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Abstract—Phase change memory (PCM) has been widely studied as

a potential DRAM alternative. The multi-level cell (MLC) can further

increase the memory density and reduce the fabrication cost by storing

multiple bits in a single cell. Nevertheless, large write power, high write

latency, as well as reliability issue resulted from the resistance drift,

bring in challenges for MLC PCM based memory design. In contrast,

the emerging Resistive Random Access Memory (ReRAM), which has

similar MLC property as PCM, demonstrates better performance and

energy efficiency compared to PCM. In addition, due to the physical

switching behaviors of ReRAM cell, the resistance drift phenomenon

does not exist.
In this paper, we propose a low power MLC ReRAM design. We

first study the programming method of MLC ReRAM and identify

that programming latency and energy are highly dependent on the

data pattern written to the cell. Based on this observation, we propose

incomplete data mapping (IDM), which maps an eight-level-cell into

six states to prevent the time/energy consuming data patterns from

appearing in the cell. Furthermore, in order to improve endurance of

MLC RAM, which is much smaller than single-level cell (SLC) ReRM

due to the complex programming method, we propose Dynamic Data

ReMapping (DDRM) to selectively regulate memory blocks from IDM

state back to complete data mapping (CDM) state. We demonstrate that

the proposed design can work effectively with existing error-correction

schemes but requires much smaller space overhead. Experimental results

show that, IDM can reduce the energy performance by at most 15% with

negligible performance overhead. By combining the DDRM with existing

error-correction scheme, DDRM can improve the memory lifetime by

2.75x compared with conventional memory architectures.

I. INTRODUCTION

Traditional DRAM technology has encountered design challenges

with device capacity increasing and feature size shrinking. Specif-

ically, DRAM requires periodic refresh operation to retain the data

stored in its cell. It has been shown that, for DRAM device with large

capacity, the refresh operation will dramatically impact the perfor-

mance and energy consumption. For example, for a 32Gb device, the

refresh operation occupies more than 25% of the execution time and

consumes more than one-third of the total power consumption [1].

Furthermore, in order to prevent the refresh interval scaling with cell

size, the capacitance of each cell should maintain in a constant range,

which brings in challenges for fabrication process.

Recently, non-volatile memory technologies have emerged as po-

tential replacement of DRAM technologies and attracted extensive

research attention during the last few years. Spin-Torque Transfer

Random Access Memory has been proposed as an universal memory

for both SRAM and DRAM alternatives by Dong [2]. Kultursay

et al. proposed to use partial write and row buffer write bypass to

improve the energy efficiency and performance of STT-RAM based

main memory [3]. However, since low cost (or small chip area) is one

of the most important design target of main memory design, the large

cell size of the state-of-the-art STT-RAM becomes a critical obstacle

for replacing the DRAM main memory with STT-RAM [4], [5].

Compared to STT-RAM, PCM is denser and can achieve comparable

cell size as DRAM. Various studies have been conducted to architect
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PCM as main memory in the memory hierarchy [6]–[8]. It has been

shown that the density of PCM can be further improved by using

MLC to store two or more bits of information in a single cell [9], [10].

However, although MLC can provide outstanding density of PCM, the

large write latency and power of its iterative programming method,

as well as reliability issues resulted from the resistance drift, bring in

design challenges for PCM based main memory. Many mechanisms

have been proposed to deal with these issues with hardware and/or

software support [11]–[16]. In addition to STT-RAM and PCM, the

emerging ReRAM shows great potential as DRAM/Flash replace-

ment. Compared to other NVMs, ReRAM shows good scalability,

high retention time, excellent cell density, and 3D stackable property.

Many ReRAM prototyping chips were demonstrated with different

write/read performance, energy consumption, as well as costs. For

example, a TaOx based ReRAM macro has been demonstrated by

Kawahara et al. [17] with 443Mbits/s write throughput and access

latency as small as 8.2ns. It is also worth noting that, ReRAM shows

MLC property as PCM with comparable cell size but better write

performance and energy efficiency [18]–[23]. In addition, due to the

physical switching behaviors of ReRAM cell, the resistance drift

phenomenon of PCM does not exist. Therefore, MLC ReRAM has a

great potential as a high density DRAM alternative.

