The Pennsylvania State University
The Graduate School

MODELING AND ARCHITECTING EMERGING NON-VOLATILE
RESISTIVE RANDOM ACCESS MEMORY FOR FUTURE
COMPUTER SYSTEM

A Dissertation in
Computer Science and Engineering
by
Dimin Niu

c 2013 Dimin Niu

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

August 2013

The dissertation of Dimin Niu was reviewed and approved∗ by the following:

Yuan Xie
Professor of Computer Science and Engineering
Dissertation Advisor, Co-Chair of Committee

Vijaykrishnan Narayanan
Professor of Computer Science and Engineering
Co-Chair of Committee

Mary Jane Irwin
Professor of Computer Science and Engineering

Donghai Wang
Assistant Professor of Mechanical Engineering

Lee Coraor
Associate Professor of Computer Science and Engineering
Director of Academic Affairs

∗

Signatures are on file in the Graduate School.

Abstract

As leakage power and fabrication difficulty have become major obstacles of DRAM
scaling, the search for new technologies as DRAM alternative has gained increased
attention. Recently, several emerging non-volatile memory (NVM) technologies,
such as Phase Change Random Access Memory (PCRAM or PCM), Spin Torque
Transfer Random Access Memory (MRAM or STT-RAM), and Resistive Random
Access Memory (ReRAM), have been studied intensively as potential candidates
for the next generation memory technologies. Among all of these emerging technologies, ReRAM has been demonstrated with excellent scalability beyond the
10nm technology node, fast speed with <10ns access latency, and capability of
high density due to the multi-level cell (MLC) and cross-point array structure.
However, there are several challenges before ReRAM can be adopted as a viable commercial main stream technology. First, cell-level non-uniformity, which is
caused by the process variation and stochastic switching mechanism of resistance
switching materials, requires a worst-case design methodology. The worst-case design results in a significant waste of energy consumption and the degradation of
performance. Second, at array-level, although the cross-point structure is effective
in improving the memory density, its inherent disadvantages, such as sneak current
and voltage drop along metal wires, introduce extra design challenges. Third, as an
emerging memory technology, ReRAM-based main memory lacks architecture-level
exploration and optimization.
This dissertation proposes to model and architect a low cost and high performance ReRAM-based main memory with optimization methods from both circuitlevel and architecture-level. First, a mathematical model is built to evaluate reliability, energy consumption, area overhead, and performance for ReRAM at arraylevel. Second, based on the mathematical model, we conduct a design space exploration and propose an architecture-level ReRAM main memory design. Third,
we introduce a design flow and provide key insights into architectural tradeoffs of
iii

ReRAM chips among different array structures and cell parameters. In addition,
multiple design optimizations are proposed to further improve the performance
and energy efficiency of a reliable ReRAM main memory design.

iv

Table of Contents

List of Figures

viii

List of Tables

xi

Acknowledgments

xii

Chapter 1
Introduction
1.1 Motivation . . . . . . . . . . . . . . .
1.2 Preliminary of ReRAM Technology .
1.2.1 ReRAM Cell . . . . . . . . .
1.2.2 ReRAM Array Organization .
1.2.3 Programming ReRAM Array
1.3 Contributions and Organization . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

Chapter 2
Modeling and Design Trade-Offs for Cross-Point ReRAM
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.2 Design Challenges of Cross-point ReRAM Array . . . . . .
2.3 Modeling of the Cross-Point Memory . . . . . . . . . . . . .
2.4 Analysis of Design Constraints . . . . . . . . . . . . . . . . .
2.4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . .
2.4.2 Write Operation . . . . . . . . . . . . . . . . . . . .
2.4.3 Read Operation . . . . . . . . . . . . . . . . . . . . .
2.5 Nonlinearity and Write Current Scaling . . . . . . . . . . . .
2.6 A Case Study of Cross-point ReRAM Macro Design . . . . .
2.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . .

v

.
.
.
.
.
.

1
1
4
5
8
10
11

Array
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .

13
13
14
15
21
21
22
30
31
33
35

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

Chapter 3
Architecting ReRAM-based Main Memory
3.1 Design of ReRAM-based Main Memory . . . . . . . .
3.1.1 ReRAM Bank Organization . . . . . . . . . .
3.1.1.1 Basic organization
38
3.1.1.2 Row buffer size limitation
40
3.1.1.3 Block-level parallelism access scheme
41
3.1.2 Area and Cost Analysis . . . . . . . . . . . .
3.2 Design Space Exploration . . . . . . . . . . . . . . .
3.3 Experimental Methodology . . . . . . . . . . . . . . .
3.3.1 Performance and Energy Evaluation . . . . .
3.3.2 Hardware Cost . . . . . . . . . . . . . . . . .
3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . .
. . . . . . . .

37
38
38

.
.
.
.
.
.

.
.
.
.
.
.

44
48
49
51
52
54

.
.
.
.
.
.
.
.

56
57
57
61
63
66
66
67
68

.
.
.
.
.
.
.
.
.

70
71
72
72
74
76
79
79
80
81

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

Chapter 4
Design of Cross-point Metal-oxide ReRAM Emphasizing Reliability and Cost
4.1 Design Flow of Reliability and Cost Driven ReRAM . . . . . . . .
4.1.1 The First Stage: The Array-Level Model . . . . . . . . . .
4.1.2 The Second Stage: Bank-Level Design Space Exploration .
4.1.3 The Third Stage: Chip-Level Cost Estimation . . . . . . .
4.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.1 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . .
4.2.2 Experiment Results . . . . . . . . . . . . . . . . . . . . . .
4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Chapter 5
Low Power Design with Error Correcting Code
5.1 Preliminary of Error Correcting Code . . . . . . . . . . . . . . .
5.2 Impact of Process Variation on ReRAM . . . . . . . . . . . . .
5.2.1 Log-normal Switching Time Distribution of ReRAM Cell
5.2.2 Impact of the Log-normal Switching Time Distribution .
5.3 Error estimation and ECC design . . . . . . . . . . . . . . . . .
5.4 Experiment Results . . . . . . . . . . . . . . . . . . . . . . . . .
5.4.1 Simulation Setup . . . . . . . . . . . . . . . . . . . . . .
5.4.2 Simulation Results . . . . . . . . . . . . . . . . . . . . .
5.4.2.1 Area Overhead of ECC Schemes . . . . . . . .
vi

.
.
.
.
.
.
.
.
.

5.5

5.4.2.2 Performance Evaluation . . . . . . . . . . . . . . .
5.4.2.3 Energy Evaluation . . . . . . . . . . . . . . . . . .
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

81
82
83

Chapter 6
Low Power Multi-Level-Cell Resistive Memory Design with Novel
Data Mapping Schemes
6.1 Preliminary of MLC ReRAM . . . . . . . . . . . . . . . . . . . . .
6.1.1 ReRAM and MLC ReRAM . . . . . . . . . . . . . . . . . .
6.1.2 Programming MLC ReRAM . . . . . . . . . . . . . . . . . .
6.2 Design of Low Power MLC ReRAM with Incomplete Data Mapping
6.2.1 Conversion between Binary Numeral System and
Other Numeral Systems . . . . . . . . . . . . . . . . . . . .
6.2.2 Incomplete Data Mapping . . . . . . . . . . . . . . . . . . .
6.3 Improving ReRAM Endurance with
Dynamic Data Remapping . . . . . . . . . . . . . . . . . . . . . . .
6.3.1 Write Endurance Improvement of MLC ReRAM . . . . . . .
6.3.2 Dynamic Data Remapping . . . . . . . . . . . . . . . . . . .
6.4 Experiment Results . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.4.1 Experiment Setup . . . . . . . . . . . . . . . . . . . . . . . .
6.4.2 Hardware Overhead . . . . . . . . . . . . . . . . . . . . . . .
6.4.3 Experiment Results . . . . . . . . . . . . . . . . . . . . . . .
6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

94
94
95
99
99
100
100
103

Chapter 7
Conclusion and Future Work

104

Bibliography

107

vii

85
86
86
87
89
89
92

List of Figures
1.1

Aspect ratio comparison between 32 nm DRAM capacitor and Burj
Khalifa. Aspect Ratio(AR)= capacitor height/diameter. . . . . .
An overview of metal-oxide ReRAM cell. . . . . . . . . . . . . . .
(a) LRS of the ReRAM cell after the formation or SET operation.
(b) RESET operation. (c) SET operation. (d) HRS of the ReRAM
cell after RESET operation. . . . . . . . . . . . . . . . . . . . . .
Overview of ReRAM array structures. (a): MOSFET-accessed
structure; (b): cross-point structure; (c): diode-accessed cross-point
structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.

2
5

.

6

.

8

The circuit model of the cross-point array. . . . . . . . . . . . . . .
Validation of the analytical model against SPICE simulation. The
two figures show the voltage drops obtained from our model and
SPICE (a) with a nonlinearity factor of 5 and (b) without nonlinearity.
2.3 Write disturbance for FWFB schemes. ( VW 32 = 2V , VB32 = 0V .
Rx,32 at HRS, others at LRS.) . . . . . . . . . . . . . . . . . . . . .
2.4 Required write voltages for different cross-point arrays (threshold
voltage = 2V.). . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.5 Required write voltages with different memory shapes (array capacity = 256Kbits, threshold voltage = 2V). . . . . . . . . . . . . . . .
2.6 The normalized energy consumption with different array size: (a)
Single-bit write. (b) Whole-wordline write. . . . . . . . . . . . . . .
2.7 Drive current: (a) Single-bit write. (b) Whole-wordline write. . . .
2.8 Area overhead: (a) Single-bit write. (b) Whole-wordline write. . . .
2.9 The maximum array size with different nonlinearity coefficients. . .
2.10 Energy and area overhead comparison. (a) Energy consumption
(normalized to baseline). (b) Area overhead of voltage driver (normalized to the area of cross-point array). . . . . . . . . . . . . . . .
2.11 Read noise margin with (a) different array size and (b) scaling of
nonlinearity and write current. . . . . . . . . . . . . . . . . . . . . .

16

1.2
1.3

1.4

2.1
2.2

viii

21
24
25
26
28
29
30
31

32
33

2.12 (a) Bandwidth per Joule and (b) bandwidth per square millimeter
of 256 Mbits ReRAM macro. . . . . . . . . . . . . . . . . . . . . . .
2.13 Bandwidth per Joule per square millimeter of 256 Mbits ReRAM
macro. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Details of ReRAM-based main memory design. (a) Schematic view
of ReRAM bank; (b) Subarray organization; (c) Design of sense
amplifier and write driver. . . . . . . . . . . . . . . . . . . . . . .
3.2 Block-level parallelism access scheme. . . . . . . . . . . . . . . . .
3.3 Energy and latency comparison of the block-level parallelism access
scheme. (a) Comparison of same organization; (b) Comparison of
same row buffer size. . . . . . . . . . . . . . . . . . . . . . . . . .
3.4 Comparison of latency/area with different memory technologies.
(a) Write latency. (b) Read latency. . . . . . . . . . . . . . . . . .
3.5 Cost-per-bit model results. . . . . . . . . . . . . . . . . . . . . . .
3.6 Latency and area trade-offs with different row buffer sizes. . . . .
3.7 Energy and area trade-offs with different row buffer sizes. . . . . .
3.8 Normalized Execution Time Overhead . . . . . . . . . . . . . . .
3.9 Normalized Energy Overhead . . . . . . . . . . . . . . . . . . . .
3.10 Normalized EDP . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.11 System-level hardware cost comparison between different processor
and memory configurations . . . . . . . . . . . . . . . . . . . . . .

35
35

3.1

4.1
4.2

4.3
4.4
4.5
4.6
5.1
5.2
5.3
5.4
5.5

.
.

39
42

.

44

.
.
.
.
.
.
.

45
46
47
48
52
53
53

.

54

Area efficiency of cross-point array. . . . . . . . . . . . . . . . . . .
First stage design flow. ( Vworst , Vth : calculated value and constraint
of worst case voltage. ∆Ird , ∆Ith : calculated value and constraint
of read noise margin. M, N : number of wordline and bitline.) . . . .
Array Size Limitation Bounded by Worst Case Voltage. . . . . . . .
Array Size Limitation Bounded by Read Noise Margin. . . . . . . .
Design Space Exploration of 128Mbit 1D1R ReRAM bank. . . . . .
Relationship between the Cost of DRAM Package and the Pin Count.

59

CDF and PDF of the switching time under different voltage input .
Normalized write energy/latency comparison (Error Rate=0.00001).
Write energy variation with different error rate. . . . . . . . . . . .
Error rate of a 512 bits block (p is the error rate of a single ReRAM
cell after write operation). . . . . . . . . . . . . . . . . . . . . . . .
(a) The architecture of ECC for ReRAM memory. (b) Subblocks
with ECC overhead. . . . . . . . . . . . . . . . . . . . . . . . . . .

73
75
76

ix

60
61
61
63
66

77
78

5.6

Error rate for 512 bits block with SEC-DED code (The 512 bits
block is evenly divided into N subblocks; p is the error rate of a
single ReRAM cell after write operation). . . . . . . . . . . . . . .
5.7 Error rate for 512 bits block with BCH 2 code (The 512 bits block
is evenly divided into N subblocks; p is the error rate of a single
ReRAM cell after write operation). . . . . . . . . . . . . . . . . .
5.8 Read Latency Overhead (Based Line Latency = 6.5 ns for MOS
based memory and 1.8ns for cross-point memory). . . . . . . . . .
5.9 Write Latency Improvement (Based Line Latency = 104.1 ns for
MOS based memory and 200.4 ns for cross-point memory). . . . .
5.10 Read Energy Overhead (Based Line Energy = 4731 pJ for MOS
based memory and 35.12 pJ for cross-point memory). . . . . . . .
5.11 Write Energy Improvement Read Energy Overhead (Based Line
Energy = 105 nJ for MOS based memory and 4.85 nJ for crosspoint memory. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
P&V programming. (a) Reset-and-Program Scheme; (b) Set-andProgram Scheme. . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.2 SAP and RAP region of 8-level MLC ReRAM. . . . . . . . . . . .
6.3 Iteration Counts for Each Data Transition. . . . . . . . . . . . . .
6.4 Data flow of DDRM for IDM((8,6),2) scheme. (a) Read.(b) Write.
6.5 Example of the proposed two-level IDM. . . . . . . . . . . . . . .
6.6 Example of DDRM with ECP. . . . . . . . . . . . . . . . . . . . .
6.7 Normalized execution time. . . . . . . . . . . . . . . . . . . . . .
6.8 Memory capacity comparison. CV=0.3. . . . . . . . . . . . . . . .
6.9 Memory capacity comparison. CV=0.2. . . . . . . . . . . . . . . .
6.10 Normalized memory capacity vs write energy. CV=0.3 . . . . . .

.

78

.

79

.

82

.

82

.

83

.

83

.
.
.
.
.
.
.
.
.
.

87
88
89
96
97
98
101
101
102
102

6.1

x

List of Tables
1.1
1.2

Comparison among different memory technologies.
size of a single-level single-layer cell. . . . . . . . .
ReRAM prototypes in recently published papers.
parameter is not listed in the paper.) . . . . . . .

*Cell size is the
. . . . . . . . . .
( – means the
. . . . . . . . . .

3
7

2.1
2.2

Parameters of the baseline Cross-Point Array . . . . . . . . . . . .
Area, energy, and bandwidth results of 256 Mbits ReRAM macro. .

22
33

3.1
3.2
3.3

Baseline System Configurations . . . . . . . . . . . . . . . . . . . .
Memory subsystem parameters . . . . . . . . . . . . . . . . . . . .
Benchmarks Configurations . . . . . . . . . . . . . . . . . . . . . .

49
50
51

4.1
4.2
4.3

Pincount of DDR SDRAM. . . . . . . . . . . . . . . . . . . . . . .
ReRAM cell parameters . . . . . . . . . . . . . . . . . . . . . . . .
ReRAM Chip Design Optimizations with Different Cells . . . . . .

65
66
67

5.1

Cell Overhead of ECC codes (The 512 bits block is evenly divided
into N subblocks, each subbolck has its own ECC code; NECC is
the total parity bits of the whole block). . . . . . . . . . . . . . .
BER requirement with Perr < 10−9 . . . . . . . . . . . . . . . . .
Physical Parameters of ReRAM-Based Memory [1, 2]. . . . . . . .
Area overhead ratio of 128MB cross-point ReRAM-based memory
(Baseline Area=42.76mm2 ) . . . . . . . . . . . . . . . . . . . . .

.
.
.

79
80
80

.

81

.

92

.
.
.

92
94
99

5.2
5.3
5.4
6.1
6.2
6.3
6.4

Example of Lossy Conversion . . . . . . . . . . . . . . . . . . . .
Results of Monte Carlo simulation. (TW C : worst case latency. EAve :
average write energy.) . . . . . . . . . . . . . . . . . . . . . . . . .
Minimum Unit Entropy Loss of a xC6 ↔ yB Conversion . . . . .
Simulation Configurations . . . . . . . . . . . . . . . . . . . . . .

xi

Acknowledgments
First and foremost, I would like to express my heartfelt gratitude to Professor
Yuan Xie, who is not only my Ph.D advisor but also a dear friend. I would like to
thank him for introducing me to the area of computer architecture. I appreciate
all his patience, encouragement, support, and guidance on my research. Our work
together will be a memory I will treasure for the rest of my life.
I would like to thank my committee members, Professor Mary Jane Irwin,
Professor Vijaykrishnan Narayanan, and Professor Donghai Wang, for their invaluable advises, insightful comments, and hard questions. I owe them my sincere
appreciation.
I would also like to thank my manager, Dr. Norm P. Jouppi, and my mentor,
Dr. Naveen Muralimanohar, for their great support and invaluable advises while
I was an intern at Hewlett-Packard Labs during the past two years.
I am also greatly indebted to co-authors of my research papers, Dr. Yiran
Chen and Dr. Hai Li from University of Pittsburgh, Dr. Yongsoo Joo from Ewha
Womans University, and Dr. Xiaochun Zhu from Qualcomm, for the great collaborations and their great help.
Many thanks also go to past and present MDL members for providing a supportive and productive environment. Especially, I thank Xiaoxia Wu, Yang Ding,
Yibo Chen, Xiangyu Dong, Jin Ouyang, Tao Zhang, Cong Xu, Jishen Zhao, Jing
Xie, Matt Poremba, Qiaosha Zou, Hsiang-Yun Cheng, Jue Wang and for their
great help.
Many thanks are to my friends and colleagues at Pennsylvania State University
and Hewlett-Packard Labs, including but not limited to Ye Tian, Liang Gou, Jiayu
Hou, Haibin Liu, Feng Li, Lin Zhu, Rob Schreiber, Parthasarathy Ranganathan,
Jichuan Chang, Sheng Li, Doe Hyun Yoon, and Ke Chen. Special thanks to Lu
Zhang for always believing in me, and for motivating me to finish my dissertation.
I thank my beloved dog, Xiaoyang, for his constant support and unconditional
love.
Finally, I owe my deepest gratitude to my parents. I thank for their love and
understanding.
xii

Dedication

This dissertation is dedicated to my parents for their love, endless support, and
encouragement throughout my life.

xiii

Chapter

1

Introduction
1.1

Motivation

DRAM technology has been used in main memory for more than four decades.
However, recent technological trends seriously challenge the continued dominance
of DRAM, and open up room for other emerging technologies to contend for main
memory. Consider the following trends that shape the landscape of future memories.
• Scalability: DRAM capacitors have inherent limitations for continued scaling
of DRAM cells beyond 21 nm technology. In order to ensure enough noise
margin for read operations, and to have high area efficiency, the capacitance
of a DRAM cell must be maintained at a relatively constant value (around
20 ∼ 30 fF) regardless of the technology scaling. Since the cell capacitance is
directly related to the surface area of the capacitor, as we shrink the cell size,
we have to compensate the decrease in width by adjusting the height of the
capacitor. As a result, the aspect ratio of both trench capacitor or stacked
capacitor increases rapidly with technology scaling. Figure 1.1 shows how the
aspect ratio of a DRAM cell in 32 nm compares against the world’s tallest
building, Burj Khalifa. According to the ITRS [3], the aspect ratio at 22 nm
technology is predicted to be 99:1. Due to limitations in the manufacturing
process, the scaling path beyond 21 nm is not clear [3].
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DRAM Capacitor(32nm)
A/R = 56

Burj Khalifa
A/R = 5.5

1.8um

828m

32nm

150m

Figure 1.1. Aspect ratio comparison between 32 nm DRAM capacitor and Burj Khalifa.
Aspect Ratio(AR)= capacitor height/diameter.

