transistor NMOS dans le bloc READ ou une nouvelle cellule M. Cette architecture NVRF
permet une transition sommeil-réveil trés rapide, puisque l'opération de restauration peut étre
effectuée simultanément sur plusieurs lignes.

Enfin, la conception NVRF proposée peut étre portée a la technologie CMOS 28 nm et méme
des nceuds en-dessous en utilisant uniquement des transistors a oxyde de grille mince,
conformément a I'approche mise en ceuvre dans les NVFFs. Ainsi, I'empilement de transistors
doit étre mis en ceuvre dans la partie NV de la cellule d'information S-NV et dans le bloc ST.



7. Conclusion

Le travail effectué au cours de cette thése peut étre résumé comme suit:

- L’influence des tensions et des courants de programmation ReRAM sur les valeurs de Rox et de
Rorr, vitesse de commutation, I'énergie de programmation et d'endurance dispositif a été étudiée.

- Différents aspects de la conception de bascules NVFF (circuits de stockage / restauration,
alimentation, etc.) ont été explorés en ce qui concerne les propriétés des technologies NVM et
CMOS utilisées (fenétre de mémorisation, conditions de programmation, variabilité, etc.). Des
lignes directrices de conception en ont été extraites pour la mise en ceuvre de nouvelles bascules
et register files a base ReRAM-non-volatiles.

- Deux circuits a double tension pour la programmation des dispositifs ReRAM ont été proposes:
I’un a base de convertisseur de niveau et I’autre a base de programmation a miroir de courant.
Les deux solutions sont compatibles avec la technologie CMOS, et utilisent uniquement des
transistors a oxyde de grille mince pour la compatibilité avec le flot de la conception numérique.

- Deux architectures de restauration ont été étudiées: 1’'une a deux dispositifs et compatible avec
une large gamme de technologies ReRAM, et I’autre a dispositif unique permettant une meilleure
densité d'intégration et une plus faible consommation. Les opérations de restauration robustes a
faible tension sont obtenues en choisissant judicieusement les technologies de ReRAM et leurs
conditions de programmation, apres l'analyse statistique qui prend en compte les variations
CMOS et ReRAM.

- Le coeur du NVFF, en particulier l'architecture de I’étage esclave, a été étudié et concu pour
atteindre le plus haut rendement de restauration et des performances en mode bascule normal.

- Les NVFFs proposés ont été¢ simulés et déssinés en technologie FDSOI 28nm. Congues comme
cellules standards, toutes les solutions sont optimisées pour utiliser des conditions de
programmation ReRAM qui améliorent l'endurance et réduisent la consommation, tout en
surmontand I'écart entre les conditions de programmation SET et RESET.

- L'évaluation post-layout des masques des NVFFs a été effectuée. Elle a montré que, par rapport
a la bascule MSFF de la bibliotheque de cellules standard, tous les NVFFs introduisent un délai
minimal et une pénalit¢ de consommation en mode actif. Parmi les solutions proposées, les
circuits de restauration 1R et de stockage CM correspondent aux architectures les plus efficaces
pour ce qui concerne 1’énergie en mode actif.

- En mode stockage, les résultats indiquent que la consommation des circuits LS et CM est
similaire quand ils sont optimisés pour la méme technologie et conditions de programmation. En
général, les NVFF 1R sont plus efficaces en énergie que les NVFF 2R avec les mémes ReRAMs,
en raison d’un seul circuit de programmation et d’un bloc de contrdle plus simple. Cependant,
leur contrainte de fenétre de mémorisation plus élevée limite le choix de la technologie ReRAM
ou implique des conditions de programmation plus agressives (en particulier, des largeurs



d'impulsion plus grandes), ce qui augmente 1'énergie de programmation. Par conséquent, les
bascules NVFF 2R-CM et NVFF 2R-LS congues avec des OxRAM plus rapides ont une
consommation d'énergie de stockage inférieure a celles des NVFF 1R-CM a base de CBRAM.