In this paper, we propose two schemes, IDM and DDRM, to

implement low power MLC ReRAM design. The contributions of

this paper are summarized as follows:

• We analyze the programming method of MLC ReRAM, and

figure out that programming energy and latency are highly

dependent on both the data patterns written into and stored

within ReRAM cells. Specifically, writing certain data patterns

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 states,

corresponding to only 2.58 binary digits. Then, two or more

MLC cells work together to generate a larger data block for

effective data converting. By eliminating the critical states, write

latency and energy consumption can be reduced significantly.

• We propose dynamic data remapping (DDRM) to improve the

reliability of the MLC ReRAM. When an endurance error occurs

in a data line, DDRM boosts the entire data line from IDM

back to complete data mapping (CDM), which can provide

sufficient memory capacity for error correction mechanisms. We

demonstrate that the proposed design can work effectively with

existing error-correction schemes with very small overhead.

II. PRELIMINARY OF MLC RERAM

A. ReRAM and MCL ReRAM

As shown in Fig. 1, an ReRAM device is built on a simple metal-

insulator-metal (MIM) structure: the resistance switching material is

sandwiched by two layers of metal electrodes, which are denoted

as top electrode (TE) and bottom electrode (BE) in the figure. The
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Fig. 1: Schematic view of ReRAM cell. (a) HRS; (b) LRS.

ReRAM cell can be written into either a high resistance state (HRS)

or a low resistance state (LRS) by applying an external voltage across

the cell. Normally, the switching from LRS to HRS is defined as

RESET operation and the opposite switching is called SET operation.

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. A HRS

is shown in Fig. 1(a). 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, which is shown in Fig. 1(b).

It has been reported that, many ReRAM cells show very large

resistance differences between HRS and LRS (> 102 ) [24]–[26].

Therefore, ReRAM also has the MLC feature as PCM. Various

materials, including TiOx [27], HfOx [19], as well as TaOx [22], 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. 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.

B. 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) [28] is commonly used in

MLC programming. Examples of the P&V programming are shown

in Fig. 2. 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, Fig. 2 (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

state 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 Fig. 2(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 Fig. 3, when using the SAP

scheme, ReRAM cell is firstly written into LRS (“111” in the figure),

and then gradually programmed into state with higher resistance. In

this case, for those states 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,
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Fig. 2: P&V programming. (a) Reset-and-Program Scheme; (b)
Set-and-Program Scheme.
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Fig. 3: SAP and RAP region of 8-level MLC ReRAM.

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 Fig.3: 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 state, RAP is applied.

By using this strategy, the Monte Carlo analysis is performed by

HSPICE [29] with 22nm PTM model for 8-level MLC ReRAM [23].

Fig. 4 shows the average number of iterations required for every

possible data transition. For the sake of convenience, we use decimal

numbers to present the state 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 Fig. 4. 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 consumption) of the write operation. According

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 the state of ‘3’ (011) or ‘4’(100) requires much

more write iterations than into other states.

III. DESIGN OF LOW POWER MLC RERAM

WITH INCOMPLETE DATA MAPPING

Mapping states (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 states into binary digits.
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A. 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 symbols other than binary digits have

to be converted into binary digits before they are 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 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 measurement of

information contained in a symbol. Assuming the state 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∑

i=1

p(xi)logbp(xi), (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 state when

p(xi) = 1/n, and can be calculated as:

H(X) = −
n∑

i=1

1

n
log2

1

n
= log2n. (2)

In addition, if two random variables are independent to each other,

the entropy is calculated as:

H(X,Y ) = H(X) +H(Y ). (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 paper, we denote the cell

with m different states as Cm and the cell in binary system as B,

which is equivalent to C2. Therefore, the entropy of the m states cell

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 is chosen,

the entropies of the symbol(s) and binary digit(s) are not necessary

the same. 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 I, 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 2.58, 2, and 3, respectively. However, in the first scheme,

only 4 of 6 states in C6 will appear, the other 2 states cannot be

convert to/from binary digits. Therefore, according to Equation (2),

the entropy of C6 reduces from 2.58 to 2. On the other hand, in the

second scheme, although 3B has 8 states, only 6 states will appear.