• Memory Density: The amount of data we process is rapidly increasing at
a rate higher than Moore’s law. To meet this growing demand, in addition to the conventional scaling, industry is exploring other options such as
multi-level technology, 3D stacking, and multi-layer technology to improve
memory density. Since DRAM cannot store multiple bits per cell, emerging
technologies such as PCM and ReRAM are becoming increasingly attractive
for future systems.
• Main Memory as Primary Data Store: Due to the growing performance gap
between main memory and storage, many emerging workloads have begun
to explore using main memory as the primary data store. Memcached, SAP
HANA, and VoltDB are a few examples of such workloads. Researchers have
already explored novel architectures around this idea such as a flat hierarchy with combined memory and storage [4], and byte addressable persistent
memory for high performance [5]. With these trends, there is demand for
not just large capacity, but also for memories with high availability and large
retention time.
• Refresh Overhead: As we increase the DRAM memory capacity in large systems, the overhead due to refresh operations becomes non-trivial. DRAM

3
cells require periodic refreshes to maintain their data. This refreshing operation not only increases the power consumption (especially in standby mode),
but also hurts memory performance. In addition, the refresh latency increases linearly with the size of the DRAM device. For example, the refresh
latency for a 4Gb DDR2 DRAM device is about 300ns and the refresh latency for a 32 Gb DRAM device is predicted to exceed 1µs. Considering
the Column Address Strobe (CAS) latency of the DDR2 and DDR3 is in the
range of 10 ∼ 20ns, the performance degradation in future large systems due
to refresh operations will no longer be negligible. For future large systems,
technologies with low or zero static overhead are preferred over DRAM.
Due to these design challenges, in the past few years, the search for a new
technology as DRAM alternative has gained increased attention. Recently, several emerging non-volatile memory (NVM) technologies, such as Phase Change
Random Access Memory (PCRAM or PCM), Spin Torque Transfer Random Access Memory (MRAM or STT-RAM), and Resistive Random Access Memory
(ReRAM), have been studied intensively as potential candidates for the next generation memory technologies. As summarized in Table. 1.1, these non-volatile
technologies show several appealing characteristics, such as non-volatility, high
density, as well as zero standby power. Considering low cost (or small chip area) is
one of the most important design targets of main memory design, the large cell size
of the state-of-the-art STT-RAM becomes a critical obstacle for replacing DRAM
Table 1.1. Comparison among different memory technologies. *Cell size is the size of
a single-level single-layer cell.

2

Cell Size* (F )
Read Latency (ns)
Write Latency (ns)
Write Endurance
Data Retention
MLC capability
Write Power
Standby Power

DRAM
6-8
50
50
1016
No
No
Low
High

STT-RAM
9-60
10
5-20
1015
Yes
No
Medium
None

PCM
4-20
10-50
100-300
108
Yes
Yes
High
None

ReRAM
4-70
0.3-50
0.3-100
1012
Yes
Yes
Medium
None

4
main memory with STT-RAM. Compared to STT-RAM, PCM is denser and can
achieve comparable cell size as DRAM. However, PCM writes are significantly
more time and energy consuming than the read operations. This not only complicates scheduling at the memory controller, but also limits the write bandwidth.
In addition, MLC PCM suffers from long-term and short-term resistance drift,
which further complicate the PCM main memory design. It is worth noting that,
ReRAM has better density than STT-RAM as well as faster access latency than
PCM. Specifically, ReRAM has already been demonstrated with excellent scalability beyond the 10nm technology node, fast speed with <10ns access latency, and
capability of high density due to the multi-level cell (MLC) and cross-point array
structure. Therefore, there are good reasons for leveraging ReRAM technology as
a replacement of DRAM in the next-generation memory system.
However, as a premature technology, ReRAM poses several challenges before
it is adopted for viable commercial product.
• First, cell-level non-uniformity, which is caused by the process variation and
stochastic switching mechanism, requires the worst-case design. The worstcase design results in a significant waste of energy consumption and degradation of performance.
• Second, at array-level, although the cross-point structure is effective in improving the memory density, its inherent disadvantages, such as sneak current
and voltage drop along, introduce extra design challenges.
• Third, as an emerging memory technology, an architecture-level exploration
and optimization of ReRAM-based main memory design is necessary.
This dissertation sets out to address the aforementioned design challenges for highdensity and low-power ReRAM design.

1.2

Preliminary of ReRAM Technology

Resistive memories, in general, refer to any memory technology that uses cell
resistance to store information. By this definition, most emerging technologies
such as PCM, STT-RAM, and Ferroelectric RAM (FeRAM) can be considered
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Figure 1.2. An overview of metal-oxide ReRAM cell.

ReRAM. However, the moniker ReRAM typically refers to the subset of these
technologies that use metal oxides as storage medium (also known as metal-oxide
ReRAM to avoid confusion), which is also the definition used in this dissertation.

1.2.1

ReRAM Cell

The schematic view of a metal-oxide ReRAM cell is shown in Figure 1.2. An
ReRAM cell has a very simple structure: a metal-oxide material is sandwiched
between two metal layers of electrodes, named top electrode (TE) and bottom
electrode (BE). As the size of the sandwiched layer is limited to the cross-sectional
area between the vertical and the horizontal metal wires, it can achieve the smallest
possible cell size of 4F 2 .
By applying an external voltage across it, an ReRAM cell can be switched
between a high resistance state (HRS or OFF-state) and a low resistance state
(LRS or On-state), which are used to represent the logical ‘0’ and ‘1’, respectively. According to the polarity of the programming voltage, ReRAM cells can
be classified into unipolar ReRAM and bipolar ReRAM. The resistance switching
of a unipolar ReRAM only depends on the magnitude of programming voltage,
whereas in bipolar ReRAM, HRS-to-LRS switching (SET operation) and LRS-toHRS switching (RESET operation) require programming voltages with opposite
polarities. Compared to unipolar ReRAM, bipolar is more attractive because of
its good cell characteristics, better switching uniformity, and operating margin.
Therefore, most recent ReRAM prototypes adopt bipolar ReRAM as their storage
cell [6, 7, 8, 9, 10, 11, 12, 13]. In this dissertation, we focus on bipolar ReRAM as
well because of its aforementioned advantages.
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(a)

(b)

(c)

(d)

Figure 1.3. (a) LRS of the ReRAM cell after the formation or SET operation. (b)
RESET operation. (c) SET operation. (d) HRS of the ReRAM cell after RESET
operation.

In addition to SET and RESET operations, the forming operation is another
important process for ReRAM cells. Briefly, the forming operation is the first SET
operation, which switches a fresh device into LRS by a soft dielectric breakdown.
After the forming process, the device can be switched between LRS and HRS
repeatedly. The demand of forming operations brings extra challenges and overheads to ReRAM design since it always requires a larger voltage/current than
SET/RESET operation.

Fortunately, researchers have demonstrated that the

forming voltage can be reduced linearly with the decrease of the thickness of the
metal-oxide thin film [14]. Moreover, the forming voltage can also be reduced by
improving the deposition process. Recently, several forming-free ReRAMs have
been proposed [15, 16, 17].
Several studies have been conducted to identify the physical process responsible
for changing the resistance of ReRAM [18, 19, 20]. Among them, the filamentary
model has been widely accepted, which attributes state changes to the formation
and the rupture of nanoscale conductive filaments (CFs) at the anode interface
of a cell. The schematic view of the state transition of ReRAM cell is illustrated
in Figure 1.3. The RESET and SET operations are shown in Figure 1.3 (b)
and (c). During a RESET, the oxygen ions are forced back to the oxide layer
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Table 1.2. ReRAM prototypes in recently published papers. ( – means the parameter
is not listed in the paper.)
Reference
Year
Process (nm)

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

2009

2010

2011

2011

2012

2012

2012

2012

180

130

180

180

54

130

65

180

Material

Hf Ox

–

CuT e/CdOx

Hf Ox

T aOx /T iOx

Cux Siy O

–

T aOx

Polarity

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Bipolar

Access Device

FET

None

FET

FET

None

FET

FET

Diode

Capacity

1Kb

64Mb

4Mb

4Mb

2Mb

8Mb

4Mb

8Mb

9.3

1

69

9.5

4

20

65

2

> 102

10

102

> 103

10

103

–

–

5

–

5

74

0.3

–

–

8.2

Cell Size(F 2 )
Ron /Roff
SET latency(ns)
SET current(µA)

–

–

–

25

–

25

–

140

1.8

4

1.8

–

4

1.5

–

3.9

RESET latency(ns)

5

–

5

74

0.3

–

–

8.2

RESET current(µA)

–

–

-25

–

–

–

–

–

RESET voltage(V)

-1.6

-3

-1.1

–

-4

–

–

–

Read latency(ns)

8.5

5 × 104

16

0.3

<100

21

45

25

SET voltage(V)

Read current(µA)
Read voltage(V)

–

–

–

–

–

–

5

–

0.8

0.1-0.2

0.2-0.3

0.3

–

0.6

0.2-0.35

–

by the electric field and they recombine with the oxygen vacancies (Vo). In this
case, the CFs are “cut off” and the cell transitions to the HRS, which is shown in
Figure 1.3 (d). A SET operation (Figure 1.3 (c)) realizes the regeneration of the
CFs by separating the oxygen ions and Vo again, which switches the cell back to
the LRS (Figure 1.3 (a)).
Almost 40 binary metal oxide materials have demonstrated resistive behavior under electrical field. Among them about ten are compatible with CMOS process,
making them attractive candidates for building ReRAM cells.. The flexibility and
versatility of material choices in engineering ReRAM devices make it difficult to
have a simple and direct comparison with other emerging nonvolatile memory technologies such as PCM or STT-RAM, as different ReRAM materials have widely
different characteristics. For example, the fastest switching speed of < 0.3ns was
observed in Hafnium Oxide (HfOx) based ReRAM. Tantalum Oxide (TaOx) based
ReRAM has demonstrated the best endurance (> 1012 ). Tungsten Oxide (WOx)
based ReRAM has excellent compatibility with conventional CMOS processes and
shows good uniformity (less variation), but its on/off resistance ratio is relatively
small. However, a high on/off ratio is critical to have a large noise margin and
support multi-level memories. Titanium Oxide (TiOx) based ReRAM has demonstrated built-in I-V nonlinearity, which enables a low cost cross-point array design
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Figure 1.4. Overview of ReRAM array structures. (a): MOSFET-accessed structure;
(b): cross-point structure; (c): diode-accessed cross-point structure.

(more details follow), but it has a limited endurance of 106 . Thus it is imperative
to make many tradeoffs when designing a target memory system. Table 1.2 summarizes characteristics of various state-of-the-art ReRAM prototypes published in
the past few years.
For this dissertation, we will focus on TaOx- and HfOx-based ReRAM technologies owing primarily to their superior endurance (> 1012 write cycles [21, 22]).
Moreover, both of them have a fast switching speed of < 10ns [9], making their
random write access time comparable to DRAM.

1.2.2

ReRAM Array Organization

As show in Figure 1.4, an ReRAM array can be built in different forms.
• 1T1R: a conventional 1-Transistor 1-ReRAM cell (1T1R) structure is shown
in Figure 1.4 (a). In this structure, a MOSFET transistor is required to be
integrated with the ReRAM cell as the access device. With this design, it is
possible to accurately control the current flow to the activated cells through
their dedicated access transistors. On the flip side, the size of MOSFET
should be large enough to satisfy the current requirement of the SET and
RESET operations. This ultimately increases the cell area and cost. Nor-
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mally, the area overhead of the access device is significant compared to the
cell area. Specifically, the array size depends on the area of the access device
because even the smallest access transistor (6F 2 , where F is the minimum
feature size) still occupies a larger area than that of the ReRAM cell. For
example, the MOSFET-accessed ReRAM built by Sato et al. has a cell size
of 15F 2 [23]. Another prototype of HfOx based ReRAM, which also uses
transistors as the access devices, has the cell size of 9.5F 2 [9].
• 0T1R: The cross-point structure (0T1R) eliminates the requirement of an
access device for each cell. Figure 1.4 (b) shows a simple cross-point structure, in which ReRAM is directly connected to the TE and BE. Thus activating a wordline and a bitline will result in multiple current paths. Unlike
1T1R design, a cross-point array relies on a non-linear relationship between
voltage and current to reduce read and write disturbances. The I-V characteristic demonstrated in some fabricated devices shows that the resistance of
ReRAM significantly increases as the voltage applied on it decreases [1, 24].
Such observation basically indicates an effective cut-off of the leakage current from the unselected cells in the sneak paths. Therefore, the area-efficient
cross-point ReRAM memory array is enabled by the intrinsic property of the
device [2].
In a cross-point design, each cell only occupies an area of 4F 2 (F is the feature
size of the fabrication technology), which is the smallest theoretical cell area
for a single-layer single-level memory array. For example, Hynix and HP
Labs have already demonstrated a 2Mb single-layer cross-point ReRAM chip
in 54 nm technology [10]. One way to reduce the effective cell size is to stack
multiple layers within a die without thermal interference. Recently, a 64MB
two-layer cross-point CMOx ReRAM chip, which has an effective cell size of
2F 2 , was demonstrated by Rambus [13]. Taking an alternative approach
to improve density, multi-level cell (MLC) ReRAM stores more than one bit
of information in a single cell. This MLC characteristic can be realized by
changing the resistance of ReRAM cell gradually under finer SET current or
RESET voltage control.
The biggest drawback of a cross-point design comes from the multiple pos-
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sible current paths in an array. Ideally, when a wordline and a bitline are
activated, the entire current should flow through the cell that lies at their
intersection. However, in a cross-point array, since non-activated cells in
nearby rows and columns are not completely disconnected, part of current
leaks through these cells, which is commonly referred to as sneak current. A
detailed discussion of the disadvantages of 0T1R structure will be provided
in Chapter 2.
• 1D1R: In order to overcome the drawbacks of cross-point arrays, an access
diode, which has much smaller overhead than an access transistor, can be
employed to restrict the sneak current. As shown in Figure 1.4 (c), this 1diode 1-ReRAM cell (1D1R) array can also be built in a cross-point structure.
To achieve the best area efficiency, the diode is vertically connected to the
cell. By this way, the area overhead of the access device is eliminated. For the
bipolar ReRAM, the current from both directions should be limited when the
cell is unselected or half selected. Therefore, the access device should have
bidirectional behavior. A good example of the access device was proposed
by Burr et al. [25], which provides the potential to build large ReRAM array
with very small sneak current. A 1D1R structure can reduce sneak current
effectively with similar area overhead as the 0T1R structure. Nonetheless,
1D1R requires a higher programming voltage compared to 1T1R and 0D1R
structures, which increases the area overhead of charge pumps.

1.2.3

Programming ReRAM Array

Reliably programming a cell in a 0T1R or 1D1R ReRAM array is not simple. These
structures make it difficult to completely isolate the selected cell from all of the
other unselected cells. For example, by activating a wordline associated with the
selected cell, all of the unselected cells in this wordline will be biased. To mitigate
this impact, a V-by-2 method is usually adopted. In this method, to apply a write
voltage (VW ) across the selected cell, which is located at the cross point of mth
wordline and nth bitline, the voltages on selected wordline and bitline are set to
VW and 0, respectively. In addition, in order to reduce the number of disturbed
cells, all of the other wordlines and bitlines are biased at VW /2. In this case, cells
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located at the selected wordline and selected bitline are biased at VW /2, which
are called half-selected cells, and all of the other cells have 0 voltage across them.
Therefore, for an M × N array, apart from the selected cell, there are (M + N − 2)
half-selected cells and (M N − M − N + 1) unselected cells in total. Similar to
the write operations, to read a cell in the array the selected wordline is biased at
the read voltage (VR ), with all of the bitlines grounded. Then the current in the
selected bitlines is sent to the sense amplifier to determine the value of the stored
bit.

1.3

Contributions and Organization

The previous section shows the background of ReRAM cell, ReRAM array, and programming methods. The research presented in this dissertation aims at modeling
and architecting the ReRAM technology as a reliable, low-power, and cost-efficient
DRAM alternative.
We start in Chapter 2 with a mathematical model to evaluate reliability, energy
consumption, area overhead, and performance for different design choices and cell
parameters. Design challenges of 0T1R, such as sneak current and wordline/bitline
voltage drops, are comprehensively analyzed.
Based on this array-level model, in Chapter 3, an ReRAM-based main memory
design is proposed. We exploit diverse observation perspectives to analyze design
constraints of the ReRAM. A cost model is built to evaluate the cost-per-bit metric of different ReRAM organizations. Our simulation shows that ReRAM-based
main memory can be used as a direct replacement of DRAM and only degrades
performance by less than 2%, which is superior to PCM with a DRAM cache to
hide the long write latency. From the cost point of view, the multi-level cell, 1T1R
ReRAM and multi-layer, cross-point ReRAM have a significant cost advantage
over DRAM beyond the 32 nm technology node.
In Chapter 4, we propose a design flow, which helps design space exploration
and provides key insights on architectural tradeoffs. The proposed design flow
enables designers to identify the most cost efficient ReRAM organization and cell
parameters that meet specific design goals early in the design stage.
Different design optimizations are presented in Chapter 5 and Chapter 6. In
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Chapter 5, based on the mathematical analysis of the error patterns for ReRAM
cells and the study of Error Correcting Code(ECC) designs, we propose to use ECC
code to relax the Bit Error Rate (BER) requirement of a single cell to improve the
write energy consumption and latency for ReRAM designs. In Chapter 6, we analyzes the programming method of MLC ReRAM, and suggests that the programming energy and latency are highly dependent on both the data pattern written
into and stored within the ReRAM cell. Based on these observations, incomplete
data mapping (IDM) and dynamic data remapping (DDRM) are proposed for
low power MLC ReRAM-based main memory design. Finally, the conclusion and
future work are presented in Chapter 7.

Chapter

2

Modeling and Design Trade-Offs for
Cross-Point ReRAM Array
Chapter 1 introduced the preliminaries of ReRAM Technology, including the array structure and programming methods. In this chapter, a mathematical model is
built to evaluate memory reliability, energy consumption, area overhead, and performance of cross-point ReRAM array. By using this model, the design challenges
of the area-efficient 0T1R ReRAM are comprehensively analyzed.

2.1

Introduction

ReRAM technologies have already shown many unique characteristics, including
simple structure, nonlinearity, and high resistance ratio, making it one of the most
promising technologies. As mentioned in Chapter 1, ReRAM can be implemented
in a 0T1R cross-point style structure without any access device [7, 13]. In this
structure, each bistable ReRAM cell is sandwiched by two orthogonal nanowires.
Thus the area occupied by each cell can be as small as 4F 2 per bit, which is
favorable for the cost-driven main memory design.
However, the simplicity of the access-device-free, cross-point structure introduces challenges to the peripheral circuit and memory organization design. In this
chapter, we address the design challenges of cross-point structure based ReRAM.
We use a mathematical model to evaluate memory reliability, energy consumption, area overhead, and performance for different designs and cell parameters.
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The advantages of nonlinearity Kr and write current Iw scaling are also discussed
in detail. In addition, the simulation results of area, energy, and write throughput
trade-offs are presented. Our study allows for exploring the most energy/area efficient ReRAM design with different design constraints and cell parameters at the
very beginning of the design stage. Moreover, system designers can also leverage
the proposed model to provide valuable feedbacks to device researchers who will
in turn adjust ReRAM cell design. We believe that this kind of collaboration will
be very helpful to shorten the time to market of ReRAM memory.

2.2

Design Challenges of Cross-point ReRAM
Array

Although avoiding access transistor in cross-point ReRAM design is beneficial
from cell area standpoint, it introduces other complexities. In traditional writing
method, all of the bits in the activated wordline should be written simultaneously.
Therefore, two-step write operation is needed to prevent unintentional writing, in
which ones and zeroes are written separately [2]. An alternate way is to write one
bit at a time but this requires interleaving data across multiple arrays to reduce
write latency. Also, while writing to a cross-point array, the unselected wordlines
and bitlines can be either left floating or half-biased. In contrast, while reading a
cell, the selected wordline should be biased with a read voltage and all the other
wordlines and bitlines in the array are shunted to ground. The current in each
bitline is then sensed and compared to a reference current to determine the cell
content. However, due to the sneak current existing in the cross-point array, the
current in bitlines also varies depending upon the data patterns of unselected cells.
This read disturbance restricts the size of a cross-point array, since sneak current
increases as the number of cells attached to wordlines and bitlines increases, which
makes it difficult to sense the current difference of the selected cell at HRS and
LRS. Besides, the existence of the voltage drop along the nanowires also limits the
length of wordlines and bitlines.
Therefore, a cross-point array should be sized carefully to meet the requirements
of the read/write reliability. In general, writes are more problematic than reads.
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The read disturbance problem can be alleviated by advanced sensing schemes. For
example, we can adopt a two-level differential sensing scheme, in which the first
level reads the background noise followed by a read to data with the background
current. Finally, the differential signal is amplified to get the data. In addition
to all of these write/read schemes, different cell parameters will also impact the
reliability, energy consumption, bandwidth, and area efficiency of the cross-point
ReRAM array. In this case, it is not straightforward for a designer to figure out
how to design a workable memory array with the minimum energy consumption
and area overheads. Thus, the following sections will propose a worst-case oriented
methodology to help designers make decisions early in the design flow.

2.3

Modeling of the Cross-Point Memory

The basic circuit model of an M by N cross-point ReRAM array is shown in
Figure 2.1. This model is built upon Kirchhoff’s Current Law (KCL) and its
validity can be guaranteed by deductions from basic circuit theory. The horizontal
lines are wordlines and the vertical lines represent bitlines. The ReRAM cells are
located at the cross-point of each wordline and bitline. A detailed cross-point
structure is also shown in Figure 2.1(b). The resistance of the ReRAM cell at the
cross-point of ith wordline and j th bitline is represented by Ri,j . We assume the
resistance of the wire connecting two cross-points to be Rline . The input resistance
of each wordline or bitline driver is Rv and the resistance of a sense amplifier is Rs .
In order to set up the KCL equations, the voltage at each cross-point is indicated
0
as Vi,j for the wordline layer and Vi,j
for the bitline layer. In addition, the input

voltage for the ith wordline is VW i and for the ith bitline is VBi . In the case that a
wordline is driven from both sides, the voltage at the other end of the ith wordline
is represented as VW0 i .
Therefore, the current equations for each cross-point can be set following
ΣkI=1 Ik = 0.