- L'évaluation présentée dans ce travail suggere que, pour des systémes caractérisés par de
longues périodes de veille, I'utilisation de NVFF peut apporter des économies d'énergie
considérables. Par exemple, la rétention de données dans les bascules existantes alimentées a
0,5V est supérieure a la consommation des solutions 2R-LS/2R-CM ou 1R-CM apres des
périodes d'inactivité de 0.2-0.8s ou 0.7-3s, respectivement.

- Le layout de la bascule NVFF est entierement compatible avec le flot de conception numérique,
en placant les ReRAM entre les deux derniéres couches métalliques de la technologie. Par
rapport a la surface de cellule standard MSFF, les cellules NVFF sont de 3 (IR-CM) a 5 ou 6
(2R-LS) fois plus grandes. Cependant, les surfaces de ces cellules peuvent étre réduites, car elles
peuvent partager plusieurs ressources avec d'autres NVFFs sur le circuit intégré.

- I a été démontré que le principal inconvénient des NVFFs (les surfaces de silicium utilisées),
peut étre réduit au minimum en créant un réseau de mémoire et en placant la circuiterie
commune (pour €crire, lire, stocker et restaurer) a la périphérie. A titre d'exemple, un register
file multi-ports non-volatile de type deux lectures et une écriture a ét¢ implémenté dans le noeud
CMOS 130nm. Le réseau repose sur la cellule IR-CM a base CBRAM. La solution proposée
offre une densité supéricure a celle de la cellule NVFF avec la méme performance de transition
de réveil, et peut étre facilement ajustée pour prendre en charge plus de ports de lecture et
d’écriture.

Les travaux futurs: processeur non-volatile

Apres la conception de cellules NVFF a base de ReRAM, la prochaine étape naturelle consiste a
appliquer la méme approche sur un circuit a plus grande échelle. En fait, il existe déja un travail
en cours concernant 1’application des solutions présentées dans cette thése a un processeur non
volatile. Dans cette premiere tentative de réaliser une unité de microcontroleur non-volatile a
base ReRAM, la bascule NVFF basée sur une architecture 1R-CM est incluse dans le processeur
ARM Cortex-M0+ microprocesseur. Toutes les bascules de la version volatile du coeur de
processeur sont remplacées par leurs homologues non-volatiles. Par conséquent, l'unité de
gestion de l'alimentation dédiée (PMU) est réalisée avec une machine a états qui gere les
différents modes sommeil et contraintes d'alimentation. Dans le mode de sommeil profond, seule
I’unité¢ de gestion PMU et le controleur de réveil (WIC) sont alimentés, tandis que le reste du
circuit peut étre coupé. Ainsi, la version non-volatile permet des économies d'énergie élevées par
rapport a la norme MCU, ce qui réduit le désavantage de la mise en sommeil et du réveil.

L'un des défis majeurs et 1'étape suivante dans le développement du processeur non-volatile porte
sur la réduction de sa surface. Pour résoudre ce probléme, une solution plausible peut étre
notamment de mettre ensemble le register file non-volatile et les bascules non-volatiles. Pour les



architectures telles que MO+, qui ne contiennent pas de register file et ont les registres a usage
général a base de bascules, la mise en ceuvre de NVRF nécessite une 1égere modification du
coeur du processeur. Par conséquent, 1'unité¢ de gestion de I'alimentation et le contréleur NVFF /
NVRF doivent étre adaptés pour valider cette modification. Aprés la preuve du concept avec
«uniquement» du matériel non-volatile, de nouvelles orientations pour 1'amélioration du NVP
surgiront. Par exemple, au lieu de considérer que toutes les bascules sont non-volatiles, 1'examen
plus approfondi du systéme peut conduire a la sélection d’un sous-ensemble plus approprié de
FFs a étre remplacé par des NVFFs. Enfin, le développement peut se poursuivre au niveau du
logiciel. Pour une meilleure exploitation des proprié¢tés NV, de nouvelles facons d'adapter le
logiciel du systeme peuvent étre explorées. Quelques pistes pour cette réflexion sont le contrdle
supplémentaire des procédures de mise en sommeil/réveil, le choix optimal du mode veille, etc.
En conclusion, la co-conception matériel/logiciel approprié¢e permettra de tirer le meilleur profit
de I’ajout de la non-volatilité au systéme IoT.