In this case, the entropy of 3B reduces to 2.58. In this paper, we

define a lossless conversion between xCm ↔ yB only if:

xH(Cm) = yH(B). (4)

TABLE I: Example of Lossy Conversion

C6 0 1 2 3 4 5 – –

1C6 ↔ 2B 00 01 10 11 – – – –
1C6 ↔ 3B 000 001 010 011 100 101 110 111

TABLE II: Programming Latency and Energy for MLC ReRAM Cell
TWC : worst case latency. EAve: average write energy.

Target 0 1 2 3 4 5 6 7

TWC(ns) 15.2 46.8 98.3 143 150 101 52.7 12.1

EAve(pJ) 2.0 6.7 19.3 35.1 35.6 19.6 8.5 1.5

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

states 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 states in C6 are unused,

the binary system is completed. Accordingly, the computer system

can work normally without worrying about the conversion scheme

of the memory system. Therefore, we conclude that a conversion is

workable in computer system only if:

xH(Cm) >= yH(B), (5)

and the information loss of the conversion is:

δH = xH(Cm)− yH(B) ≥ 0. (6)

For given x Cm cells, we can find the most efficient conversion by

solving:

y = �xH(Cm)/H(B)� (7)

B. Incomplete Data Mapping

As shown in Fig.4, the iteration count (as well as write latency

and energy) for each write operation highly depends on the target

state. Specifically, there are some critical states require much more

iteration counts than other states, such as ‘3’ and ‘4’ in Fig. 4.

According to Cong’s work [23], the programming latency and energy

for different data patterns are summarized in Table II. 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 Fig. 4, the states

‘3’ and ‘4’, which are marked in gray, are much more critical than

others.

Based on this observation, we propose incomplete data map-

ping (IDM), which maps only part of MLC ReRAM states into

binary digits. In the proposed scheme, a p-state memory cell is

firstly mapped to q-state cell, where p > q. By eliminating the

most energy/latency critical states, the worst case latency and average

energy will be reduced significantly. After that, a number of r q-

state cells are converted into a series of binary digits. We denote this

schemes as IDM((p,q),r).

For example, for an 8-level MLC ReRAM cell, we only use 6

states to store the information and leave the 2 most critical states

(‘3’ and ‘4’ in Table II) unused. In this case, because of the C8 to

C6 conversion, the entropy of the cell reduces from 3 bits into 2.58
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TABLE III: Minimum Unit Entropy Loss of a xC6 ↔ yB Conversion

x 1 2 3 4 5 6 7 8

y 2 5 7 10 12 15 18 20
ˆδH 0.292 0.034 0.108 0.034 0.077 0.034 0.005 0.034

bits. According to Equation (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. Then the total entropy loss of

IDM((8,6),1) can be calculated 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 (3), entropy of 2 C6 cells equals

to 5.16, meaning that a 2C6 ↔ 5B conversion can be used. In this

case, the entropy loss is only 0.16 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 entropy loss as the average entropy

loss per bit, which is calculated as:

ˆδH =
|xH(Cm)− yH(Cn)|

min(xH(Cm), yH(Cn))
. (8)

Especially, according to Equation (6,7), the minimum unit entropy

loss for a xCm ↔ yB conversion is

ˆδHmin =
xH(Cm)− yH(B)

yH(B)
=

x

y
H(Cm)− 1. (9)

Table III summarizes the minimum unit entropy loss and con-

version types of 1 to 8 C6 cells. We can see that, compared to

other schemes,a 7C6 ↔ 28B conversion has the smallest ˆδH ,

which means it has the best cell efficiency. However, to realize the

conversion between xC6s and yBs, a 3x-to-y encoder/decoder is

required. Our experiments show that the area and latency overhead

of the decoder increase dramatically with the input/output counts.