(2.1)

For the sake of brevity, we assume that the voltages for wordline drivers are
VW1 ∼ VWN and for bitline multiplexers are VB1 ∼ VBn . Points located at the other
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Figure 2.1. The circuit model of the cross-point array.

two edges are left floating. We indicate the resistance of the ReRAM cell located at
the intersection of ith wordline and j th bitline as Ri,j . The corresponding voltages
0
,
at the wordline layer and bitline layer in this location are indicated as Vi,j and Vi,j

respectively. The resistance of interconnect wire is Rw .
First of all, for normal points which are located inside the memory array, the
KCL equations take the form of
−1
−1 0
−1
−1
−1
Rw
Vi,j−1 − (2Rw
+ Ri,j
)Vi,j + Rw
Vi,j+1 + Ri,j
Vi,j = 0,

(2.2)

for nodes at wordline layer and
−1
−1
−1 0
−1
0
−1 0
Rw
Vi−1,j − (2Rw
+ Ri,j
)Vi,j
+ Rw
Vi+1,j + Ri,j
Vi,j = 0,

(2.3)

for all of the nodes with 1 < i < M and 1 < j < N in a M × N array.
For all of the points Vi,1 (1 ≤ i ≤ M ) according to different write schemes, they
can be connected to the voltage driver VW i (as activated points) or left floating (as
floating points). For activated points, we have
−1
−1 0
−1
−1
−(Rv−1 + Rw
+ Ri,1
)Vi,1 + Rw
Vi,2 + Ri,1
Vi,1 = −Rv−1 VW i ,

(2.4)
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and for floating points, we have
−1
−1 0
−1
−1
−(Rw
+ Ri,1
)Vi,1 + Rw
Vi,2 + Ri,j
Vi,1 = 0.

(2.5)

where Rv is the input resistance of wordline driver.
0
Similarly, for the points of V1,j
(1 ≤ j ≤ N ), the KCL equations take the form

of
−1
−1
−1
0
−1 0
−(Rs−1 + Rw
+ R1,j
)V1,j
+ Rw
V2,j + R1,j
V1,j = −Rs−1 VBj ,

(2.6)

for activated points and
−1
−1
−1
0
−1 0
−(Rw
+ R1,j
)V1,j
+ Rw
V2,j + R1,j
V1,j = 0.

(2.7)

for floating points. And Rs is the input resistance of current sensing amplifier.
0
Finally, all of the other points at Vi,N and VM,j
(1 ≤ i ≤ M, 1 ≤ j ≤ N ) are

floating points and have the form of
−1
−1 0
−1
−1
−(Rw
+ Ri,N
)Vi,N + Rw
Vi,N −1 + Ri,N
Vi,N = 0,

(2.8)

−1
−1
−1
0
−1 0
−(Rw
+ RM,j
)VM,j
+ Rw
VM −1,j + RM,j
VM,j = 0.

(2.9)

Then, for clarity, a 2M N × 1 vector V is defined to represent all of the variables
in the KCL equations:
T

T

T

V = [V1 T , V2 T ...VM T , V10 , V20 ...VM0 ]T ,

(2.10)

0
0
0 T
Vi = [Vi,1 , Vi,2 ...Vi,N ]T , Vi0 = [Vi,1
, Vi,2
...Vi,N
] ,

(2.11)

where,

for i = 1, 2...M . Then all of the KCL equations can be considered as a system of
linear equations, which has the form
A · V = C.

(2.12)

A is a 2M N × 2M N coefficient matrix, which is determined by Equations(2.2)(2.9). C is a 2M N × 1 vector, containing the constant terms of these equations.
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Obviously, the KCL equation for each point has a relatively simple structure and
they are similar to each other. Thus, the linear equation system has a fixed format
and simple structure, which is easy to establish and adjust according to different
design schemes and cell parameters. Moreover, matrix A is populated primarily
with zeros and can be saved as a sparse matrix, which will further reduce the
storage cost during the computation. Then by solving Equation 2.12, the voltage
on each cross point in the array can be obtained. Then these voltage results can
be used to calculate the current and energy information.
The characteristics of the linear system can be summarized as
1. As shown in Equation (2.13), the coefficient matrix A can be further partitioned into four subblocks
"
A=

A1 A2

#
.

A3 A4

(2.13)

All of these subblocks have the same size of M N × M N . Subblock A2 and
A3 are diagonal matrixes and have the same form of








A2 = A3 = 







−1
R1,1

0

0

0
..
.

0

0

−1
R1,N

...

0
..
..

..
.

...
0

...

..
.

.

.
−1
RM,1

0
0

0

0

0
...

0
0

0

−1
RM,N









.







(2.14)

A2 and A3 do not change their values with different schemes.
However, A1 and A4 are more complex than A2 and A3. A1 is a tridiagonal
matrix and has nonzero elements only located in the main diagonal, and the
first line below and above the diagonal. Similarly, A4 is a special tridiagonal
matrix, which has nonzero elements in the main diagonal, and the N th line
below and above the diagonal. The coefficients of normal points in A1 and
A4 can be easily derived from Equation (2.2) and (2.3) as
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−1


 A1(k, k − 1) = Rw

−1
−1
+ Ri,j
)
A1(k, k)
= −(2Rw


 A1(k, k + 1) = R−1
w

and


−1


 A4(k, k − N ) = Rw

−1
−1
A4(k, k)
= −(2Rw
+ Ri,j
)


 A4(k, k + N ) = R−1
w

,

(2.15)

,

(2.16)

where k = (i − 1)N + j, 1 < i < M , and 1 < j < N .
However, since the edge conditions vary with different program schemes, the
coefficients of points at the edge of the array may be different.The four edges
correspond to different coefficients in A1 and A4. Therefore, after initializing matrix A1 and A4 following Equations(2.15) and (2.16), the coefficients
related to edge points should be updated to proper value according to the program schemes. Take the nodes at the left edge of the array (Vi,1 , 1 ≤ i ≤ N )
as an example. All of the coefficients related to these nodes are located in
A1, which should be set as
(
A1(k, k) =

−1
−1
+ Ri,1
)
−(Rw

−(Rv−1

+

−1
Rw

+

if f loating
−1
Ri,1
)

if activated

(2.17)

where k = (N − 1)i + 1 for 1 ≤ i ≤ M .
Similar procedures can be performed to initiate the coefficients related to
other edges.
2. The constant term C is a 2M N ×1 vector. Equation(2.2)-(2.9) show that
only KCL equations of the activated points have constant terms. Therefore,
only the following elements in C may have non-zero value: C((i − 1)N + 1),
C(iN ), C(M N + i) and C((2M − 1)N + i) for i = 1, 2...M , corresponding
to the nodes at the four edges, respectively. If the wordline is driven from
one side, only nodes Vi,1 and V1,j can be activated. Therefore, the constant
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corresponding to these nodes can be defined as
(
C((i − 1)N + 1) =

0

if f loating

−Rv−1 VW i

if activated

(2.18)

for wordline layer and
(
C(M N + j) =

0

if f loating

−Rs−1 VBj

if activated

(2.19)

for bitline layer, with 1 ≤ i ≤ M , and 1 ≤ j ≤ N .
Based on this model, the current equations for each cross-point can be obtained.
All of the cross-points have similar structure with no more than three current
branches, and therefore it is very easy to set up the KCL equations for each crosspoint. Since the cross-points at the edges of the array have different write/read
conditions, the KCL equations of these cross-points should be adjusted according
to each write/read scheme. All of the KCL equations can be considered as a system
of linear equations, which has the following form of A · V = C, where A is a
2mn × 2mn coefficient matrix and C is a 2mn × 1 vector, containing the constant
terms of these equations. Thus, with parameters such as the resistance of ReRAM
cells, the resistance of interconnect wires, programming voltages, and write/read
schemes, voltages at various cross-points can be obtained by solving the system of
linear equations. With detailed voltage values, V2mn×1 , we can analyze the array at
a fine granularity. These values are also critical to evaluate the reliability, energy
consumption, drive current density, and area overheads of a cross-point array.
To validate the analytical model, we compare the results with HSPICE [26]
simulations using a resistor model in cross-point memory arrays. The results of
eight cross-point arrays with different array sizes and specific data patterns are
shown in Figure 2.2, which shows that the voltage drop results on the selected
cell derived from our analytical model are consistent with the HSPICE simulation
results.
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Figure 2.2. Validation of the analytical model against SPICE simulation. The two figures show the voltage drops obtained from our model and SPICE (a) with a nonlinearity
factor of 5 and (b) without nonlinearity.

2.4

Analysis of Design Constraints

In this section, we study the effect of various schemes on cross-point ReRAM
arrays in detail. Specifically, we evaluate the design constraints on array size,
energy consumption and area overhead in worst case scenarios. The results of this
study will be useful when designing a cross-point array.

2.4.1

Overview

In order to write or read a cross-point array, proper voltages should be applied
across the ReRAM cell. Although the goal of a read operation is different from
a write operation, both of them are realized by fully biasing the selected wordlines/bitlines and floating (or half biasing) unselected wordlines/bitlines. Thus,
the coefficient matrix A and the constant vector C are very similar for both. In
addition, their energy consumption and area overhead will also have a similar
trend. Therefore, in this section, we first study the write operation comprehensively. After that, for read operation, we mainly focus on the read margin analysis
since it is unique for read operations.
Table 2.1 shows the circuit parameters of our baseline 50nm design. The data is
derived from the recently published studies on ReRAM [2, 27, 28]. The nonlinearity
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Table 2.1. Parameters of the baseline Cross-Point Array

Metric
Acell
Rl
VRESET
VSET
VREAD
Ion
VW (R)
VW (W )
VW (H)
VB (R)
VB (W )
VB (H)
Kr
M, N

Description
Cell Size
Interconnection Resistance
Threshold voltage for RESET
Threshold voltage for SET
Read Voltage of Cell
Write Current for LRS Cell
Wordline Voltage during Read
Wordline Voltage during Write
Half Selected wordline Voltage
Bitline Voltage during Read
Bitline Voltage during Write
Half Selected bitline Voltage
Nonlinearity of ReRAM Cell
Number of wordlines/bitlines

Typical Values (Range)
4F 2
0.65Ω
2.0V
−2.0V
0.5V
40uA (40 ∼ 200uA)
0.5V
±2V
1V
0V
0V
1V
20 (2 ∼ 40)
512 (8 ∼ 1024)

coefficient is defined as
Kr (p, V ) = p × R(V /p)/R(V ),

(2.20)

where R(V /p) and R(V ) are the equivalent resistance of the cell biased at V /p
and V [2]. Therefore, the resistance of a ReRAM cell with nonlinearity is not
constant but varies with the applied voltage. For example, for an ReRAM cell
with nonlinearity of 20, the resistance of half biased cell is 10 times larger than
resistance of fully biased cell. By using these parameters, we study reliability, energy consumption, and area overheads for four different write schemes, and discuss
the sensitivities of these schemes to the data pattern of HRS and LRS ReRAM
cells and cell nonlinearity. In this section, the baseline design uses a cell with
write current of 40uA and nonlinearity Kr = 20. A sensitivity study varying the
nonlinearity coefficient and the write current is presented in Section 2.5.

2.4.2

Write Operation

To write an ReRAM cell, an external voltage is applied across the cell for a certain
duration. Intuitively, there are four possible schemes for the write operation:
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• The Floating-Wordline-Floating-Bitline (FWFB ) scheme activates the selected wordline and selected bitline, and leaves all of other lines floating.
• The Floating-Wordline-Half-biasing-Bitline (FWHB ) scheme activates the
selected wordline and bitline, leaves all the unselected wordlines floating,
and half biases the unselected bitlines.
• The Half-biasing-Wordline-Floating-Bitline (HWFB ) scheme activates the
selected wordline and bitline, leaves all the unselected bitlines floating, and
half biases the unselected wordlines.
• The Half-biasing-Wordline-Half-biasing-Bitline (HWHB ) scheme activates
the selected wordline and bitline, and half biases the unselected wordlines
and bitlines.
However, the FWFB scheme has an inherent problem that may result in severe
write disturbance. Figure 2.3 shows the voltage drop across each ReRAM cell of
a 64 × 64 cross-point array. In this example, in order to write the cell at the cross
point of the 32nd wordline and the 32nd bitline, the selected wordline and bitline
are biased at 2V and 0V, respectively. All of the other wordlines and bitlines
are left floating. The ReRAM cells at the selected bitline are in the HRS, while
all of the other cells are in the LRS. It is clear that the voltage drop across the
selected cell (V32,32 ) almost has the same magnitude as the unselected cell at the
same bitline, resulting in the write disturbance to all of the unselected cells at the
selected bitline. Actually, for an M × N matrix (M > N ), the worst case voltage
drop of the unselected cell can be calculated as:
Vworst = Vselect · [1 −

1
].
M + (N − 1)Rof f /Ron

(2.21)

Considering that the reported On-OFF resistance ratio of ReRAM cell is always
> 50 [8, 9, 29], , the worst case voltage drop at the unselected cell is larger than
98% of the voltage at the selected cell, making it is impossible to build a reliable
cross-point structure ReRAM with the FWFB scheme. Therefore, only the FWHB,
HWFB and HWHB schemes are workable for programming a cross-point array. We
analyzed these three schemes and found that they all have the same worst case
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voltage drop. Besides, we found that the HWHB scheme is the most energy/area
efficient among these schemes. Therefore, in the following discussion, we only show
the simulation results of HWHB schemes. The results for the other two schemes
have the similar trend as that of HWHB scheme.
Besides, during the write operation, we can write only one bit per access (singlebit write), write several bits on one wordline at the same time (multi-bit write), or
even write all of the cells on one wordline (whole-wordline write). We found that, at
the array-level, the energy consumption and area overhead increase monotonically
with the increase of the number of bits per access. Therefore, in this section, we
provide simulation results of two extreme instances: single-bit write and wholewordline write operation. Detailed analysis of multi-bit write operation is discussed
in Section 2.6.
Reliable Write Operations
Write reliability is a serious concern in cross-point arrays. In an ideal condition,
the resistance of wires and the sneak currents in unselected cells are negligible.
In such a scenario, all the write schemes discussed above can make sure that the
write voltage VW (W )−VB (W ) is fully applied across the specified cell. However, in
reality, both wire resistance and sneak current are non-trivial. Hence, the voltage
applied across a cross-point varies based on the location of the cell as well as the

Figure 2.3. Write disturbance for FWFB schemes. ( VW 32 = 2V , VB32 = 0V . Rx,32 at
HRS, others at LRS.)
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Figure 2.4. Required write voltages for different cross-point arrays (threshold voltage
= 2V.).

data pattern stored in all of the ReRAM cells in the array. A write is considered
reliable if it modifies the content of the selected cells to the new value without
disturbing other unselected cells. Correspondingly, there are two potential problems with writes: write failure, an unsuccessful write on selected cells, and write
disturbance, an undesirable write to unselected cells. It is necessary to ensure
that a write scheme guarantees reliable operation even in the worst case (w.r.t the
location of cells to written and the data pattern stored in the cross-point array).
Write failure typically results from the voltage drop at the interconnect wires
along the wordline and bitline. It has been shown that, for single-bit write operation, the worst case voltage drop occurs when writing the cell at the cross-point of
the M th wordline and the N th bitline with all of the other cells in the array are in
LRS [30]. In order to avoid write failure and to successfully program the selected
ReRAM cell, the drive voltage should be boosted to a higher level, making sure
that the voltage across the cell exceeds the threshold voltage even at the worst
case. Figure 2.4 shows the lower bounds of the drive voltage for different sizes of
cross-point array. The minimum wordline/bitline voltage increases from 2.01 V
for a 32 × 32 array to nearly 7 V for a 1024 × 1024 cross-point array. However,
boosting the drive voltage also increases the voltage applied at unselected cells.
Therefore, a write disturbance may occur when the voltage applied at an unse-
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Figure 2.5. Required write voltages with different memory shapes (array capacity =
256Kbits, threshold voltage = 2V).

lected cell exceeds the threshold voltage for SET or RESET operation. According
to our analysis, the maximum voltage applied at unselect cells is exactly the same
as half of the drive voltage. Thus, only arrays with drive voltage less than 4V are
allowable. Otherwise, the array is unreliable because it cannot avoid write failure
and write disturbance at the same time. The unreliable array sizes are denoted as
red bars in Figure 2.4. The array size limitation provided by Figure 2.4 is a hard
constraint, and all of the following energy and area trade-offs are bounded by this
constraint.
Additionally, the cross-point array can be organized with a different number of
wordlines and bitlines. For example, a 256K bit cross-point array can be implemented either by a 512 × 512 array or by a 64 × 4096 array. In the latter case,
the voltage drops along the wordline will be much worse than along the bitline.
Figure 2.5 shows the required write voltages with different memory shapes. Obviously, from a reliability point of view, a cross-point array with the same number of
wordlines and bitlines is the best choice. Thus, in the following discuss, we assume
the array has the same number of wordline and bitline.
Energy Consumption of Write Operations
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The energy consumption of a write operation for a cross-point array can be
calculated as:
Ewrite = Eselect + Eunselect + Ehalf select + Eline ,

(2.22)

where the Eselect is the energy consumed to change the state of the selected cell,
the Eunselect and Ehalf select are the undesired energy wasted at the half selected and
unselected cells. The energy consumed by the interconnect lines are represented
by Eline . For Cross-point ReRAM array, the Eline and Ehalf select take a great
amount of the total energy consumption. Also, this part of energy wasted during
the write operation takes larger part of the total energy for larger array sizes. For
example, the undesired energy consumption for writing a 128×128 array is more
than 1000 times larger than the 8×8 array. We also notice that, since the impact of
sneak paths for floating schemes (FWHB and HWFB) is more serious, the energy
consumed at unselected cells for floating schemes is larger than the half-biased
scheme. Due to this reason, the total energy consumptions for FWHB and HWFB
schemes are at least 10% larger than that of HWHB scheme. Intuitively, the impact
of sneak paths for floating schemes (FWHB and HWFB) is more serious: the energy
consumed at unselected cells for floating schemes should be larger than the HWHB
scheme. However, our simulation results show that compared to the total energy
consumption, the energy consumed by unselected cells are negligible. Therefore,
the total energy consumptions for FWHB and HWFB schemes are almost the same
as that of HWHB scheme. In addition, the voltage drop results for these schemes
are also similar, in the following discussion, we only show the simulation results
of HWHB scheme. The results for the other two schemes have the same trend as
that of HWHB scheme.
Figure 2.6(a) shows the decomposed energy consumption for single-bit write
operation. Obviously, the undesired energy consumed by half-selected cells takes
a great part of the total energy consumption. Besides, with the increase of array
size, the energy dissipated at interconnect lines also becomes significant. Also,
this part of the energy wasted during the write operation is a greater part of the
total energy for larger array sizes. For example, the undesired energy consumption
for writing a 512×512 array is more than 15 times larger than that of a 32×32
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Figure 2.6. The normalized energy consumption with different array size: (a) Single-bit
write. (b) Whole-wordline write.

array. For whole-wordline write operation, we evaluate the energy consumption
of write operations that program the entire wordline at one time. In order to
fairly compare the energy consumption, we compare the energy-per-bit instead
of the total energy. For example, in order to write a wordline with size of 512
bits, the energy-per-bit can be calculated as: Eave = Etotal /512. Figure 2.6(b)
shows the energy-per-bit of the whole-wordline write operation. Compared with
the single-bit write operation, we conclude that for large cross-point array sizes, the
whole-wordline write operation is much more energy efficient. This is because the
energy wasted at the unselected and half-selected cells are amortized by multiple
bits and the average energy for one bit is therefore reduced.
Write Current and Area Overhead
The write operation for an M ×N array requires M wordline voltage drivers and N
bitline multiplexors. The drivers and multiplexors should be sized such that they
can provide the worst-case current of wordline current and bitline current. The
transistor sizing of the wordline/bitline circuitry is achieved using HSPICE simulations. We further calculate the area overhead for the drivers and multiplexors by
referring to the CACTI area model. Figure 2.7(a) shows the maximum write current with different ReRAM array sizes. Not surprisingly, the current requirement
increases as the array size increases. Figure 2.8(a) illustrates the area overhead
for the wordline and bitline circuitry. This shows that drivers and multiplexors
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Figure 2.7. Drive current: (a) Single-bit write. (b) Whole-wordline write.

occupy a smaller area than the cross-point array. Only in this case can voltage
drivers and multiplexors be implemented beneath the array, resulting in an ideal
cell size of 4F 2 .
Although the whole-wordline write operation has the advantage of lower energy
consumption, the maximum current requirement for each wordline also increases.
As demonstrated in Figure 2.7(b), although the maximum drive current for each
bitline is almost the same as when writing one bit, the driving current requirement
for each wordline in a whole-wordline write scheme is > 10 times larger than that
of a single-bit write scheme. Since the area of the voltage driver increases proportionally with its driving current, the area overhead for whole-wordline writing is
much larger than that of single-bit writing. As shown in Figure 2.8(b), the peripheral circuitry area is much larger than that of the array. In this case, the total
area of the memory array is dominated by the peripheral circuitry rather than the
cells. In addition to the extra area overhead, writing multiple bits at one time
also worsens the voltage drop along the wordline. Our simulation results also show
that, in order to program an entire wordline when writing, the maximum reliable
array size reduces from 800 × 800 to 352 × 352. This is because the current passing
through the interconnect wires in the whole-wordline write scheme is much larger
than that of the single-bit write scheme, causing more severe voltage drops on the
wire resistance.
Therefore, we conclude that although the whole-wordline write operation is
more energy efficient, from the standpoint of reliability and area overhead, single-
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Figure 2.8. Area overhead: (a) Single-bit write. (b) Whole-wordline write.

bit write operation is preferred.

2.4.3

Read Operation

For the read operation, we apply a similar sensing scheme as described by Flocke [31]
and Liang [30]. In order to read cell Ri,j , the ith wordline is biased at VREAD and
all of the other wordlines and bitlines are grounded. Then the state of the selected
cell is read out by measuring the voltage across Rs . The energy consumption for a
read operation can be analyzed similarly as a write operation. Since the read voltage is much smaller than write voltage, the read energy is expected to be at least
one order of magnitude smaller than for a write operation. Considerable sensing
margin is achieved by implementing a current-to-voltage converter and sensing the
voltage signal using traditional or more recent sense amplifier designs. The input
resistance of the current-to-voltage converter is extracted from HSPICE simulation
results. Read sensing margin is defined as ∆V = ∆I × Rconverter where Rconverter
is the input resistance of the converter. The read reliability is determined by the
voltage swing for reading HRS and LRS cells. Detailed results will be shown in
Section 2.5.
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2.5

Nonlinearity and Write Current Scaling

One of the most distinct features of ReRAM is its nonlinearity. Normally, the
Kr value for ReRAM is larger than 20, meaning that the resistance of a halfbiased cell is at least 10 times larger than a full-biased cell. Clearly, ReRAM cells
with larger nonlinearity coefficients result in a better memory cell since the sneak
current in half selected cells will be significantly reduced. In addition, the increased
resistance at half-selected and unselected cells can also mitigate the voltage drop
along the activated wordline and bitline. Also, we find that the cross-point array
design can benefit from the scaling of the write current. Figure 2.9 shows the
influence of different nonlinearity coefficients and write currents on the array size
requirements for a single-bit HWHB writing scheme. This figure shows that the
array size limitation is relaxed as the nonlinearity increases or the write current
scales. As we can see from the figure, the maximum array size exceeds 1024 × 1024
when we have a nonlinearity of 30, together with a write current of 40µA.
Moreover, the increase of nonlinearity or scaling of write current can also reduce
the energy consumption and area overhead of the cross-point array. As shown
in Figure 2.10(a), for a 512 × 512 array, the energy consumption for the write
operation decreases dramatically with the scaling of nonlinearity coefficient Kr .
For example, for an ReRAM cell with write current of 50uA, the write energy
is reduced by 98.3% when Kr increases from 2 to 40. The area overhead of the
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Figure 2.10. Energy and area overhead comparison. (a) Energy consumption (normalized to baseline). (b) Area overhead of voltage driver (normalized to the area of
cross-point array).

voltage drivers is illustrated in Figure 2.10(b). As a baseline design (Kr = 20 and
Iw = 40µA), the driver area overhead is about 35% of the area of the memory array
cells. To design a memory array with an effective cell size close to 4F 2 , we need
to make sure the nonlinearity and write current should satisfy certain conditions
so that the driver overhead is less than 100% and the wordline drivers can be
almost “hidden” underneath the ReRAM cells. As nonlinearity and write current
continues to scale, the area overhead can be as low as 10%. In that case, the
introduction of 3D stacking of multi-layer cross-point arrays is effective in further
reducing the effective cell size to 4/Nl F 2 where Nl is the number of layers.
Unlike the write operation, the read operation suffers, rather than benefits,
from the scaling of nonlinearity or write current. This is because the scaling of
nonlinearity and write current will reduce read current, degrading the read signal
ratio. Figure 2.11(a) shows the read noise margin with different array sizes for
the baseline design in Section 2.4. The read noise margin is reduced for large
array sizes. The impact of nonlinearity and write current on read noise margin is
illustrated in Figure 2.11(b). A large Kr value and small write current are harmful
to the read noise margin. For example, given a 512 × 512 array, the read noise
margin is less than 10mV for Kr = 40 and Iw = 40µA, which makes it very difficult
to sense the state of the selected memory cell using traditional sense amplifiers.
Therefore, by knowing the array size and read noise margin constraints, an

55

Read Noise Margin (mV)

Read Noise Margin(mV)

33

50
45
40
35

200

150

100

50

0
200
100

32 96 160 224 288 352 416 480

0

40

30

20

10

0

Number of Wordlines/Bitlines

(a)

(b)

Figure 2.11. Read noise margin with (a) different array size and (b) scaling of nonlinearity and write current.
Table 2.2. Area, energy, and bandwidth results of 256 Mbits ReRAM macro.
Kr

Iw

20

40uA

20

200uA

40

40uA

40

200uA

Area(mm2 )
Energy(nJ)
BW(Mb/s)
Area(mm2 )
Energy(nJ)
BW(Mb/s)
Area(mm2 )
Energy(nJ)
BW(Mb/s)
Area(mm2 )
Energy(nJ)
BW(Mb/s)

1
3.888
4.375
66.69
6.512
24.58
90.04
3.616
2.065
69.60
3.948
11.66
115.8

Number of
2
4
3.944
4.056
12.38
19.86
72.62
144.8
6.816
7.424
67.13
106.9
113.0
217.4
3.672
3.776
5.550
8.711
74.31
148.1
4.288
4.888
29.74
46.94
131.8
253.7

bit per write at array-level
8
16
32
64
4.288
4.752
5.688
7.544
33.66
59.43
111.4
232.4
287.5
567.3
1104
2090
8.640
11.10
16.14
27.29
182.4
338.8
716.1
1845
401.2
685.2
1019
1214
3.992
4.752
5.688
7.544
14.49
25.60
49.32
107.5
294.2
580.4
1129
2136
6.088
8.464
13.33
24.09
80.81
155.0
343.7
933.2
469.2
800.3
1174
1362

128
11.75
576.5
3650
N/A
N/A
N/A
11.43
280.1
3777
N/A
N/A
N/A

“optimal cell” with nonlinearity of Kr opt and write current of Ion opt can be determined. For example, when the array size is fixed at 512 × 512 and the minimum
noise margin is 50mV , a cross-point array with ReRAM cells which have Kr opt = 9
and Ion opt = 40mA is the most energy and area efficient design.

2.6

A Case Study of Cross-point ReRAM Macro
Design

Since the array size of a cross-point ReRAM array is limited by the reliability
requirements, the design of an ReRAM macro is different from the traditional
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DRAM design. In this section, we evaluate the area, energy consumption, and
bandwidth of a 256 Mbits ReRAM macro. We use an organization similar to
Kawahara’s design [13], where a 256 Mbits ReRAM macro is divided into eight
planes. Each 32 Mbits plane has separate wordline decoder, bitline selectors, sense
amplifiers, and write circuitry. We present results for four typical cell parameters:
(Kr = 20, Iw = 40uA), (Kr = 20, Iw = 200uA), (Kr = 40, Iw = 40uA), and
(Kr = 40, Iw = 200uA). For each of them, we vary the number of bit per write
to investigate the relation among the area, energy consumption, and bandwidth of
the ReRAM macro.
Table II shows the total area, energy consumption, and bandwidth of the 256
Mbits ReRAM macro. Consistent with our earlier discussion, as the device nonlinearity improves, both area and energy goes down. The only downside is the noise
margin restriction imposed for reads. Similarly, as the drive current increases, the
overhead goes up due to large wordline drivers and bitline multiplexors. Hence,
bandwidth improvement comes at the cost of area and energy.
To better understand the ideal design choice for a given device parameter,
we investigate three metrics: bandwidth per nanojoule (BW/nJ), bandwidth per
square millimeter (BW/mm2 ), and bandwidth per nanojoule per square millimeter (BW/(nJ · mm2 )). Figure 11(a) shows how BW/mm2 scale as we increase
the number of bits modified per write operation. From the figure, for a given
energy budget, writing one bit at a time provides at least 48% better bandwidth
compared to the best performing multi-bit writes. Hence, with the right choice of
global interconnect, interleaving writes across multiple sub-arrays is an interesting
design point. With multi-bit writes, as the number of bits per write increases, the
energy efficiency also increases. However, as the word size increases, the voltage
drop in the array also increases, which needs to be compensated by increasing
the operating voltage of the array (Section 2.4). Beyond 32 bits, this increase in
voltage, outweighing the bandwidth improvement, effectively reduces the energy
efficiency. Thus from energy standpoint, multi-bit write is optimal when the word
size is 8-32 bits, depending upon the nonlinearity and drive current. Figure 11(b)
shows the effect of multi-bit writes on bandwidth per square millimeter. Unlike
energy, as long as the drive current is less, it is beneficial to increase the word
size as much as possible to improve bandwidth for a given area. Also, writing
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Figure 2.13. Bandwidth per Joule per square millimeter of 256 Mbits ReRAM macro.

one bit at a time is the least attractive option for a design primarily constrained
by the area. Figure 12 takes into account both energy and area, and provides a
“sweet spot” for multi-bit writes. Thus by understanding the key characteristics
of cross-point array, we can identify an optimal configuration that best meets the
design constrains.

2.7

Conclusion

In this chapter, we use a mathematical model to study in detail how reliability affects the array organization, size, energy consumption, and area overheads
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of cross-point arrays. The size of a cross-point is limited by peripheral circuit
overhead and sneak current. Our simulation results show that with best possible
device nonlinearity and drive current, the maximum array size can be achieved is
1024 × 1024 without reliability deterioration. We also showed that multi-bit writes
is more energy efficient than single-bit write; however, the latter significantly reduces the complexity of peripheral circuits and provides better area efficiency.
Both high nonlinearity and low write current are key to reduce energy and area of
cross-point arrays. Finally, since memory bandwidth is an important design constraint, we studied various designs that maximize bandwidth for a given area and
energy budget. Through our case study, we showed that there is an optimal word
size for a given device parameter that has the best energy, area, and bandwidth
properties.

Chapter

3

Architecting ReRAM-based Main
Memory
In this Chapter, our goal is to figure out the best ReRAM memory organization
that is competitive or even superior to DRAM-based main memory on cost, performance, and energy consumption. We exploit diverse observation perspectives
to analyze design constraints of ReRAM. Our contribution includes: (1) We build
a cost model to evaluate the cost-per-bit metric of different ReRAM organization. Our simulation shows that the multi-level cell, 1T1R ReRAM and multilayer, cross-point ReRAM has a significant cost advantage over DRAM beyond
the 32 nm technology node; (2) We evaluate different ReRAM subarray organizations with varies number of bitlines, wordlines, and sense amplifiers. We find that,
to maintain the competitive cost, the number of sense amplifiers at each subarray
is strictly limited; (3) To overcome the sense amplifier limitation, we propose the
block-level parallelism access scheme, which allows the ReRAM activate multiple
rows at the same time with a very small area overhead. Our simulation shows
that ReRAM-based main memory can be used as a direct replacement of DRAM
and only degrades performance by less than 2%, which is superior to PCM which
requires a DRAM cache to hide the long write latency. By introducing ReRAM
in a server system, we succeed in reducing the overall hardware cost significantly
especially when large capacity of memory is preferred in the era of big data.
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3.1

Design of ReRAM-based Main Memory

Similar to DRAM and PCM, ReRAM is also organized as multiple banks with
each bank having dedicated control logic, address registers, row/column address
decoders, and other shared peripheral circuits. However, the bank architecture
should be carefully designed to meet ReRAM specific constraints, such as voltage
drop limitations, the choice of sense-amplifiers, and other peripheral circuit overheads that are unique to ReRAM. These overheads will manifest in the form of
increased area and cost. Hence, even if a technology has a small cell size, it is critical to compare its overall die area with other technologies to find the true cost per
bit advantage. In this section, we discuss the design constraints of ReRAM-based
memory, and show why this technology is appealing for main memory.

3.1.1

ReRAM Bank Organization

3.1.1.1

Basic organization

Figure 3.1 (a) shows the schematic view of an ReRAM bank organization. Each
ReRAM bank contains several blocks, and each block is built up with a number
of subarrays, whose structure is shown in Figure 3.1 (b). The number of blocks
and subarrays depends on the number of wordlines and bitlines in the subarrays.
Although the subarray size is common design parameter to trade-off latency with
area efficiency for all memory systems, DRAM, PCM and ReRAM have different
limiting factors on the local wordline and/or bitline length. In DRAM the cell
capacitance is much smaller than the bitline capacitance. Since the bitline capacitance is proportional to the bitline length, the bitline size is limited to guarantee
enough noise margin. Different from DRAM, the bitline length in PCM is bounded
by the IR drop on the bitline resistance because the SET voltage window is usually
limited [32]. If PCM and ReRAM are built with a cross-point structure, then they
share a similar array size limitation due to voltage drop and sneak current [33].
The subarray size limitation is an important design constraint as it rules out unpractical design configurations in the huge design space. Hence we model it in our
design space exploration.
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Figure 3.1. Details of ReRAM-based main memory design. (a) Schematic view of
ReRAM bank; (b) Subarray organization; (c) Design of sense amplifier and write driver.

The bank row addresses are decoded by the global wordline decoders and are
distributed to each block by the global wordlines. Then the local wordline decoders
activate the specified wordline in each subarray across the entire block. Similarly,
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the column addresses are also distributed through the global bitline multiplexors
and local bitline multiplexors. Figure 3.1 (b) shows the ReRAM subarray organization. Different from DRAM, the read operation of ReRAM is not destructive.
Thus it is not necessary to allocate a sense amplifier to each bitline. Since the
sense amplifier occupies a large portion of the die area, this flexibility offers the
possibility to improve the area efficiency of the ReRAM-based main memory further by reducing the number of sense amplifiers per subarray. Figure 3.1 (c) shows
the sense amplifier and write driver design. The current-mode sense amplifier uses
a cascode transistor and biases its gate voltage at a small Vclamp to clamp the bitline read voltage. The reference current can be generated by equalization of the
current of one HRS cell and one LRS cell. Although a few ReRAM prototypes use
a voltage-mode sense amplifier [7], it usually shows long read latency (∼ 50µs).
Hence current-mode sense amplifiers are preferred in main memory design where
performance is critical.
3.1.1.2

Row buffer size limitation

In addition to the subarray organization, the row buffer size is another key factor
that affects the area efficiency and performance. For DRAM, due to its destructive
read operation, the sense amplifier array is not only responsible for comparing the
voltage on the selected bit line to a reference voltage, but also for restoring the value
back to the selected cell. The sense amplifier array is capable of temporarily holding
the data from the row. Therefore, in DRAM design, the sensing amplifier array also
acts as a row buffer. However, the sense amplifier design for the nonvolatile memory
technologies is different from that for DRAM. First, different from DRAM, which
uses charge to represent the information stored in the cell, nonvolatile memories
always use resistance to represent their value. There are two ways to measure
the resistance of the cell: current mode sensing and voltage mode sensing [34].
Current sensing is realized by applying a voltage across the cell and comparing the
current to a reference current by a current-mode sense amplifier. Voltage sensing
is implemented by applying a current source to the cell and sensing the voltage
across the cell by a voltage-mode sense amplifier. Dong et al. [34] demonstrate that
the RC delay for voltage sensing is much higher than that of current sensing. Thus
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most of the nonvolatile memory prototypes use current-mode sense amplifiers [12,
32, 35, 36, 37, 38, 8]. Therefore, in our work, we use current-mode sensing. Second,
in nonvolatile memory, the read operation is no longer destructive. The sense
amplifier array is not necessary to hold the data for restoring. Therefore, the
sense amplifier can be implemented separately from the row buffer. However, in
our baseline design, the sense amplifiers in the same data line share the same
row buffer latches. Third, although the current-mode sensing scheme shows a
performance advantage, their area overhead cannot be ignored. We survey a broad
range of state-of-the-art nonvolatile memory prototypes, including ReRAM [12],
PCM [32, 35, 36], STT-RAM [37], and CBRAM [38, 8], to ascertain that the
area overhead of the current-mode sense amplifier is much larger than the area
of a voltage-mode sense amplifier, and is normally in the range of 104 ∼ 105 F 2 .
Therefore, the area of the ReRAM subarray increases significantly with the number
of sense amplifiers. The number of sense amplifiers in each subarray is strictly
limited by area considerations for ReRAM. In order to ensure the area of ReRAM
is comparable to DRAM, the maximum number of sense amplifiers per subarray
is only 16.
3.1.1.3

Block-level parallelism access scheme

The small row buffer of the ReRAM will impact the row buffer hit rate and therefore hurt the performance of the system. A similar problem is also exists in PCMbased main memory. Lee et al. [39] analyzed the impact of the row buffer size
on PCM-based main memory and suggested to use multiple narrow row buffers to
compensate for the performance degradation. In our work, in addition to Lee’s approach, we propose block-level parallelism for ReRAM-based main memory, which
activates multiple rows in different blocks to compose a large global row buffer.
Instead of activating one wordline at each access, the block-level parallelism access
scheme allows the global wordline decoders to activate more than one wordline
in different blocks simultaneously. Assume the ReRAM has total Nblock blocks,
and each block contains Nsubarray subarrays. Each subarray has Nrow wordlines,
Ncolumn bitlines, and NSA sense amplifiers. Therefore, the total row buffer size can
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Figure 3.2. Block-level parallelism access scheme.

be calculated as
Nbuf f er = Nsubarray × NSA .

(3.1)

In our scheme, the totaly Nblock blocks are divided into Ngroup groups. Each
group contains Nblock /Ngroup blocks. Correspondingly, the first log2 (Ngroup) bits in
the original row address are defined as the group address and the new row address
has only log2 (Nrow /Ngroup) bits. During a read or write operation, the wordline
decoder sends the new row addresses to each group simultaneously. Rows located
at the same position in each group are activated at the same time and all of these
rows combines to form a larger row buffer. By using this scheme, the row buffer
size has the form of
Nbuf f er = Ngroup × Nsubarray × NSA ,

(3.2)

which is Ngroup times larger than the original design. Figure 3.2 shows a simplified
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example with Nblock = 8, Nsubarray = 16, and Ngroup = 4. In this case, the row
buffer size increases 4 times from 64 bits to 256 bits.
To achieve this block-level parallelism, slight modifications to peripheral circuits are required. First, the input bits of the wordline decoder are reduced from
log2 (Nrow ) to log2 (Nrow /Ngroup ), which simplifies the hierarchical decoder design.
Furthermore, as we can tell from Equation 3.2, the number of datalines and row
buffers is proportional to the number of group. Hence the area occupied by global
datalines and row buffers increases when we activate more than one block simultaneously. We investigate the area, energy, and latency overhead of the block-level
parallelism access scheme. Our simulation results show that the latency overhead
of the scheme is very small since each group is activated and accessed in parallel
with other groups. However, we notice the area and energy overhead are noteworthy. Figure 3.3 (a) compares the area and energy overhead of the same bank
organization with Nblock = 16, Nsubarray = 8, Nrow = 1024, Ncolumn = 1024, and
NSA = 8 . We change Ngroup from 1 to 16, resulting in Nbuf f er increasing from
64 bits to 1024 bits. The first observation is that the area increases slowly with
the increasing of group number. As mentioned, with the same bank organization,
the area overhead mainly comes from the extra datalines and row buffers, which
are relatively small compared to the ReRAM array and sense amplifiers. However, the energy overhead increases significantly with Ngroup , due to the increased
number of bits activated simultaneously. In addition, to verify the effectiveness of
the scheme, we also compared the area and energy overhead of the organizations,
which have the same row buffer size (Nbuf f er = 1024 bits) with different Ngroup
and NSA . According to Equation 3.2, Ngroup and NSA follow the relation of
Ngroup × NSA = 128.

(3.3)

The simulation results are shown in Figure 3.3 (b). By applying the block-level
parallelism access scheme, the area overhead can be reduced significantly. Compared to the baseline, the scheme with Ngroup = 16 can almost reduce the area by
50%. Moreover, the energy consumption overhead is negligible (< 1% of the total
energy). Therefore, we conclude that the block-level parallelism is an effective
scheme to increase the row buffer size of the ReRAM bank with very small area
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Figure 3.3. Energy and latency comparison of the block-level parallelism access scheme.
(a) Comparison of same organization; (b) Comparison of same row buffer size.

overhead.

3.1.2

Area and Cost Analysis

One of the most important design considerations of DRAM for mass production
is the cost of the die. The ultimate goal of technologies scaling, cell structure
innovation, as well as chip yield improvement is to reduce the cost-per-bit of the
DRAM die. Since there is a direct relationship between the die area and the
manufacturing cost, the area of alternative technologies to DRAM should be not
worse than that of DRAM. Therefore, in our work, the area constraint of ReRAM
is
AreaReRAM ≤ AreaDRAM .