Therefore, in this work, we choose the 2C6 ↔ 5B conversion as the

default configuration and therefore IDM((8,6),2) scheme is used.

According to Table II, IDM((8,6),2) can reduce the worst case

latency from 150ns to 101ns, resulting in a 32.67% 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 (2C8 ↔ 5B), which means that the memory capacity reduces

from 1.2X into 1X, resulting in a 20% capacity overhead.

IV. 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, 20% 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 utilize

the unused capacity in IDM, by gradually remapping cells with

incomplete state back to their original form.

A. Write Endurance Improvement Schemes 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 [31]. 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 [19], [22], [27].

Different schemes have been proposed to prolong the write en-

durance of PCM. Generally, the endurance improvement can be

achieved by write count reduction, wear-leveling, as well as error cor-

rection mechanisms. The write count reduction mechanism focuses

on reducing the total write operation applied to the entire memory [6],

[14], [32]. The wear-leveling scheme is proposed to evenly distribute

the write operation to each memory cell, and therefore reduce the

worst case write count of the memory [7], [33], [34]. The error

correction mechanism is used to tolerant the first appeared one or

multiple failure cells [35]–[37].

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 reads the content

of cells and only writes 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 circuity and

capacity overheads are required.

B. Dynamic Data Remapping

Current error-tolerant mechanisms require extra capacity over-

heads [35]–[37]. However, these overheads are only meaningful for

blocks where the failures occur. For the other error-free blocks, these

overheads are wasted. In this section, we propose Dynamic Data

ReMapping (DDRM), which is a two-level granularity 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 [35], can be implemented by using the extra capacity.

Fig. 5 demonstrates the circuit-level implementation of DDRM for

IDM((8,6),2) scheme. Originally, every two C6 cells in the row buffer

are decoded into five binary digits, which is shown as the left part of

Fig. 5(a). If ReRAM cells are remapped back to C8s, the decoder is

no longer needed. Therefore, another data path should be established,

which bypasses the IDM decoder. These two data paths are connected

into a multiplexer, which is controlled by the DDRM enable signal.

If the data line works under IDM state, 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 data

path. Note that, Fig. 5 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 [6], [38], the overhead of the circuity is

negligible, which will be discussed in Section V. In our paper, 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.II, 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 state of the memory. However, we

can not 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 state 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 8GB main memory, if we choose the size
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Fig. 5: Data flow of DDRM for IDM((8,6),2) scheme. (a) Read.(b) Write.
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Fig. 6: Example of the proposed two-level IDM.

of the data block as 4MB, the size of DDRM table is 2Kb. 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 Fig. 6, 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 state or normal

state 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 state of data line is correctly

indicated in the memory controller. For data lines of category (2),

their states are 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 is

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) [35].

We assume a 8GB MLC ReRAM is implemented with IDM((8,6),2)

scheme. The fine-grained data line size is 128B (1024 bits), which

is the same as row buffer size, and the coarse-grained memory block

Cell0DLBF Cell490
... Cell408Cell1

Cell0DLBF ... Cell341 Cell405 ... Cell409

Data Region

Data Region ECP1

Cell349 ... Cell355...

ECP13

...

ECP flags

ECP flags

IDM((8,6),2) Scheme before DDRM

IDM((8,6),2) Scheme after DDRM

Fig. 7: Example of DDRM with ECP.