(3.4)

To estimate the area of an ReRAM chip, we first use CACTI-3DD [40] to breakdown DRAM area into cell arrays, local/global wordline decoders, local/global bitline decoders, sense amplifiers/latches, and output drivers. The results are then
calibrated with industrial DRAM chips. We assume the ReRAM and DRAM
share some essential components and keep their original design with the same silicon footprint for functions such as address buffers and pre-decoders. The area of
unnecessary components for ReRAM including refresh controller, refresh counter,
and write back circuitry is subtracted from the total die size. We calculate the area

4

1

1
0 0.5 1 1.5 2

0 0.5 1 1.5 2

2
0

0
0

2

4

6

8

10

12

0

2

4

6

8

10 12

45
60

Normalized Latency (to DRAM)

12
10

50

8

40

DRAM
ReRAM
MLC PCM
SLC PCM

2.5
6

30

1.4

2

1.2
4

1.5

20

1

1
0

2

0

2

2

10

0

0
0

2

4

6

8

10

12

Normalized Area (to DRAM)

0

2

4

6

8

10 12

Normalized Area (to DRAM)

(a)

(b)

Figure 3.4. Comparison of latency/area with different memory technologies. (a) Write
latency. (b) Read latency.

of the components with different circuit designs or transistor sizings for ReRAM in
NVSim [41] and replace the values in DRAM die area breakdowns. One important
assumption is that the last-level column selectors can be hidden underneath the
ReRAM cells [13], which improves the overall area efficiency of ReRAM chip significantly. We compare the area and latency of DRAM, PCM, and ReRAM-based
main memory with the same capacity. The results are shown in Figure 3.4, with
different ReRAM data points representing different subarray organizations, including numbers of rows, columns, blocks, and sense amplifiers. As shown, the write
and read latency for ReRAM are much faster than PCM-based main memory. The
write latency is almost 1.2x slower than DRAM and the read latency is about 2x
slower than DRAM. Moreover, we observe that some ReRAM organizations have
already shown area benefits compared to DRAM.
Our cost model is based on Dong et al.’s work [42]. Most of the cost parameters in the model are collected from the IC Knowledge LLC [43], which has data
for industrial 20 nm-class DRAM. It accounts for both manufacturing and packaging costs. The manufacturing cost includes both the substrate wafer cost and
fabrication costs. A coarse-grained approach to estimate the extra process steps associated with ReRAM fabrication is to translate them into additional lithography
steps. We take a better and more accurate approach that inputs the ReRAM stack
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Figure 3.5. Cost-per-bit model results.

deposition, isolation, damascene fabrication into IC Knowledge LLC [43] and the
tool calculates the cost overhead automatically. Figure 3.5 compares the theoretical cost per bit of DRAM and ReRAM with different configurations. In our study,
we simply assume that all the technologies have similar wafer yield and defect density. As the DRAM scaling path beyond 21 nm is bleak, we make separate cases for
optimistically scaling DRAM and pessimistically scaling DRAM when performing
the cost-per-bit comparison. The optimistically scaling DRAM assumes DRAM
cells will continue to scale beyond 21 nm while the pessimistically scaling DRAM
assumes DRAM cells will not scale beyond 21 nm. As seen from Figure 3.5, the
cost per bit of pessimistically scaling DRAM goes flat below 22 nm, offering potential opportunities for other emerging NVMs to play a role in the main memory
market. If DRAM scales perfectly until a sub-10 nm technology node, then either
implementing multi-level cell or multi-layer design is a must for ReRAM to beat
DRAM in terms of cost per bit. The diode-accessed two-layer cross-point ReRAM
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Figure 3.6. Latency and area trade-offs with different row buffer sizes.

seems to have the lowest cost per bit beyond 45 nm even compared to 2-bit-per-cell
1T1R ReRAM. This is because the SET/RESET current of ReRAM does not scale
linearly with feature size and thus neither does the access transistor sizing in the
1T1R structure. The cost per bit of the none-access-device cross-point ReRAM
remains high over different technology generations because the self built-in nonlinearity of the cell cannot be scaled only if technology-independent engineering
control is involved. The cost per bit of PCM is not shown in the figure because it is
only slightly higher (less than 8% higher) than the ReRAM counterpart and cannot be distinguished in the log scale. The reason that the cost per bit of ReRAM
is lower than that of PCM is that the smaller required write current reduced the
sizing of write drivers in ReRAM design. To make a complete fair cost comparison, many practical design parameters have to be taken into considerations such
as yield, volume, and capacity.
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Figure 3.7. Energy and area trade-offs with different row buffer sizes.

3.2

Design Space Exploration

In order to figure out the optimal design configuration of ReRAM-based main
memory, we evaluate the latency and energy consumption of different organizations. Figure 3.6 shows the area and latency relationship of different row buffer
size with group number Ngroup = 4. For each row buffer size, different data point
represents different bank organization with varies parameters of Nblock , Nsubarray ,
Nrow , Ncolumn , and NSA . Generally, the smaller row buffer size possesses better
area benefit. As shown in the figure, organizations with 2048 bits row buffer occupy at least 1.9 times the area of DRAM. Therefore, to meet the area constraint
shown in Equation 3.4, the maximum allowable row buffer size per array should not
exceed 1024 bits. In addition, Figure 3.7 shows the area and energy relationship
of different organizations. Similarly, the organizations with large row buffer size
consume more energy compared to small row buffer organization in the best case.
However, as mentioned, the small row buffer will directly impact the performance
of the memory. Thus, under the area constraints shown in Equation 3.4, we choose
the organization, which has the smallest latency and energy consumption, as the
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optimal configuration. The optimal organization is indicated by the arrow, with
the parameters of Nblock = 16, Nsubarray = 16, Nrow = 512, Ncolumn = 1024, and
NSA = 16.

3.3

Experimental Methodology

Architecture Model: We use McSim [45], a Pin-based [46] manycore simulator, to evaluate our designs. McSim is a cycle-level event-driven simulator which
is capable of modeling multi-threaded manycore microarchitectures with detailed
parameterizable models of caches, coherence mechanisms, memory controller, as
well as NoCs.
Our baseline system uses a 22 nm process technology. The microprocessor
contains 16 in-order cores, each of which has private L1 and L2 caches. A DDR31066 SDRAM main memory is modeled base on the parameters from Micron’s
1Gb DDR3 technical specifications [47]. Table. 3.1 shows the detailed baseline
configuration of the processor and main memory we use in our experiments. For
SLC PCM, we use the area/timing/power values published in a recent 20 nm
PCM prototype from Samsung [48]. For MLC PCM, we use NVSim to simulate one
Table 3.1. Baseline System Configurations
Component
Processor
L1 Caches
L2 Caches
Memory Controller
Main Memory
DRAM
PCM-Sn
PCM-Mn
ReRAM

Specifications
22 nm technology, 16-core, 3GHz processors,
3-wide issue, 128-entry instruction windows
32KB private cache / core, , 4-way set, 64B block size,
split I/D cache, 128 I-TLB entries, 32 D-TLB entries
512KB per-core private cache, , 16-way set,
64B block size, 4 cycles
On-chip, FR-FCFS scheduling policy [44], open-row
DDR3 interface, 2 channels. 2 DIMMs per channel,
2 ranks per DIMM, 8 banks per rank
32GB DRAM DIMMs
32GB SLC PCM DIMMs with on-chip DRAM cache
32GB MLC PCM DIMMs with on-chip DRAM cache
32GB ReRAM DIMMs
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Table 3.2. Memory subsystem parameters

Timing parameters (ns)
DRAM SLC MLC
PCM PCM
tRCD
13
120
240
tCL
13
13
13
tRP
13
13
13
tWR
20
150
1200
Dynamic energy (pJ/bit)
DRAM SLC MLC
PCM PCM
Array read
0.99
2.21
3.24
Array write 0.38
13.5
81.2
Buffer read 0.89
0.89
0.89
Buffer write 0.98
0.98
0.98

ReRAM
32
13
13
18
ReRAM
1.33
3.15
0.89
0.98

configuration based on the projections from the SLC PCM parameters. NVSim [41]
is a CACTI-like simulator to model the performance, energy, and area of different
emerging non-volatile memory technologies. To model ReRAM, we first extract
the circuit-level parameters reported in the work of Kawahara et al. [13] and scale
them accordingly to the 22 nm technology node in NVSim. Table 3.3 list the
timing parameters and dynamics energy values for DRAM, SLC PCM, MLC PCM
and ReRAM. We can see that the row buffer related (timing/energy) parameters
are independent of memory technologies. The tRCD of MLC PCM is about twice
that of SLC PCM because the sensing takes extra steps to complete. Typically
MLC PCM takes about 8 iterations to finish the write operation [49]. The read
dynamic energy of PCM and ReRAM takes the energy of the reference cell and
the current-mode sense amplifiers into account, and results in a larger array read
energy per bit than DRAM. The write energies of MLC PCM is much larger than
SLC PCM due to the multi-step write-and-verify scheme. The write energy per bit
of ReRAM is less than 1/4th that of SLC PCM because both the required write
current and switching time are less than SLC PCM.
Workloads: We use 35 benchmarks including multi-threaded SPLASH-2 [50]
and multi-programmed SPEC CPU 2006 [51] applications to evaluate the performance and power consumption of the proposed design. The problem size of the
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Table 3.3. Benchmarks Configurations

SPLASH2
Problem Size
Input file of tk15.O
64K points
16K particles
512 x 512 matrix
258 x 258 ocean
1M integers
512 molecules
512 molecules
SPEC 2006
Category
Applications
CINT high mcf, libquantum, omnetpp, astar
CINT med gcc, gobmk, h264ref, xalancbmk
CINT low perlbench, bzip2, hmmer, sjeng
CFP high
milc, soplex, GemsFDTD, lbm
CFP med
bwaves, zeusmp, leslie3d, wrf
CFP low
cactusADM, dealII, calculix, phinx3

Application
Cholesky
FFT
FMM
LU
Ocean
Radix
Water-Nsq
Water-Sp

SPLASH-2 applications are listed in Table 3.3. According to their main memory
access intensities [51], we selectively mix 12 SPEC CPU 2006 applications into
three categories for both integer (CINT) and floating-point (CPF) benchmarks,
which as shown in Table 3.3. Each benchmark executes at least one billion instructions.

3.3.1

Performance and Energy Evaluation

Figure 3.8 shows the normalized execution time overhead comparison of DRAM,
PCM-Sn, PCM-Mn, and ReRAM. The execution time for each benchmark is normalized to the DRAM execution time. PCM-Mn impacts the performance gravely,
with a performance degradation of 33% compared to DRAM, which results from
the overly large write latency of MLC PCM. Although PCM-Sn has smaller write
and read latency, it is still much slower than DRAM and has a average performance
degradation of 14% compared to DRAM. ReRAM shows superiority to PCM-Sn
and PCM-Mn on performance. In our simulation, the average performance degra-
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dation for ReRAM is only 2%. In addition, the maximum performance degradation is less than 7.5% on the LUnonC benchmark. Dynamic energy consumption
is another important design concern for main memory. Figure 3.9 compares the
normalized dynamic energy overhead compared to DRAM. The trend is similar
to Figure 3.8. First of all, the PCM-Mn consumes much more energy compares
to DRAM. The average mmeoryenergy exceeds 10 times the DRAM energy. Dynamic energy consumption for PCM-Sn is much smaller than PCM-Mn, but still
50% larger than ReRAM. But different from performance, ReRAM still suffers
¿80% energy overhead compared to DRAM. However, after taking into account
the leakage energy, which increases significantly with the technology scales, the
energy overhead of ReRAM is acceptable. Figure 3.10 compares the normalized
Energy-Delay Product(EDP). Since ReRAM has the best performance and energy
consumption compared to PCM-Sn and PCM-Mn, it has the best EDP performance of 2.2% DRAM on average. The average EDPs for PCM-Sn and PCM-Mn
are 3.8 and 24, respectively. In summary, ReRAM is superior to PCM-Sn and
PCM-Mn on both performance and energy consumption.

3.3.2

Hardware Cost

We extend our analysis to the impact of different memory system configurations
on the overall hardware cost of a server. All the major components in a server are
considered including processors, main memory, disks, boards, power supply unit
(PSU), network interface (NIC), and fans. Figure 3.11 shows the results with cost
normalized to DRAM DIMMs. In PCM-Sa and PCM-Ma, pure SLC/MLC PCM

Energy Overhead
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DIMMs are used as main memory. In PCM-Sf and PCM-Mf, we assume a separate
DRAM DIMM wear-leveling cache. In PCM-Sn and PCM-Mn, the DRAM cache
is on-chip to reduce DRAM access latency. One attractive choice is to stack both
cores and 3D DRAM on an interposer in the same processor package, often referred
as a 2.5D design. The extra cost of the interposer and 3D bonding is modeled in
a similar manner as [52]. As seen from Figure 3.11, the SLC PCM configurations
will increase the hardware cost of the system by more than 15%, which indicates
that SLC PCM is an unattractive option for main memory design. The PCM-Ma
reduces the hardware cost of DRAM by 2% but degrades performance significantly.
Simply adding a DRAM DIMM in PCM-Mf helps reduce the traffic to the MLC
PCM and maintains a similar cost to the DRAM system. Implementing on-chip
DRAM in an advanced 2.5D design furthers reduces the performance degradation
but the hardware cost of PCM-Mn is about 7% more expensive than DRAM due
to the increasing of processor cost. By replacing DRAM with ReRAM, the overall
cost is reduced by 8% with negligible performance degradation. The observation
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Figure 3.11. System-level hardware cost comparison between different processor and
memory configurations

illustrates that ReRAM-based memory system has the potential to play a role in
the server market.

3.4

Conclusion

In this chapter, we show that a commonly assumed front-runner for DRAM replacement, PCM, comes with high overhead and complexity. We explore the emerging
ReRAM technology for DRAM replacement and compare its architecture, cost-perbit, energy, performance, and area against other contenders and highlighted the
superior characteristics of ReRAM. We explore the design space of ReRAM considering the area constrain of large current-mode sense amplifiers. Our proposed
block-level parallel access to activate multiple rows simultaneously can improve
write bandwidth with a small area overhead. The optimal design point meets the
optimization goal under area constrain and power budget. Many architectural
optimizations in memory involve certain area overhead associated with them, resulting in increased cost. But in resistive technologies such as ReRAM, we show
that we can implement such optimizations with good area efficiency by trading off
energy. As PCM requires special buffering and caching layer for wear leveling, the
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true cost of PCM is more than the cost of simple PCM DIMMs. Moreover, the
on-chip DRAM cache requires advanced a 2.5D-design, which in turn offsets the
cost benefit from MLC PCM. Our simulation show that ReRAM can be used as
a direct replacement of DRAM with less than 2% performance degradation. We
develop a cost model to estimate the cost per bit of different memory technologies
and configurations. Incorporating the results into the overall cost, using ReRAM
in large servers reduces the hardware cost by more than 5% compared to systems
with DRAM or MLC PCM.

Chapter

4

Design of Cross-point Metal-oxide
ReRAM Emphasizing Reliability and
Cost
As mentioned in Chapter 1, an ReRAM array can be built in three different structures: a traditional 1T1R structure, 1D1R structure, and cross-point structure
(0T1R). Since each of them has its own advantages and disadvantages in performance, power consumption, and cost, doing a systematic comparison of delay,
energy, area, and cost of one over others for a given technology is a complicated
process. For instance, using access transistors increases the array area and therefore results in higher die cost. Although replacing access transistors with diodes
can reduce the area overhead of access devices, the diode-accessed ReRAM array
requires extra hardware overhead to provide higher operating voltage. In addition,
using diodes also increases the fabrication steps. The cross-point structure is much
simpler but requires high nonlinearity for ReRAM cells to limit sneak current and
improve noise margin.
In this Chapter, we address several design considerations of ReRAM arrays
with these three structures. We analyze the delay, energy, area, and cost of each
structure and based on the analysis. We propose a design flow, which helps design
space exploration and provides key insights on architectural tradeoffs. We do this
in three stages: first, we use a matrix-based mathematical model to determine
the optimal array size, read/write bandwidth, and other key characteristics. This
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acts as an input to the second stage to explore the design space of ReRAM bank
and the entire chip. Finally, we estimate the chip-level cost using the area, metal
layers, pin count, and cooling requirement. Using the proposed model, we also
present a case study in which we compare the energy, performance, and area of a
1D1R cross-point design and a 0T1R design, and show that the 1D1R structure is
more promising for a cost-driven memory design.

4.1

Design Flow of Reliability and Cost Driven
ReRAM

In this section, we describe the proposed cost-optimized design flow of the ReRAM
design. Our flow consists of three stages: (1) building the array-level model to determine reliable array configurations under specific constraints; (2) the bank-level
design space exploration to figure out the most area-efficient bank organizations;
(3) building the chip-level model to evaluate the energy, performance, and costper-bit of the entire chip.

4.1.1

The First Stage: The Array-Level Model

In the first stage, the array-level optimization is performed. The modeling is based
on the work presented in Chapter 2. The model considers the impact of both the
cell characteristics and the interconnection wires on the ReRAM array design and
is capable of calculating the detailed DC parameters of each cross point in the
array.
First of all, since this is a cost-driven optimization, the area efficiency is a
crucial parameter. We define the area efficiency of an ReRAM array as
ηArea = Acell /Aarray ,

(4.1)

where Acell is the area occupied by ReRAM cells and Aarray is the total area of
the array, including the area of wordline drivers and bitline multiplexers. Thus,
we have
Aarray = Acell + Adriver = Acell + (Awl + Abl ),

(4.2)
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where the total driver area Adriver includes the area of wordline drivers (Awl ) and
the area of bitline multiplexers (Abl ). Note that, the size of a wordline driver or
a bitline multiplexer increases proportionally to the increase of maximum driving
current requirement [53]. Besides, the write current of ReRAM cell is always much
larger than read current. Therefore, the total drivers area Adriver depends not
only on the array size, but also on the worst case write current requirement of the
wordlines and bitlines.
To evaluate the impact of wordline drivers and bitline multiplexers in area
efficiency, we start from an ideal cross-point array. In an ideal array, we assume
the resistance of interconnect wires and sneak current are negligible.
Therefore, for an M × N array, the area efficiency can be calculated as
ηArea =

M N Ac0
Ac0
=
,
M N Ac0 + αM Aw0 + N Ab0
Ac0 + αAw0 N −1 + Ab0 M −1

(4.3)

where Ac0 is the area of a single cell. Aw0 is the minimum area of a wordline
driver that can provide enough write current for writing a single cell and Ab0 is the
minimum area of bitline multiplexer for a single cell write. α is maximum number
of cells that can be modified during each write operation. Clearly, in the ideal
case, increasing either M or N will improve the area efficiency of the array.
If we consider the sneak current at half-selected cells, the area efficiency should
be recalculated as

ηArea =

M N Ac0
(N −α)
]M Aw0
Kr

−1
+ [1 + MKr
]N Ab0
Ac0
=
Ac0 + Kr−1 (Aw0 + Ab0 ) + α(1 − Kr−1 )Aw0 N −1 + (1 − Kr−1 )Ab0 M −1

M N Ac0 + [α +

(4.4)

where Kr is the nonlinearity coefficient of the cell, which is defined as the ratio of
current at selected cell to the current at the half-selected cell. Since the current
of half selected cell is always smaller than the current of selected cell, the nonlinearity coefficient Kr is always greater than or equal to 2. Therefore, ηArea in
Equation (4.4) is monotonically decreasing with the increase of array size.
To demonstrate our conclusion, Figure 4.1 shows the area efficacy of two 0T1R
arrays and two 1D1R arrays. For the 0T1R structure, we choose two ReRAM cells
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Figure 4.1. Area efficiency of cross-point array.

with lower nonlinearity and higher nonlinearity. The cell with lower nonlinearity
has a higher sneak current and is therefore denoted as 0T1R H. On the other
hand, the cell with high nonlinearity results in very small sneak current and is
denoted as 0T1R L. For the 1D1R structure, the sneak current is determined by
the bidirectional diodes. Bidirectional diodes with higher sneak current (1D1R H)
and lower sneak current (1D1R L) are used. Clearly, the area efficiency increases
when the array size increases, which verifies our statement that cost-efficient design
favors a large array size. Also, both higher cell nonlinearity and better diode access
devices can reduce the peripheral circuit area significantly.
Although the area-optimized (or cost-optimized) design always prefers a large
array size, as mentioned in literatures [30, 54, 55], the array size is limited due to
the voltage drop along the wordline and bitline. In addition, the large array size
has negative impact on the read noise margin, which is defined as the minimum
current difference between HRS and LRS during the read operation. Therefore, in
this stage, our model is used to decide the maximum array size and to calculate
the energy/area of the ReRAM array under the given voltage drop and read noise
margin constraints.
The detailed design flow in this stage is shown in Fig 4.2. At the beginning, cell
parameters, diode parameters, and design constraints are provided as the inputs.
Then the mathematic models are set up for both 0T1R and 1D1R ReRAM arrays
according the input parameters with a relative small array size, for example 4 ×
4. Then the worst case voltage, Vworst , and the worst case noise margin, ∆Ird ,
are calculated. These results are compared to design constraints, write voltage
threshold Vth and minimum noise margin ∆Ith , which are specified at the beginning
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Figure 4.2. First stage design flow. ( Vworst , Vth : calculated value and constraint of
worst case voltage. ∆Ird , ∆Ith : calculated value and constraint of read noise margin.
M, N : number of wordline and bitline.)

of this stage. If Vworst > Vth and ∆Ird > ∆Ith , the current array size is workable.
Then the array size is increased by multiplying the wordline number M and bitline
number N by 2 and another iteration is processed. When Vworst is smaller than
Vth or ∆Ird is smaller than ∆Ith , the array size is identified as invalid and therefore
the array size at the previous iteration is determined as the maximum array size
for the ReRAM array. Figure 4.3 and 4.4 show an example of the search process.
In this example, we predefine the write voltage threshold and read noise margin
constraints are Vth = 1.2V and ∆Ith = 1uA. Figure 4.3 shows that, due to the
worst case voltage requirement, the maximum array size of the 0T1R H design is
only 128×128 while the 1D1R L design can achieve a size of 1024×1024. However,
according to Figure 4.4, the size of the 1D1R L design is limited to 512 × 512 by
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the read noise margin requirement. In summary, the voltage drop requirement
is more crucial for the 0T1R H design and the read noise margin requirement is
the prime constraint for 1D1R L design. After obtaining the maximum array size,
the worst case drive current, energy consumption, and noise margin are calculated
with the corresponding associated data patterns.