TABLE IV: Simulation Configurations

Processor 4-core, 3GHz, ALPHA, out-of-order

L1-D / L1-I cache private, 32kB/32kB, 4-way, 2-cycles latency

L2 cache shared, 2MB, 8-way, LRU, 10-cycles latency

Main Memory 8GB, FR-FCFS, 32 entries window

size is 4MB. As shown in Fig.7, for each data line, a total of 410 C6

cells is required to constitute 128B 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

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 marked 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 204 bits (68 C8 cells) as the

ECPs. Since each C8 cell contains 3 bits data, a cell failure requires

3 replacement bits. Therefore, each ECP requires 9 bits (3 C8 cells)

for the correction pointer, 1bit (1 C8 cell) for ECP valid, 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 Fig. 7. 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%, which is much smaller

than that of ECP13 without DDRM.

V. EXPERIMENT RESULTS

In this section, we perform an architecture level evaluation of the

proposed DDRM with IDM((8,6),2) scheme. We describe the simu-

lation infrastructure and write endurance modeling in Section V-A,

and evaluate the hardware overhead in Section V-B. The results of

the performance, energy, and endurance are presented in Section V-C.

A. Experiment Setup

In our simulation, a 3GHz processor with four out-of-order cores

is modeled using gem5 simulator [39]. Each core has private L1

cache and shared L2 cache. The capacity of main memory is

8GB. The detailed system configuration is summarized in Table.IV.

In order to evaluate the PCM and ReRAM based main memory,

NVMain [40], 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 [41].

As mentioned in Section II-B, 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 [15], 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 inde-

pendent and identically distributed, each of which follows a normal

distribution: N(μ, σ2). The mean of the distribution, μ, equals to
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Fig. 8: Normalized IPC.

108. We use coefficient of variations (CV) to represent 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.

Since the wear-leveling mechanism can be considered orthogonal to

our work, similar to [37], we assume a perfect wear-leveling scheme

is used. In addition, we assume random data patterns are applied into

the memory with a bit-flipping probability of 0.5.

B. 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 IV-B, for the 8GB main memory with

4MB block size, only a storage overhead of 2Kb is required in the

memory controller. Secondly, DLBF for each data line requires about

0.25% 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.

C. Experiment Results

Fig. 8 shows the normalized IPC values of the MLC PCM, 8-level

cell ReRAM, and the proposed IDM((8, 6, 2) ReRAM. The IPC of

MLC PCM is used as baseline. The normalized harmonic mean is

used to show the average performance improvement over these 16

benchmarks. 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.

Fig. 9 and 10 show how the memory capacity changes overtime.

The baseline design is MLC 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 every 64 bits

data. We assume OS is responsible for remapping new space for

failure pages. Similar to [36], the size of map-out unit is 4kB. Once

an uncorrectable error occurs, the entire 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 Fig. 9, 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,
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Fig. 9: Memory capacity comparison.
Normalized to IDM((8, 6), 2). CV=0.3.
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Fig. 10: Memory capacity comparison.
Normalized to IDM((8, 6), 2). CV=0.2.

the memory lifetime can be extended 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 Fig. 10. 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 cells, 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.

With more IDM data lines are remapped back to CDM state, the

energy saving of IDM will reduce. Fig. 11 shows the relationship

between write energy and memory capacity. At time zero, all data

lines are in IDM state, 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 state, which

consumes more energy than IDM. This procedure is shown as the

write energy increasing in Fig. 11. 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.
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VI. CONCLUSION

In this paper, we propose a low power MLC ReRAM design

with incomplete data mapping (IDM) and Dynamic Data ReMap-

ping (DDRM). IDM takes advantage of the asymmetry property of

MLC ReRAM programming scheme and maps an eight-level-cell into

six levels 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 state

back to complete data mapping blocks. Our experiment results show

that, IDM can reduce the energy performance by at most 15% with

negligible performance overhead. In addition, we demonstrate that

DDRM can easily work with ECP with very small capacity overhead.

DDRM combined with ECP can improve the memory lifetime by

2.75x compared to conventional memory architectures, with less

energy consumption.
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