4.1.2

The Second Stage: Bank-Level Design Space Exploration

The performance, energy consumption, and area of the ReRAM chip are highly
dependent on the bank-level organization. In the second step, we build a banklevel model based on CACTI [56] and NVSIM [41]. Our model is able to estimate
the performance, energy consumption, and area of both 0T1R and 1D1R ReRAM
banks. Specifically, for our cost-driven optimization, the model is heavily modified
to accurately estimate the area of a single ReRAM bank.
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To implement the area model of a cross-point ReRAM bank, the following
important considerations should be taken into account carefully:
1. Different from DRAM technology, the size of sense amplifier for ReRAM is
significantly larger than the cell size. In this case, it is impossible to provide a
dedicated sense amplifier for each bitline. We consider two sharing methods
to deal with this issue. Firstly, according to the placement of ReRAM array,
adjacent arrays share same sense amplifiers located between these arrays.
Secondly, by using the bitline multiplexers, only a small portion of cells
in the selected row are read out from each ReRAM array. Then the high
bandwidth of the bank is realized by activating multiple arrays in the same
bank. Therefore, in our model, two parameters, Nls and Nact , are used to
denote the number of sense amplifiers of each array and the number of array
activated at the same time.
2. As mentioned in Section 4.1.1, the area efficiency of an array is defined as
the ratio between the cell area and array area. However, since the ReRAM
array can be fabricated on top of CMOS layers, the area efficiency of an array
can be improved by building part of the peripheral circuits underneath the
ReRAM cell array. Therefore, we define the effective area efficiency as:
ηArea ef f =

Acell
.
M AX[Adriver , Acell ]

(4.5)

Therefore, As long as Adriver < Acell , the area of drivers and multiplexers will
be deducted from the total array area. Otherwise, Adriver is the actual array
area and is used to calculate the total bank area. In our model, the ηArea ef f
is used to calculate the bank area.
3. For the other part of the bank, we assume the ReRAM bank shares similar
structure as DRAM bank, with similar column and row decoders, column and
row address buffer, data input/output buffers, and control logics. However,
we deduct the area overhead of refresh counter, refresh controller, and other
refresh circuits of DRAM bank. The refresh related energy overhead is also
deducted in our model.

63

Write Energy (nJ)

1.2

Write Energy Constraints

1
0.8
0.6

0.4
0.2

Optimal

0
0.5

0.7

0.9

1.1

1.3

1.5

Bank Area (mm2)

Figure 4.5. Design Space Exploration of 128Mbit 1D1R ReRAM bank.

Using the modified area model, a design space exploration can be conducted.
Figure 4.5 shows an example of design space exploration of the area and energy
trade offs for a 128Mbit ReRAM bank design with ReRAM cell 1D1R H. During
the design space exploration, the ReRAM bank with different design choices, such
as inter-array routing method, sense amplifier placement, number of parallelly accessed arrays, interconnect wire type, as well as output buffer design, are evaluated
on area, energy consumption, and bandwidth. The simulator only outputs the results that meet the predefined constraints. As shown in this figure, the upper bond
of write energy is set to 1nJ. For our cost-driven design flow, the most area-efficient
bank organization under certain power budget is chosen.

4.1.3

The Third Stage: Chip-Level Cost Estimation

In this stage, the area and cost of the entire chip is calculated to evaluate the
cost-per-bit metric.
First of all, the area of a single bank can be obtained from stage 2, and the
total ReRAM area (AReRAM ) is

Nbank Abank + Amp + Acp
AReRAM =
N
A
+A
bank

bank

mp

if VW > VDD

(4.6)

if VW ≤ VDD ,

where Abank is the area of one bank obtained from stage 2, Nbank is the total number
of bank in the chip, Amp is the area of memory peripheral circuits which is similar
to DRAM-based main memory, and Acp is the area of charge pump. Charge pump
is only required when the programming voltage is larger than VDD .
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The area of CMOS compatible charge pump [57] is
Acp = k ·

Ns2
IL
,
(Ns + 1) · VDD − VOut f

(4.7)

where k is a constant that only depends on the process technology, Ns is the
number of stages of the charge pump, IL is the load current, f is the charge pump
frequency, and Vout is the output voltage. Therefore, the area overhead of the
charge pump increases with Vout .
Considering the possible impact of the bond pads, the entire die area can be
calculated as [58, 59]
p
ADie = max(Npad Apad + AReRAM , (Ppad d Npad e)2 ),

(4.8)

where Npad is the number of bond pads, Apad is the area of bond pads, Ppad is
the minimum center to center pitch of bond pads. This equation shows that if
the area of the bond pad is larger than the memory area, we have to increase
the die area to meet the bond pad area requirement, which is very cost inefficient.
Fortunately, in the commercial main memory market, pinout and addressing of the
package are usually predefined by industrial standards. For example, the package
pinout and addressing organization for each generation of DRAM are defined by
the Joint Electron Devices Engineering Council (JEDEC) [60]. Table 4.1 lists the
pin count of the DRAM defined by JEDEC. Clearly, the pin count increases with
the DRAM capacity and data interface (x4, x8, or x16). In our model, we assume
the ReRAM chip shares the same package design criteria as DRAM. Therefore,
according to Equation (4.8), Npad and the total bond pad area in our model can
be calculated at the beginning of the design according to pre-determined memory
standard and capacity. Therefore, we define a flag at stage two to denote if die
area is determined by the bank area. For example, assuming VW > VDD , flags of
all of the bank configurations with area
Abank < (Ppad d

p
Npad e)2 − Npad Apad − Amp − Acp

(4.9)

are set to ‘false’, indicating that all of these configurations have the same and the
best area efficiency, because the die size is totally determined by the bond pads
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Table 4.1. Pincount of DDR SDRAM.

Standard
Type
Pin count

DDR
all
72

DDR2
x4 x8 x16
60
84

DDR3
x4 x8 x16
78
96

DDR4
x4 x8 x16
78
96

instead of the banks.
After the die area ADie is obtained, the total cost of the ReRAM die can be
calculated as
CDie = CW af er × YW af er /Ngd ,

(4.10)

where CW af er is the cost of a wafer, YW af er is the wafer yield, and Ngd is the number
of good dies in the wafer. Ngd depends on the die area and can be calculated as [61]
Ngd

πd2W af er
D0 ADie −α
πdwaf er
]/[1 +
] .
=[
−√
4ADie
α
2ADie

(4.11)

We assume the cost of mature ReRAM manufacturing process has similar wafer
yield and defect density as traditional DRAM technology. However, considering
the difference in process procedures, we calculate the wafer cost as
CW af er = CW af erDie + CW af erDie + − CW af erDie − ,

(4.12)

where CW af erDie + and CW af erDie − represent the cost of extra process steps associated with ReRAM fabrication (additional lithography steps) and the redundant
process cost of DRAM compared to ReRAM (cost of trench or stacked capacitors),
respectively. We embed the detailed ReRAM stack deposition, isolation, and damascene fabrication into a cost model developed by IC Knowledge LLC. [43] and
calculate the total cost of an ReRAM wafer. In addition, we also consider the
package cost of the chip in our model. We assume that the ReRAM uses FBGA
package, the same as the packaging method used in the mainstream DRAM chip.
The packaging cost depends on both pin count of the package and the die area.
However, according to ITRS [3], the die area of the DRAM chip is kept within a
range of 30mm2 to 60mm2 regardless the technology nodes. In this area range,
the package cost is almost independent of the die area and highly depends on the
number of pins. Figure 4.6 shows the package cost with different pin counts.

Package Cost of DRAM (a.u.)
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Figure 4.6. Relationship between the Cost of DRAM Package and the Pin Count.
Table 4.2. ReRAM cell parameters
Cell
Nonlinearity
ILRS @Vw (µA)
IHalf @Vw (µA)
RLRS @Vr (KΩ)
RHRS @Vr (KΩ)

4.2

HCNN
none
200
100
10
500

HCLN
20
200
10
100
500

HCHN
50
200
4
250
10000

LCNN
none
40
20
50
2500

LCLN
20
40
2
500
25000

LCHN
50
40
0.8
1250
50000

Experimental Results

In this section, we demonstrate the design space exploration of ReRAM memory
array at a 45nm technology node with 6 different configurations. In addition to
the energy, performance, bandwidth, and area overhead, the cost-per-bit results
are also presented.

4.2.1

Experiment Setup

According to ReRAM cell parameters summarized in Table. 1.2, in our experiments, we assume that the write voltage and the read voltage for the ReRAM cell
are 2V and 0.7V, respectively. Also, since all of the write current is in the range of
25uA to 200uA, without loss of generality, we choose ReRAM cells with high write
current (200µA) and low write current (40µA) in our experiment to demonstrate
different optimization results. As shown in Table 4.2, We adopt 6 ReRAM cells
with different nonlinearity, resistance, and write/read current. Cell HCNN (high
write current, no nonlinearity), HCLN (high write current, low nonlinearity), and
HCHN (high write current, high nonlinearity) have large write current of 200µA
which corresponds to the LRS resistance of 10KΩ. Cell LCNN, LCLN, and LCHN
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Table 4.3. ReRAM Chip Design Optimizations with Different Cells
Cell
Structure
Capacity (Gb)
Die Area (mm2 )
Array Size
Cost-per-bit (Microncent)
Write Latency (ns)
Read Latency (ns)
Write Energy (nJ)
Read Energy (nJ)

HCNN
1D1R
2
57.10
512 × 512
0.171
51.06
28.59
18.30
0.63

HCLN
1D1R
2
54.34
512 × 512
0.158
51.05
28.55
9.09
0.25

HCHN
1D1R
4
53.67
1024 × 1024
0.083
53.98
29.25
22.28
0.54

LCNN
1D1R
2
56.21
512 × 512
0.157
51.08
28.78
6.52
0.87

LCLN
0T1R
2
58.49
512 × 512
0.168
50.88
29.31
3.91
1.08

LCHN
0T1R
4
54.55
1024 × 1024
0.081
54.20
31.08
5.53
0.93

have smaller write current and higher LRS resistance of 50KΩ. In addition, as implied by their names, cells also have different nonlinearities, which directly affect
the sneak current at unselected cells. For the access diode in 1D1R structure, we
adopt a similar design as shown in Burr’s work [25] with a sneak current of 0.1µA
and assume that the bidirectional diode can provide enough current for the write
operation (> 200µA). As mentioned in Section 4.1, the chip size of the DRAM
technology is kept constant in the range of 30mm2 to 60mm2 regardless of the
technology nodes. Therefore, we assume the ReRAM chip size is also within this
range.

4.2.2

Experiment Results

Table 4.3 shows the simulation results of the 6 different cells with the parameters
specified in Table 4.2. The chip area maintains in the range of 30mm2 to 60mm2 ,
while different chips may have different capacities. Our simulation results show
that, cells with large write current (cells HCNN, HCLN, and HCHN ) should be
built using a 1D1R structure. The reason is that the voltage drop along the
wordline and bitline for these cells are very severe and the array sizes are therefore
bounded by the worst case voltage drop. In our simulation, if the 0T1R structure
is used for these cells, the maximum array size cannot exceed 128 × 128, 256 × 256,
and 512×512, respectively. We find that the area efficiency for the 0T1R structure
with a small array is worse than a 1D1R structure with a relatively larger array
size. For cell LCNN, although the write current is smaller, the sneak current at all
of the half-selected cells is significant. Therefore, the total wordline/bitline current
is increased. Similar to high current cells, the array size of a 0T1R structure for cell
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LCNN is limited by the voltage drop and cannot exceed 256×256. Consequently, a
1D1R structure is necessary for cell LCNN. However, the current on both selected
cells and half-selected cells for cells LCLN and LCHN is much smaller than the
other cells. In this case, a large 0T1R array is workable. On the other hand, the
reduced current means that these cells have larger resistance on both LRS and
HRS. Thus, the read noise margin requirement becomes the dominant factor. As
shown in Burr’s work [25], the access diode, which is connected in series with the
ReRAM cell, shows very high resistance during the read operation. Therefore, the
read current for 1D1R structure is reduced, resulting in a degradation of read noise
margin. For these reasons, cells LCLN and LCHN adopt 0T1R structure.
The area and cost per bit results are also shown in Table 4.3. Area efficiencies
for HCHN and LCHN are much better than other cells. The reason is that,
for cells HCNN, HCLN, LCNN, and LCLN, the large wordline drivers and bitline
multiplexers cannot be totally hidden under the cell array. For HCHN and LCHN,
the large array size reduces wordline drivers and bitline multipliers area overhead.
For example, a 1024 × 1024 array requires 1024 wordline drivers and 1024 bitline
multipliers. However, with the same capacity, four 512 × 512 arrays need 2048
wordline drivers and 2048 bitline multipliers in total. In addition, as mentioned
in Section 4.1, the small current of cells HCHN and LCHN are also helpful to
further reduce the area of wordline drivers and bitline multiplexers. Therefore,
our simulation results show that for HCHN and LCHN, all of wordline drivers and
bitline multipliers can be built underneath the cell array. Furthermore, since the
area efficiency is related to the cost per bit, as shown in the table, chips HCHN
and LCHN are also superior in terms of cost.

4.3

Conclusion

ReRAM technology has great potential to become a replacement for DRAM and/or
Flash. The success of a memory technology primarily depends on its cost per
bit. However, since ReRAM design has a large number of design choices, such as
array structure, array size, bank organization, and interconnect wire, the most cost
efficient design is nontrivial at an early design stage. In this chapter, we propose a
cost-driven design flow for the metal-oxide ReRAM design. We begin with a circuit
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level array model in which we identify the optimal array size and architecture
that meet the reliability requirements. We then consider various array and bank
organizations to further reduce cost. We study two common implementations of
ReRAM: 1D1R and 0T1R structures. Our simulation results show that for the
cell with small nonlinearity or large current, the 1D1R structure is more cost
efficient, in spite of the extra area overhead of the charge pump required by the
higher operating voltage of the 1D1R structure. However, for ReRAM with low
operating current, the introduction of diode will negatively impact the read noise
margin, hence a 0T1R structure is preferred in this case.

Chapter

5

Low Power Design with Error
Correcting Code
Similar to the problem with other nanoscale devices, the impact of process variability is also critical to ReRAM-based memory. The impact of process variations
on the electrical properties of different ReRAMs has been addressed and analyzed
in [62] and [63]. It has been shown that different sources of the process variability
will affect the electrical behavior of an ReRAM cell in different ways. Recently, researchers found that, for a single ReRAM cell, the possibility of a device switching
successfully is a function of the total time that the device is under bias stress [64].
The uncertainty of switching time for ReRAM cell will cause write failures during
the write operation, and results in data error of an ReRAM-based memory array.
Since the error rate is closely related to the materials of the ReRAM cell, the program voltage, as well as the program duration, may be much higher than those of
the traditional memory technologies under certain design constraints. Traditional
Error Correction Code (ECC) circuit design for conventional DRAM memory may
not be able to ensure the correct functionality of ReRAM-based memory due to
much higher error rates. Consequently, a stronger error correcting code is needed,
which results in a large energy/area overhead, offsetting the density/power benefits
offered by the ReRAM memory technology. In this chapter, we build a mathematical model of the error pattern for the ReRAM cell, and analyze the error rate
of the whole ReRAM-based memory. Based on the analysis, various ECC design
schemes are investigated to relax the reliability requirement of the ReRAM cell
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to improve the performance and energy efficiency of the ReRAM-based memory
system.

5.1

Preliminary of Error Correcting Code

ECC is widely studied in the information theory. The basic concept of ECC is to
use additional data (or parity data) to store enough information for error detection
and correction. ECC has been used in diverse areas during the past decades,
such as the Internet, deep-space telecommunication, and the civil communication
servers. ECC has also been applied in the computer architecture area to improve
the reliability of data storage and computing. For example, in hard drives every
sector contains a number of extra bits for error correcting and recovery (such as
CRC32). Besides, the Reed Solomon (RS) codes are widely used in CDs to correct
errors which are generated by scratches.
Hamming codes are a special class of ECC with n = 2m − 1 and k = 2m − m − 1
for m >= 3. These codes have a minimum distance of 3 and can detect and correct
a single-bit error or detect two-bit error(but Hamming code cannot distinguish
these two kinds of errors during the decoding). The most popular ECC code
in computer memory systems is SEC-DED Hamming code, which is a class of
truncated Hamming codes. The truncation increases the minimum distance of the
Hamming code from 3 to 4, ensuring that the SEC-DED Hamming can detect
and correct a single-bit error and detect two-bit error at the same time. Besides
the Hamming code, a more powerful class of ECC called BCH code, has also been
proposed in the memory systems such as Flash storage and optical media. Different
from the Hamming codes, the BCH codes can provide multi-bit error correction.
Traditional DRAM memory also employed ECC to correct transient soft errors.
The ECC used in DRAM is the SEC-DED. Therefore, data that has more than
3 bits error at the same block is insensible to the systems. It is reasonable for
DRAM systems because the soft error rate (SER) for DRAM is quite low and the
probability that more than two errors occur in the same block is extremely low.
However, if a system has a correlated error pattern, stronger ECC is required.
In fact, for the ideal ReRAM-based memory, ECC is not necessary because the
ReRAM is different from the DRAM cell and is resistant to soft errors. However,
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it has been shown that [64], under the impact of process variability, the physical
characteristics of ReRAM cells may deviate from the design requirement and therefore bring in some undesirable errors[62, 63]. In order to mitigate the impact of the
process variation, more reliable programming method is required for the ReRAMbased memory design, which is energy inefficient. Therefore, energy-aware ECC
which is specially designed for ReRAM-based memories, is vitally necessary.

5.2

Impact of Process Variation on ReRAM

In this section, we present the mathematical model of error pattern of the ReRAM
cell. Then the data error rate of the ReRAM-based memory array is analyzed in
detail.

5.2.1

Log-normal Switching Time Distribution of ReRAM
Cell

With the technology scaling, process variability becomes a critical issue which may
result in device parameter fluctuations and therefore affect the performance and the
reliability of devices. Prior studies show that, the geometry variation may exist in
each dimension of the ReRAM [64]. Since the electrical behaviors of ReRAM, such
as write/read speed and energy consumption, depend on the geometry parameters
to a great extent, the impact of geometry variation on the ReRAM cell should be
taken into full consideration during the design of the ReRAM-based memory.
Besides the geometry variability, other uncertainties of ReRAM’s physical characteristics, such as the concentration of oxygen vacancies, also play important roles
in the resistance switching behaviors of the ReRAM cell. It has been reported that,
under the impact of all of these variations, the switching time of ReRAM cells
with identical internal structure follows a log-normal distribution. The probability
density function (PDF) and the cumulative distribution function (CDF) can be
expressed as:

f (t; τ, σ) = √

1
(ln(t/τ ))2
exp[−
]
2σ 2
2πtσ

(5.1)
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Figure 5.1. CDF and PDF of the switching time under different voltage input

(ln(t/τ ))
1
],
F (t; τ, σ) = erfc[− √
2
2σ

(5.2)

where t is the switching time of the ReRAM cell, τ is the median switching time
under certain external bias voltage, and σ is the standard deviation of τ . Also,
the median switching time has an exponential dependency to the external voltage,
and there is no significant relationship between the standard deviation τ and the
voltage [64]. Figure 5.1 shows the PDF and CDF of switching time under different
external bias voltage. It can be observed that a higher input voltage will increase
the probability of shorter switching time significantly. Therefore, increasing the
programming voltage is a good method to improve the reliability of the ReRAMbased memory. Besides, for a given voltage constraint, the switching probability of
an ReRAM cell increases with the switching time. Therefore, we can also increase
the write latency to satisfy the relatively high reliability requirement of a memory
cell.
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5.2.2

Impact of the Log-normal Switching Time Distribution

For an ReRAM-based memory, the log-normal switching time distribution may induce several severe problems on reliability, speed, and power consumption. Generally, the uncertainty of the switching behaviors affects the ReRAM-based memory
in the following aspects:
1. Reliability: For the ReRAM-based memory, the information is represented
as the resistance of the cell. As mentioned, the probability of the switching
time follows a log-normal distribution and cannot ensure the ReRAM cell is
switched to the state with required resistance after a write operation. This
uncertainty is not desirable and is harmful to the reliability of the ReRAMbased memory.
2. Energy Consumption: To overcome the aforementioned reliability issue,
more reliable program operation is required. As discussed, a more reliable
program operation can be obtained by either boosting the write voltage or
increasing the write latency. However, both of them will influence the energy
consumption of the ReRAM-based memory. Especially, in order to achieve
a relatively low bit error rate, the programming voltage and write latency
should be designed for the worst case situation. Consequently, lots of the
cell are over programmed with a huge amount of energy waste.
3. Performance: In addition to the energy consumption, the performance is
also affected by the uncertainty of the switching behavior. From Figure 5.1
we can see that, with bias voltage V = 7V , in order to increase the switching
probability from 0.8 to 0.9, the switching time increases by 33%, which will
significantly reduce the performance of the memory array.
In the ideal condition, assuming the switching time variation is negligible, the
write (SET or RESET) energy consumption of the ReRAM cell sticks to a fixed
value. However, if we consider the variation of the switching time, the energy
consumption is no longer a constant but follows a particular distribution for each
combination of (V, τ , and σ) set. Figure 5.2 shows the write energy and latency
fluctuations, with different programming voltage V and standard deviation σ. Note
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that, a reliable write operation should be strong enough to ensure all of the cells
can be written to the desired state. In this example, we assume the error rate of
the write operation is less than 10−5 . Figure 5.2 shows that, the programming energy and latency increase dramatically with the decrease of programming voltage
as well as the increase of standard deviation. Obviously, increasing the programming voltage is an effective way to reduce the write energy and latency at the
same time. However, note that the programming voltage is mainly determined by
the physical characteristics of the ReRAM cell itself, including materials, processing technology, forming method, and cell size, and limited by many other design
constraints. Therefore, in this chapter, we assume that the upper bound of the
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programming voltage is fixed at Vmax . As mentioned, for a given programming
voltage, the switching probability of an ReRAM cell increases monotonically with
increasing of switching time. Besides, the write energy is the integral of write
voltage on time. Thus, the switching probability (or error rate) has a direct relationship with the write energy, which is shown in Figure 5.3. It is shown that the
write energy increases with the decrease of error rate requirement. Therefore, in
this work, we propose to use the ECC code to relax the reliability requirement of a
single ReRAM cell, which could improve the energy efficiency and the performance
of the memory array while maintaining the low error rate of the entire memory
array.

5.3

Error estimation and ECC design

In this work, we assume the maximum size of the data block is 512 bits or 64 bytes.
A (n, k) ECC code indicates that total n − k bits are attached to k information
bits to construct a codeword with length of n. An overview of the proposed system
architecture is shown in Figure 5.5(a). The ReRAM array is implemented in either
cross-point architecture or the CMOS based architecture. In total 512 information
bits are encoded and decoded with NECC bits of ECC data.
As mentioned, Figure 5.3 reveals the relationship between the reliability and
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Figure 5.4. Error rate of a 512 bits block (p is the error rate of a single ReRAM cell
after write operation).

write energy of the ReRAM cell: in order to increase the reliability of the write
operation, more energy is needed to program the ReRAM cell. Therefore, a variable, p(E), is used to indicate the error rate after the write operation with energy
E. Consequently, the ReRAM is programmed into the desired state with a probability of 1 − p(E). Let us firstly consider the scenario that the whole 512-bits
information block is encoded and decoded together with a ECC code with m bits
error correction capability. The error rate after ECC can be calculated as:

Perr = 1 −


m 
X
512
i=0

i

· p(E)i · (1 − p(E))512−i ,

(5.3)

Figure 5.4 shows the probabilities of error occur in a 512-bit block under different
pE and ECC codes. In this figure, the BCH i represents the BCH code which can
correct i-bit errors at the same time. This figure shows that, the probability of
error occurs in the block can be reduced, either by more reliable write operation
or by more powerful ECC codes.
Then we evenly divide the 512 bits into N separate subblocks (N = 1, 2, 4 · · · ),
with each subblock has the length of 512/N . In addition, as shown in Figure 5.5,
each subblock has its own ECC circuit and then Figure 5.6 and 5.7 show the error
rates for different values of N with SEC-DED code and BCH 2 code. Obviously,
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operation).

the increase of N can also reduce the error rate for the whole block. However,
the overhead in area, energy, and latency of these schemes (either increasing the
write reliability or increasing N ) should not be ignored. The overhead of the area
results from the ECC circuits and the parity check bits. The parity bits needed in
each schemes can be calculated and are listed in Table 5.1. Nevertheless, the area
overhead of ECC circuit, as well as energy/latency overhead, cannot be evaluated
directly and will be discussed detailed in Section 5.4.

N=4

N=8
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Table 5.1. Cell Overhead of ECC codes (The 512 bits block is evenly divided into N
subblocks, each subbolck has its own ECC code; NECC is the total parity bits of the
whole block).
N
SEC-DED
BCH 2
BCH 3
BCH 4
BCH 5
BCH 6

5.4
5.4.1

1
NECC /%
11/ 2.1%
20/ 3.9%
30/ 5.9%
40/ 7.8%
50/ 9.8%
60/11.7%

2
NECC /%
20/ 3.9%
36/ 7.0%
54/10.5%
72/14.1%
90/17.6%
108/21.1%

4
NECC /%
36/ 7.0%
64/12.5%
96/18.8%
128/25.0%
160/31.3%
192/37.5%

8
NECC /%
64/12.5%
112/21.9%
168/32.8%
224/43.8%
280/54.7%
336/65.6%

16
NECC /%
112/ 21.9%
192/ 37.5%
288/ 56.3%
384/ 75.0%
480/ 93.8%
576/112.5%

Experiment Results
Simulation Setup

The NV-Sim [41], which is an extended version of CACTI tool for nonvolatile
memory, is used to simulate the area, energy and performance of the ReRAM. The
ECC encoder and decoder circuits are synthesized by Synopsis Design Compiler
with 45nm technology to get the delay, energy and area values. Besides, according
to Xu’s work [2], the design parameters of the ReRAM-based memory is summarized in Table 5.3. Table 5.2 shows the BER requirement, p(E), for a single cell
within different ECC schemes to satisfied the block error rate Perr < 10−9 .
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Table 5.2. BER requirement with Perr < 10−9

N
SEC-DED
BCH 2
BCH 3
BCH 4
BCH 5
BCH 6

1
8.9×10−8
3.9×10−6
2.5×10−5
8.1×10−5
1.9×10−4
6.0×10−4

2
1.8×10−7
7.2×10−6
5.0×10−5
1.6×10−4
3.9×10−4
1.2×10−3

4
3.5×10−7
1.5×10−5
9.9×10−5
3.2×10−4
7.7×10−4
2.4×10−3

8
7.1×10−7
2.9×10−5
1.9×10−4
6.4×10−4
1.5×10−3
4.8×10−3

16
14.1×10−6
5.8×10−5
3.9×10−4
1.3×10−3
3.1×10−3
9.6×10−3

Table 5.3. Physical Parameters of ReRAM-Based Memory [1, 2].

ReRAM Array Architecture
Cell Size
Memory Capacity
σ
SET Voltage
RESET Voltage
Write Latency
Low Resistance
High Resistance
Target Block Error Rate
Default ECC Code

5.4.2

MOS based
4F 2

Cross-Point based
20F 2
128 MB
0.5
2.0V
−2.0V
100ns
10KΩ
500KΩ
perr < 10−9
SEC-DED

Simulation Results

In this section, we evaluate the area, latency, and energy overhead ratio of different
ECC schemes by using the following equations:
RA = [∆(Acell + Acircuit ) + AEnc + ADec ]/A0

(5.4)

RL read = [∆L readcircuit + L readDec ]/L read0

(5.5)

RL write = [∆L writecircuit + L writeEnc /L write0

(5.6)

RE read = [∆Eprogramming + EDec ]/E0

(5.7)

RE write = [∆Eprogramming + EEnc ]/E0 ,

(5.8)

which is calculated as the ratio of overhead to original value. For example, the
A0 is the base area of the ReRAM ReRAM without ECC, and the RA is the ratio
of the extra area to A0 . Note that the area overhead, RA , counts the overheads
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of both encoder and decoder at the same time. However, the decoder only affects
the latency and energy of read operation whereas the encoder only affects write
operation.
5.4.2.1

Area Overhead of ECC Schemes

Firstly, the area overhead ratio of 128MB cross-point ReRAM-based memory is
shown in Table.5.4. Compare to Table.5.1, it is clear that the area overhead increases monotonically with the increase of cell number overhead. That is because
the overhead of the encoder and decoder is much smaller compared to the area
increase of the memory array. Since the based line are of the MOS based array
is 78.251mm2 , which is about twice compared to the cross-point array, the area
overhead for MOS based memory array is almost the half of the cross-point array.
Table 5.4. Area overhead ratio of 128MB cross-point ReRAM-based memory (Baseline
Area=42.76mm2 )

N
SEC-DED
BCH 2
BCH 3
BCH 4
BCH 5
BCH 6

5.4.2.2

1
0%
1.55%
3.27%
5.80%
6.61%
8.24%

2
1.51%
4.15%
7.12%
10.18%
13.15%
16.12%

4
4.11%
8.77%
14.09%
19.33%
24.66%
29.90%

8
8.73%
16.67%
25.87%
35.14%
44.33%
53.53%

16
16.64%
29.80%
45.64%
61.39%
77.23%
93.00%

Performance Evaluation

The performance results are shown in Figure 5.8 and Figure 5.9. Figure 5.8 shows
the normalized overheads of read latency. Basically the overhead of read latency for
a given ECC decreases with the increase of the number of subblocks. The reason
behind this trend is that the decoders can work in parallel with each others for
different subblocks. Thus the decoder latency will be reduced with the decrease of
subblock size. Also, the read latency increases with the error correction capabilities
of ECC codes, which results from the complexity of ECC decoder circuits. Another
interesting observation is that the read overhead is more serious to cross-point
memory array, which is because the baseline read latency of cross-point array
(1.8ns) is smaller than the MOS based array (6.5ns). However, Figure 5.9 shows
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Figure 5.8. Read Latency Overhead (Based Line Latency = 6.5 ns for MOS based
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Figure 5.9. Write Latency Improvement (Based Line Latency = 104.1 ns for MOS
based memory and 200.4 ns for cross-point memory).

the write latency of the array can be improved as much as 30% with SEC-DED
ECC code and can be further reduced by applying more powerful ECC code.
5.4.2.3

Energy Evaluation

The overheads of read energy are shown in Figure 5.10. Similarly, the read energy
overhead is much more harmful to the normalized read energy of cross-point array,
which is due to the fact that its based line read energy is quite small compared to
the MOS based array. However, meanwhile, the improvement of write energy can
be as much as 50% for the cross-point array, compared to only 10% improvement
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to the MOS based array. Besides, different from the write performances, the
write energy for strong ECC, such as BCH 8 or BCH 16, will increase for large N,
meaning a optimized subblock scheme is existing.

5.5

Conclusion

One of the key reliability challenges for ReRAM design is the log-normal distribution of the switching time, which causes the occurrence of undesired error after the
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write operation. In this chapter, we have studied the switching time distribution
of the ReRAM-based main memory, and proposed to relax the cell BER by ECC
code to improve the write energy and latency of both the MOS based and crosspoint based ReRAM design. The experimental results indicated that the proposed
design can improve the write latency by up to 70% and reduce the write energy
by up to 60%.

Chapter

6

Low Power Multi-Level-Cell
Resistive Memory Design with Novel
Data Mapping Schemes
As mentioned in Chapter 1, the density of ReRAM-based main memory can be
further improved by using the MLC ReRAM, which stores multiple bits in a single ReRAM cell. However, it has been observed that, the programming of MLC
ReRAM requires much higher write energy and write latency compared to the
SLC programming. In this Chapter, we propose two schemes, IDM and DDRM,
to implement a low power MLC ReRAM design. The contributions of this chapter
are summarized as follows:
• We analyze the programming method of MLC ReRAM, and figure out that
the programming energy and latency are highly dependent on both data
patterns written into and stored within the ReRAM cell. Specifically, writing
certain data patterns into ReRAM cells requires much larger energy and
latency than others.
• We propose incomplete data mapping (IDM) to eliminate the impact of these
data patterns. Instead of mapping an 8-level cell into 3 binary digits, IDM
maps the cell into only 6 status, corresponding to only 2.59 binary digits.
Then, two or more MLC cells work together to generate a larger data block
for effective data converting. By eliminating the critical status in the cell,
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the write latency and energy consumption can be reduced significantly.
• We propose dynamic data remapping (DDRM) to improve the reliability of
the MLC ReRAM. When a retention error occurs in a data line, DDRM
boosts the entire data line from IDM status back to complete data mapping (CDM) status, which can provide sufficient memory capacity for error
correction mechanisms. We demonstrate that the proposed design can work
effectively with existing error-correction schemes but requires much smaller
space overhead.

6.1

Preliminary of MLC ReRAM

In this section, we will describe the background of MLC ReRAM technology including the multi-level switching mechanism of the cell and the programming schemes.

6.1.1

ReRAM and MLC ReRAM

As discussed in Chapter 1, an ReRAM device is built on a simple metal-insulatormetal (MIM) structure: the resistance switching material is sandwiched by top
electrode (TE) and bottom electrode (BE). The resistance switching behaviors of
ReRAM cell come from the formation and disruption of conductive filaments (CFs),
which is caused by the electric field generated by the external voltage. In a HRS
cell, there is no direct CF between the TE and BE, resulting in a high resistance
of the cell. However, by applying a positive voltage across the cell, some of the
oxygen ions are “kicked off” from their original locations to the TE. Then CFs are
generated by oxygen vacancies left in switching materials, bringing the cell back
to LRS.
It has been reported that, many ReRAM cells show very large resistance differences between HRS and LRS (> 102 ),[65, 9, 11]). Therefore, ReRAM also has
the MLC feature as PCM. Various materials, including TiOx [66], HfOx [67], as
well as TaOx [68], have already shown their feasibility as the switching materials of
MLC ReRAM. The multi-level resistance of ReRAM cell is realized by controlling
the number and size of CFs in the cell. More specifically, larger and/or more CFs
mean more conductive paths generated across the cell, leading to lower resistance.

Vread

Vread

...

Vread

Stair-Case Up Programming

P&V Pulse Amplitute

P&V Pulse Amplitute
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Figure 6.1. P&V programming. (a) Reset-and-Program Scheme; (b) Set-and-Program
Scheme.

On the contrary, CFs with smaller size and/or number means the cell is less conductive and leads to higher resistance. For ReRAM cell, different number and size
of CFs are achieved by adjusting the programming current.

6.1.2

Programming MLC ReRAM

Programming of MLC ReRAM requires precisely writing a cell into a certain resistance range. Due to statistical characteristics of ReRAM cells, as well as the
process variation of the peripheral circuitry, it is difficult to use a generic scheme
to program each cell. Instead, program-and-verify (P&V) [69] is commonly used in
MLC programming. Examples of the P&V programming are shown in Figure 6.1.
The P&V programming can either start from a SET or RESET operation, followed
by a sequence of smaller write pulse according to the stair-case up algorithm. For
example, Figure 6.1 (a) shows the RESET-and-Program (RAP) scheme. In this
scheme, the cell is initialized into HRS by a RESET operation. After that, a
sequence of lower-amplitude SET operations are applied to the cell. Each SET
operation is followed by a read operation to verify the status of the cell. If the
resistance of the cell is already in the target range, the write operation terminates. Correspondingly, the SET-and-Program (SAP) scheme, which is shown in
Figure 6.1(b), is realized by a SET operation followed by a number of RESET
and verify iterations.
It is worth noting that, the number of iterations is highly dependent on the
data written into the cell as well as the programming schemes (RAP or SAP).
For example, as shown in Figure 6.2, when using the SAP scheme, ReRAM cell

88

SAP Region

111

LRS

110

101

RAP Region

100

011

010

MLC Resistance Distribution

001

000

HRS

Figure 6.2. SAP and RAP region of 8-level MLC ReRAM.

is firstly written into LRS (“111” in the figure), and then gradually programmed
into status with higher resistance. In this case, for those status that have very
high resistance (such as “001” and “010”), the number of write iterations will be
much larger than the other cells. Especially, when writing “000” into the cell, the
highest iteration number is required. However, we can simply apply one RESET
operation instead of these unnecessary iterations. Therefore, we argue here that
a better write operation should adjust the programming schemes according to the
data pattern to be written into the cell. The most straightforward strategy is
shown in Figure 6.2: for cells from “111” to “100”, which have relative smaller
resistance, the SAP is used; on the other hand, in order to write the cell into
higher resistance status, RAP is applied.
By using this strategy, the Monte Carlo analysis is performed by HSPICE [26]
with 22nm PTM model for 8-level MLC ReRAM. We use the compact SPICE
model of ReRAM proposed by Guan [70]. The ReRAM array is built on 1transistor 1-resistor structure. The highest and lowest resistance of ReRAM cell
are 10M Ω and 1KΩ, respectively. The width of each programming pulse is set to
5ns. Figure 6.3 shows the average number of iterations required for every possible
data transition. For the sake of convenience, we use decimal numbers to present
the status of ReRAM cell. Note that, the write latency is proportional to the
iteration count and the write energy also increases monotonically with iteration
number. Therefore, the latency and energy consumption have the similar trends as
iteration count shown in Figure 6.3. First of all, if the data to be written is equal
to the data stored in the cell, no write operation is required, and the number of
iteration is 0. Secondly, besides these data transitions, we observe the data pattern
to be written determines the iteration count (as well as latency and energy con-
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Figure 6.3. Iteration Counts for Each Data Transition.

sumption) of the write operation. Due to the aforementioned write strategy, the
closer an intermediate state is to HRS/LRS, the fewer iteration count is required.
Specifically, writing a cell into status of ‘3’ (011) or ‘4’(100) requires much more
write iterations than into other status.

6.2

Design of Low Power MLC ReRAM with Incomplete Data Mapping

Mapping status (levels) of MLC ReRAM into binary digits is nontrivial. In this
section, we first examine the principle of conversion between binary number system
and other number system. Then, based on the discussion, we propose IDM, which
can significantly improve the performance and energy efficiency of the memory
system by mapping reduced cell status into binary digits.

6.2.1

Conversion between Binary Numeral System and
Other Numeral Systems

Most of the modern digit computer systems use binary numeral system. The data
are calculated, translated, and stored only with logic ‘0’s and ‘1’s, which directly
corresponds to whether an electrical current is present or not. Any symbol other
than binary digits has to be converted into binary digits before it is processed by
the computer. For example, although decimal is a commonly used number system
in daily life, in computer system, decimal numbers have to be converted into a
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string of binary digits for computing. Generally, this kind of conversion is known
as a symbol-to-binary conversion. In information theory, the entropy is a common
measure of information contained in a symbol. Assuming the status of a symbol
is a random variable X with n possible value of x1 ...xn , the entropy H can be
calculated as:
H(X) = −

n
X

p(xi )logb p(xi ),

(6.1)

i=1

where p(xi ) is the possibility that X is equal to xi , b is the base of the calculation.
If the entropy is measured in bits, b equals to 2. The entropy of a symbol is
maximized with equiprobable status when p(xi ) = 1/n, and can be calculated as:
n
X
1
1
H(X) = −
log2 = log2 n.
n
n
i=1

(6.2)

In addition, if two random variables are independent to each other, the entropy is
calculated as:
H(X, Y ) = H(X) + H(Y ).

(6.3)

Therefore, if there is a string of symbols, the entropy of this string is simply the
sum of entropy of each symbol. Especially, in the binary system, the entropy for
each binary digit is 1.
In MLC system, each cell can be considered as a symbol which carries more
than 1 bit information. Therefore, the aforementioned equations can also be used
to calculate the entropy of each MLC cell. For the sake of simplicity, in the rest
of this chapter, we denote the cell in an m-based system (each cell has m different
status) as Cm and the cell in binary system as B, which is equivalent to C2 .
Therefore, the entropy of the cell in a m-based system is denoted as H(Cm ) and
the entropy of each digit in binary system (H(B)) is equal to 1. In addition, a
string of x cells is denoted as xCm and xB. Then, a conversion between x number
of Cm with y binary digits as xCm ↔ yB.
In a MLC memory system, each cell or a string of cells can be considered as
a symbol. Before using the data stored in the cell, a symbol-to-binary conversion
is required. On the contrary, a binary-to-symbol conversion is required before the
data is stored into the memory. It is worth noting that, before the conversion rule
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is chosen, the entropies of the symbol(s) and binary digit(s) is not necessary equal
to each other. However, as along as a conversion rule is decided, the entropies
of both the symbol(s) and binary digit(s) are equal to the smaller value. For
example, as shown in Table 6.1, to convert a C6 into binary digits, we can either
use a 1C6 ↔ 2B conversion or a 1C6 ↔ 3B conversion. Originally, the entropies
of C6 , 2B, and 3B are (log2 6 =) 2.58, 2, and 3, respectively. However, in the
first scheme, only 4 of 6 status in C6 will appear, the other 2 status cannot be
convert to/from binary digits. Therefore, according to Equation (6.2), the entropy
of C6 reduces from 2.58 to (log2 4 =) 2. On the other hand, in the second scheme,
although 3B has 8 status, only 6 status will appear. In this case, the entropy of 3B
reduces to 2.58. In this work, we define a lossless conversion between xCm ↔ yB
only if:
xH(Cm ) = yH(B).

(6.4)

Otherwise, it is a lossy conversion. Obviously, only if m = 2k (k = 0, 1, 2..), the
conversion is lossless.
We should also note at, in 1C6 ↔ 3B conversion, some of the status in binary
system is eliminated, which will impact the normal computation of the binary
system. For example, in binary system, 101 plus 001 equals to 110, which is illegal according to our conversion. Therefore, other data mapping or computing
mechanisms are required for the entire computer system, which is unacceptable.
However, in 1C6 ↔ 2B conversion, although some of the status in C6 are sacrificed, the binary system is completed. Accordingly, the computer system can work
normally without worrying about the conversion schemes of the memory system.
Therefore, we conclude that a conversion is workable only if:
xH(Cm ) >= yH(B),

(6.5)

and the information loss of the conversion is:
δH = xH(Cm ) − yH(B) ≥ 0.

(6.6)
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Table 6.1. Example of Lossy Conversion

C6
1C6 ↔ 2B
1C6 ↔ 3B

0
00
000

1
01
001

2
10
010

3
11
011

4
–
100

5
–
101

–
–
110

–
–
111

Table 6.2. Results of Monte Carlo simulation. (TW C : worst case latency. EAve : average
write energy.)

Target
TW C (ns)
EAve (pJ)

0
15.2
2.0

1
46.8
6.7

2
98.3
19.3

3
143
35.1

4
150
35.6

5
101
19.6

6
52.7
8.5

7
12.1
1.5

For given x Cm cells, we can find the most efficient conversion by solving:
y = [xH(Cm )/H(B)],

(6.7)

where [x] is the floor function that represents the largest integer not greater than
x.

6.2.2

Incomplete Data Mapping

As shown in Figure 6.3, the iteration count (as well as write latency and energy)
for each write operation highly depends on the target status. Specifically, there
are some critical status require much more iteration counts than other status,
such as ‘3’ and ‘4’ in Figure 6.3. According to our Monte Carlo simulation,
we summarize the latency and energy results in Table 6.2. Note that, the worst
case latency is more important because the write latency of the memory system
should meet the requirement of it. However, the average energy will determine the
energy consumption of the memory if we assume the data patterns are distributed
uniformly. Thus, in this table, we only show results of worst case latency and
average energy. These results are consistent with what is shown in Figure 6.3, the
status ‘3’ and ‘4’, which are marked in gray, are much more critical than others
status.
Based on this observation, we propose incomplete data mapping (IDM), which
only maps part of MLC ReRAM status into binary digits. In the proposed scheme,
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a p-status memory cell is firstly mapped to q-status cell, where p > q. By eliminating the most energy/latency critical cells, the worst case latency and average
energy will be reduced significantly. After that, a number of r q-status cells are
converted into a series of binary digits. We denote this schemes as IDM((p,q),r).
For example, for a 8-level MLC ReRAM cell, we only use 6 status to store the
information and leave the 2 most critical status (‘3’ and ‘4’ in Table 6.2) unused.
In this case, because of the C8 to C6 conversion, the entropy of the cell reduces
from 3 bits into 2.58 bits. According to Equation (6.7), this C6 cell can only be
converted into 2 binary digits, whose entropy is 2, and the entropy loss of this C6
to 2B conversion is 0.58 bits. And the total entropy loss of IDM((8,6),1) can be
calculate as H(C8 ) − 2H(B) = 1bit.
Although we cannot change the entropy loss of the C8 to C6 conversion, the loss
of C6 to binary digits conversion can be reduced by combining several cells together
as a group before the conversion. For example, according to Equation (6.3), entropy
of 2 C6 cells equals to 5.17, meaning that a 2C8 ↔ 5B conversion can be used. In
this case, the entropy loss is only 0.17 bits, which is much smaller than the 0.58
bits in a C6 ↔ 2B conversion. More fairly, for a xCm ↔ yCn conversion, we define
the unit energy loss as the average entropy loss for each bit, which is calculated
as:

ˆ = |xH(Cm ) − yH(Cn )| .
δH
min(xH(Cm ), yH(Cn ))

(6.8)

Especially, according to Equation (6.6,6.7), the minimum unit entropy loss for a
xCm ↔ yB conversion is
xH(Cm ) − yH(B)
x
δHˆmin =
= H(Cm ) − 1.
yH(B)
y

(6.9)

Table 6.3 summarizes the minimum unit entropy loss and conversion types of 1
to 8 C6 cells. We can see that, compared to other schemes,a 7C6 ↔ 28B conversion
ˆ which means it has the best cell efficiency. However, to realize
has the smallest δH,
the conversion between xC6 s and yBs, a 3x-to-2y encoder/decoder is required.
Our experiments show that the area and latency overhead of the decoder increase
dramatically with the number of input/output counts. Therefore, in this work,
we choose the 2C6 ↔ 5B conversion as the default configuration and therefore
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Table 6.3. Minimum Unit Entropy Loss of a xC6 ↔ yB Conversion

x
y
ˆ
δH

1
2
0.292

2
5
0.034

3
7
0.108

4
10
0.034

5
12
0.077

6
15
0.034

7
18
0.005

8
20
0.034

IDM((8,6),2) scheme is used.
According to Table 6.2, IDM((8,6),2) can reduce the worst case latency from
150ns to 101ns, resulting in a 33% performance improvement. In addition, the
average energy consumption of each write operation decreases from 16.03pJ to
9.65pJ, corresponding to a 40% energy saving. However, the unit entropy loss of
IDM((8,6),2) is 0.2bit, which means that the memory capacity reduces from 1.2X
into 1X, resulting in a 15.6% capacity overhead.

6.3

Improving ReRAM Endurance with
Dynamic Data Remapping

As mentioned, although the IDM can reduce the write latency and average write
energy of MLC ReRAM, the extra capacity overhead is required. Specifically,
15.6% storage overhead is required for the proposed IDM((8,6),2) scheme. In this
section, we discuss the endurance problem of MLC ReRAM. Then, based on the
discussion, we propose Dynamic Data ReMapping (DDRM), which can re-use the
capacity loss of IDM, by gradually remapping cells with incomplete status back to
their original form.

6.3.1

Write Endurance Improvement of MLC ReRAM

Similar to PCM, ReRAM also suffers from the limited write endurance, which is
defined as the number of write operations that can be applied to a cell before it
becomes unreliable. The SLC ReRAM with the best endurance of 1012 was demonstrated by Lee et al. [22]. However, due to the iterative programming scheme, the
write endurance for MLC ReRAM is much smaller than that of SLC, and is expected in the range of 106 ∼ 108 [66, 67, 68].
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Different schemes have been proposed to prolong the write endurance of PCM.
Generally, the endurance improvement can be achieved by write count reduction,
wear-leveling, as well as error correction mechanisms: the write count reduction
mechanism focus on reducing the total write operation applied to the entire memory [71, 39, 72]; the wear-leveling schemes are proposed to evenly distribute the
write operation to each memory cell, and therefore reduce the worst case write
count of the memory [73, 74, 75]; the error correction mechanisms are used to
tolerant the first appeared one or several failure cells [76, 77, 78].
The aforementioned schemes can also be used for MLC ReRAM endurance
improvement. For example, to reduce the write count into MLC ReRAM, the
P&V programming first read the content of cells and only write to cells which
need to be changed. Also, wear-leveling and error-tolerant mechanisms are crucial
to improve the write endurance of MLC ReRAM. However, extra circuitry and
capacity overheads are required.

6.3.2

Dynamic Data Remapping

Current error-tolerant mechanisms require extra capacity overheads [76, 77, 78].
However, these overheads are only required for blocks where endurance failure occurs. For all the other error-free blocks, these overheads are wasted. In this section,
we propose Dynamic Data ReMapping (DDRM), which is a two-level remapping
scheme that takes advantage of the information loss of IDM as extra memory
space to accommodate the capacity overhead of error correction mechanisms. The
basic idea of DDRM is that, when an error is detected in a data line, all the cells
in this data line are boosted from incompletely mapped cells back to completely
mapped cells. For IDM((8,6),2), all of the C6 cells are remapped back to C8 cells
after the error occurs. Since the capacity of the data line increases by 20% because
of the boosting, error correction mechanism, such as ECP [76], can be implemented
by using the extra capacity.
The circuit-level implementation of DDRM for IDM((8,6),2) scheme is demonstrated in Figure 6.4. Originally, every two C6 cells in the row buffer are decoded
into five binary digits, which is shown as the left part of Figure 6.4(a). If ReRAM
cells are remapped back to C8 s, the decoder is no longer needed. Therefore, an-
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Figure 6.4. Data flow of DDRM for IDM((8,6),2) scheme. (a) Read.(b) Write.

other data path should be established, which bypasses the IDM decoder. Then
these two data paths are connected into a multiplexer, which is controlled by the
DDRM enable signal. If the data line works under normal status, the multiplexer
selects the data from decoder as the output. Otherwise, data from bypass path is
used. Accordingly, a multiplexer is also needed in the encoding procedure. Note
that, Figure 6.4 only shows two cells in the row buffer. The total number of
encoder, decoder, and multiplexer depends on the size of the row buffer. Since the
row buffer size of NVMs is much smaller than that of DRAM [39, 79], the overhead
of the circuitry is negligible, which will be discussed in Section 6.4. In our work,
we assume both the data line size and the row buffer size are 128B.
Although DDRM can increase the capacity of a data line, the write latency
and energy are also increased. Especially, according to Table.6.2, the write latency
increases from 101ns to 150ns, resulting in a 50% overhead. The memory controller
should be aware of these latency changes to maintain the correctness of memory
scheduling. In our design, a DDRM table is maintained in the memory controller,
which records the data mapping status of the memory. However, we cannot afford
the area overhead of the DDRM table if each data line is recorded. In order to
reduce the overhead of the DDRM table, instead of storing mapping status of each
data line, the DDRM table works in a coarse-granularity: each bit in the table is
used to indicate whether a data block (which may contain several data lines) is
boosted or not. For example, for a 2GB main memory, if we choose the size of the
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Figure 6.5. Example of the proposed two-level IDM.

data block as 2MB, the size of DDRM table is only 128B. Once one of the data
lines in the block is boosted, the entire block is marked as ‘boosted’ and the Block
Boosting Flag (BBF) is set to ‘1’. Thus, all of the memory access latency to this
block is indicated as 150ns instead of 101ns. However, as shown in Figure 6.5,
the data lines in each block work in a fine-granularity: each data line has its own
Data Line Boosting Flag (DLBF) and works in either boosted status or normal
status independently of other data lines. In this scheme, all data lines can be
grouped into three categories: (1) boosted data line in the boosted memory block;
(2) normal data line in the boosted memory block; (3) normal data line in the
normal memory block. Clearly, (1) and (3) can work correctly since the status of
data line is correctly stored in the memory controller. For data lines of category
(2), their status is inconsistent with records in the memory controller. We argue
that, although this kind of ’mismatch’ causes performance degradation, it will not
affect the memory operation correctness since the timing slack between memory
controller and physical cells are positive.
The proposed DDRM can work effectively with the existing error correction
mechanisms for NVMs. Without loss of generality, we demonstrate our work with
Error-Correcting Pointers (ECP) [76]. We assume a 2GB MLC ReRAM is implemented with IDM((8,6),2) scheme. The fine-grained data line size is 128 Bytes
(1024 bits), which is the same as row buffer size, and the coarse-grained memory
block size is 2MB. Therefore, the size of DDRM table in the memory controller is
only 1K bits. As shown in Figure 6.6, for each data line, a total of 410 C6 cells is
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Figure 6.6. Example of DDRM with ECP.

required to composite 128Bytes data. In addition, an extra SLC cell is attached
to each data line as DLBF. Since the write endurance of SLC cell is much larger
than that of MLC cell, we assume the DLBF bit is always reliable. Therefore,
the cell overhead of DDRM is only 1/410 ≈ 0.25%, which is negligible. If there
is a failure of the P&V write to a data line, the DLBF of this line is set to ‘1’,
and memory controller is informed. If the BBF of the block, which the failure
data line belongs to, is ‘0’, then it is set to ‘1’, meaning this block is marked as
boosted memory block. If the block is already mark as boosted, no action is required. Once a data line is boosted from C6 cells to C8 cells, the capacity of this
line increases to 1230 bits. In this case, we can always use the first 1024 bits (342
C8 cells) in the data line as the original data and use the other 206 bits as the
ECPs. Since each C8 cell contains 3 bits data, a cell failure requires 3 replacement
bits. Therefore, each ECP requires 9 bits (4 C8 cells) for the correction pointer
and 3 bits (1 C8 cell) for the replacement bits. The maximum correctable errors
of this scheme is [(410 − 342)/5] = 13 cells. In our work, all of these 13 pointers,
each of which requires 5 C8 cells are located at the end of data line, as shown in
the figure. One concern of implementing ECP into DDRM is that, the endurance
failures may occur in the ECPs. To deal with this problem, we simply add a series
of SLC cells as flags of each ECP. As mentioned, since the lifetime of SLC is much
longer that of MLC cell, and the ECP flags are almost write once, the possibility
of the failure of these cell are much smaller. Therefore, the total cell overhead is
14/410 ≈ 3.41%. It is much smaller than that of ECP13 without DDRM, which
requires 14.06% space overhead.
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Table 6.4. Simulation Configurations

Processor
L1-D / L1-I cache
L2 cache
Main Memory

6.4

4-core, 3GHz, ALPHA, out-of-order
private, 32kB/32kB, 4-way, 2-cycles latency
shard, 2MB, 8-way, LRU, 10-cycles latency
2GB, FR-FCFS, 32 entries window

Experiment Results

In this section, we perform an architecture level evaluation of the proposed DDRM
with IDM((8,6),2) scheme. We describe the simulation infrastructure and write
endurance modeling in Section 6.4.1, and evaluate the hardware overhead in Section 6.4.2. The results of the performance, energy, and endurance are presented in
Section 6.4.3.

6.4.1

Experiment Setup

In our simulation, a 3GHz processor with four out-of-order cores is modeled using
gem5 simulator [80]. Each core has private L1 cache and the L2 cache is shared.
The capacity of main memory is 2GBytes. The detailed system configuration is
summarized in Table.6.4. In order to evaluate the PCM and ReRAM-based main
memory, NVMain [81], a cycle accurate memory simulator for non-volatile memories, is integrated into gem5. We use both integer and floating point benchmarks
from SPEC2006 with reference input size [82]. We selectively mix SPEC 2006
benchmarks into three groups, according to memory access intensity (high, med,
low), for both integer (cin) and floating-point (cfp) applications.
As mentioned in Section 6.1.2, the parameters for MLC ReRAM are extracted
from HSPICE with 22nm PTM model for 8-level MLC ReRAM. Since ReRAM
cells in IDM((8,6),2) scheme only have 6 levels, we compare our design with 4-level
MLC PCM. For PCM main memory, we use parameters reported by Jiang [49],
with read latency of 250ns, and write iteration latency of 250ns.
We will also evaluate the endurance enhancement of the proposed DDRM.
We assume the endurance of each ReRAM cell is independent and identically
distributed, each of which follows a normal distribution: N (µ, σ 2 ). The mean of
the distribution, µ, equals to 108 . We use coefficient of variations (CV) to represent
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variability of the endurance, which is calculated as CV = σ/µ. Then we vary the
CV with different values to show the efficiency of DDRM on cells with different
variabilities. Since the wear-leveling can be considered orthogonal to our work,
similar to [78], we assume a perfect wear-leveling scheme is used. In addition, we
assume randomly data patterns are applied into the memory with a bit-flipping
probability is 0.5.

6.4.2

Hardware Overhead

The hardware overhead of the proposed design comes from several parts. The first
part is the DDRM table in the memory controller. As mentioned in Section 6.3.2,
for the 2GB main memory with 2MB block size, only a storage overhead of 1KB
is required in the memory controller. Secondly, DLBF for each data line requires
about 0.1% storage overhead of the main memory. The third part is the circuit
overhead of the encoders, decoders, and multiplexers. We use Design Compiler
to evaluate the energy and latency of the circuit overhead and scale the number
down to 22nm technology node. The total area overhead of the proposed design
is 0.0174mm2 , which is negligible compared to the ReRAM area. The latency of
each encoder or decoder is smaller than 1ns, which is also insignificant to the long
latency of the P &V programming and multi-level sensing. In addition, the total
average energy consumption is 7.7pJ, which equals to the write energy of a single
cell.

6.4.3

Experiment Results

Figure 6.7 shows the performance and energy results of the MLC PCM, 8-level
cell ReRAM, and the proposed IDM ((8, 6), 2). For energy consumption, we only
show the results for 8-level cell ReRAM and IDM ((8, 6), 2) because the energy
consumption for PCM is much larger than ReRAM. We can see that, although
IDM ((8, 6), 2) sacrifices a part of the memory capacity, the reduced write latency
can maintain its performance similar to 8-level cell ReRAM. However, the energy
consumption can be reduced by at most 15% if IDM ((8, 6), 2) is used.
Figure 6.8 and 6.9 show how the memory capacity changes overtime. All of
the results are normalized to IDM ((8, 6), 2) design. The baseline design is MLC
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Figure 6.8. Memory capacity comparison. CV=0.3.

ReRAM implemented with C8 cells without error-correcting code, and SEC64 is
the commonly used SEC-DEC code, which uses 8 parity check bits for each 64
bits data. We assume OS is responsible for remapping new space for failure pages.
Similar to Yoon’s work [77], the size of map-out unit is 4kB. Once an uncorrectable
error occurs, the entice map-out unit is invalidated. In addition, we define the
lifetime of the entire memory as the total number of write cycles when 10% of the
memory capacity become unavailable.
As shown in Figure 6.8, for CV=0.3, the lifetime of baseline is far smaller
compared to other two schemes. For SEC64, the memory lifetime is about 1.6
years. However, by using DDRM with ECP, the memory lifetime can be extended
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Figure 6.10. Normalized memory capacity vs write energy. CV=0.3

by 2.75X, which becomes 4.4 years. We also evaluate the design with smaller CV
value of 0.2. The results are shown in Figure 6.9. We can see that, for CV=0.2, the
baseline becomes workable. It is because the tighter write endurance distribution
reduces the number of tail bits, which have very low endurance. However, the
lifetime of the baseline is as small as 2.2 years. SEC64 works better than baseline
with 5.8 years lifetime, while DDRM with ECP can further improve the lifetime
to 7.2 years.
Also, with more IDM data lines are remapped back to CDM status, the energy
saving of IDM will reduce. Figure 6.10 shows the relationship between write energy
and memory capacity. At time zero, all data lines are in IDM status, therefore the
write energy is smaller than the baseline. When the endurance failures gradually
occur in the data lines, these data lines are selectively boosted to CDM status,
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which consumes more energy than IDM. This procedure is shown as the write
energy increasing in Figure 6.10. If more errors occur in the same data line, they
cannot be corrected by DDRM and ECPs. Therefore, the memory capacity starts
to decrease. In addition, we notice that, for most time before the memory failure,
which is 7.2 year in this figure, the system can always get the benefit from the
energy saving of IDM.

6.5

Conclusion

In this chapter, we propose a low power MLC ReRAM design with Incomplete Data
Mapping (IDM) and Dynamic Data ReMapping (DDRM). IDM takes advantage
of the asymmetry property of MLC ReRAM programming scheme and maps an
eight-level-cell into six status to prevent the time/energy consuming data patterns
from appearing in the cell. DDRM is realized in a two-level granularity, which
selectively regulates IDM memory blocks from IDM status back to complete data
mapping blocks. Our experiment results show that, IDM can reduce the energy
consumption by at most 15% with negligible performance overhead. In addition,
we demonstrate that DDRM can easily work with ECP with vary small capacity
overhead. DDRM combined with ECP can improve the memory lifetime by 2.75x
compared to conventional memory architectures, with less energy consumption.

Chapter

7

Conclusion and Future Work
The scaling of traditional DRAM memory technologies is approaching its physical
limit. Since the memory hierarchy implemented with traditional DRAM technologies cannot satisfy the requirements of high performance, low power, and high
reliability, it is critical to study all emerging memory technologies and scrutinize
every characteristic of them. Recently, emerging non-volatile memory technologies,
such as PCM, STT-RAM, and ReRAM have been intensively studied as the potential replacement of traditional memory technologies because of their non-volatility,
high density, as well as zero standby power.
Among these emerging NVMs, metal-oxide ReRAM has gained significant research interests, and is considered as a good candidate among different DRAM
alternatives because of its faster access speed than PCM and better density than
STT-RAM. ReRAM has already been demonstrated with excellent scalability beyond the 10nm technology node, fast speed with < 10ns access latency, and capability of high density due to the multi-level cell (MLC) and cross-point array
structures. Therefore, there are good reasons for leveraging ReRAM technology
as a replacement of DRAM in next-generation memory system.
Although ReRAM has so many advantages, it is not straightforward to directly
adopt them in the memory hierarchy due to its own limitations. In this dissertation, we explore the emerging ReRAM technology for DRAM replacement and
analyze its architecture, cost-per-bit, energy, performance, and area against other
contenders and highlighted the superior characteristics of ReRAM.
First, a mathematical model is built to comprehensively study the design chal-
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lenges for cross point ReRAM array design. We study in detail how sneak current
and voltage drop affect the array organization, size, energy consumption, and
area overheads of cross-point arrays. This study allows for exploring the most
energy/area efficient ReRAM design with different design constraints and cell parameters at the very beginning of the design stage.
Then we study ReRAM-based main memory system and compare it with both
PCM and DRAM. We explore the design space of ReRAM considering the area
constrain of large current-mode sense amplifiers. Key design considerations from
circuit-level trade-offs to architecture-level optimizations, are discussed in detail.
Our work shows that, due to cost constraints, ReRAM-based main memory should
be built with a hierarchical organization with small subarrays and a small row
buffer size. In addition, by taking advantage of the flexibility of sense amplifier and
row buffer design, we propose block-level parallelism access scheme to effectively
increase the total tow buffer size with very small area and performance overhead.
Considering the main memory design is cost-driven, we propose a cost-driven
design flow for the metal-oxide ReRAM design. This flow begins with a circuit
level array model in which we identify the optimal array size and architecture that
meet the reliability requirements. Then various array and bank organizations are
explored to further reduce cost. Finally, we estimate the chip-level cost using the
area, metal layers, pin count, and cooling requirements.
To further improve the energy efficiency and performance of ReRAM, we propose to relax the cell error requirement by using ECC code to improve energy
efficiency and the write performance of both the MOS based and cross-point based
ReRAM design. For MLC, we present a lower power ReRAM design which improves the energy efficiency and performance by preventing the time/energy consuming data patterns from appearing in the cell.
Though the work developed in this dissertation helps solve design challenges of
ReRAM, it is neither optimal nor complete. For such an emerging memory technology, there are many potential research topics warrants exploration in the future.
At the device level, better understanding of the switching mechanisms of ReRAM
cell is crucial for more accurate modeling of the electrical behavior for both the cell
itself and the entire memory system. At the circuit level, a 3-D ReRAM design will
further increase the area efficiency and reduce the cost. However, the placement
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of ReRAM arrays and peripheral circuits, as well as the organization of inter-layer
and intra-layer interconnection should be carefully studied. At the architecture
level, multiple optimization directions are possible. For example, since the sense
amplifiers occupy a great amount of chip area, better array-level and bank-level
parallelism will be helpful for reducing the chip cost and improving performance.
Also, for MLC cell ReRAM, the failure of one cell always causes multiple bit errors simultaneously. Therefore, future work in MLC reliability improvement might
consist of a comprehensive statistical analysis of the error pattern and replacing
the traditional SEC-DED hamming codes with more complicated, symbol-based
error correction codes.
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