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Abstract—The emerging memristor-based Resistive RAM (ReRAM)
has shown great potential as one of the most promising memory
technologies, with the unique properties such as high density, low-power,
good-scalability, and non-volatility. However, as the process technology
scales, the process variation will cause the deviation of the actual electrical
behavior of memristor. Recently, researchers have observed that the
probability of a single ReRAM cell switching successfully follows a
function of the logarithm of the total programming time. As a result,
the uncertainty of the electrical behavior results in different degrees of
error rates in ReRAM-based memory. Traditional ECC (Error Correcting
Code) design for conventional DRAM memory is used to detect and
correct the errors in the memory system. In this paper, based on the
mathematical analysis of the error patterns in memristor-based ReRAM
and the study of ECC designs, we proposed to use ECC code to
relax the BER (Bit Error Rate) requirement of a single memory to
improve the write energy consumption and latency for both the MOS
based and cross-point based memristor ReRAM designs. In addition, the
performance/power/area overhead of the proposed design options is also
evaluated in detail.

I. INTRODUCTION

Memristor was first theoretically predicted by Chua several decades

ago [1], as the fourth basic passive circuit element in addition to

resistor, capacitor, and inductor. The real memristor implementation,

however, was not demonstrated until recently. HP Labs found a

way to implement the memristor using a two-terminal, two-layer

semiconductor with layers of titanium oxide sandwiched between

two metal electrodes in a crossbar architecture [2]. The memristor-

based memory can be thought of as a particular kind of the emerging

ReRAM (Resistive Random Access Memory) technology [3], which

has shown great potentials as one of the most promising mem-

ory technologies, with the unique properties such as high density,

low-power, good-scalability, and non-volatility. HP labs and Hynix

have already announced that they are going to commercialize the

memristor-based memory and predicted that ReRAM could eventu-

ally replace the traditional memory technologies [4].

However, similar to the problem with other nanoscale devices,

the impact of process variability is also critical to the memristor-

based memory. The impact of process variations on the electrical

properties of different memristors has been addressed and analyzed

in [5] and [6]. It has been shown that different sources of the process

variability will affect the electrical behavior of a memristor cell in

different ways. Recently, researchers figured out 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 [7].

The uncertainty of switching time for ReRAM cell will cause write

failures during the write operation, and results in data error of a

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, it may be much higher than those of the traditional

memory technologies under certain design constraints. Traditional

ECC (Error Correction Code) circuit design for conventional DRAM
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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 paper, we build a

mathematical model of the error pattern for the ReRAM cell, and

analyze the error rate of the whole ReRAM-based memory array.

Based on the analysis, various ECC design schemes are investigated

to relax the reliability requirement of the memristor cell and therefore

improve the performance and energy efficiency of the ReRAM-based

memory system. To the best of our knowledge, this is the first study
to implement low-power memristor based ReRAM by relaxing the
reliability requirement of the memristor cell with ECC design.

II. PRELIMINARIES

This section provides preliminaries on the memristor, memristor-

based memory, and ECC codes.

A. Memristor and Memristor-Based Memory

The theoretical concept of memristor is predicted by Prof. Leon

Chua in 1960’s [1]. The memristor is predicted as the fourth basic

element that imposes the relationship between the flux (ϕ) and the

charge (q) as: dϕ = Mdq. The variable M is the memristance of a

memristor. From this definition, we can get that:

M(q) =
dϕ/dt

dq/dt
= V/I. (1)

As shown in this equation, the memristance has the same unit as

resistance, and the memristor can be considered as a two-terminal

element in which the magnetic flux between the terminals is a

function of the amount of electric charge that passes through the

device. The first experimental implementation of the memristor was

demonstrated by HP Labs in 2008 [2] based on a metal-insulator-

metal (MIM) structure. As shown in Figure 1(a), the memristor built

by HP Labs has a two-terminal, two-layer structure. The top and

the bottom electrodes are nanowires made by Pt. Two layers of

titanium dioxide are sandwiched between these two electrodes in

a crossbar architecture. By applying an external voltage across the

device, the memristor can switch between two stable states: ON state

with low resistance and OFF state with high resistance. A positive

voltage above a specific threshold will switch the device into the

OFF state (RESET operation) and a negative voltage of the same

magnitude toggles it to its ON state (SET operation). The memristive

switching behaviors have been observed in many MIM nanodevice

with different materials.

The switching mechanism of the MIM nanodevice is still unknown.

One of the most possible reasons is that different mechanisms may

affect the nanodevice simultaneously and it is hard to distinguish the

effect of certain mechanism. In addition, even a certain mechanism

may affect the device with different materials at very different de-

grees, which further exacerbates the possibility to extract a universal

model for all of the MIM nanodevices. However, the switching
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Fig. 1. Structures and IV curve of memristor cell. (a) MIM structure of the
T iO2 memristor cell. (b) I-V curve of the memristor with ON/OFF states.

Fig. 2. Structures of memory array of memristor. (a) The schematic view
of MOS-accessed array. (b) The schematic view of cross-point memory array.
(WL=wordline, BL=bitline, SL=sourceline)

mechanism of T iO2 based MIM nanodevice, namely memristor, has

been well studied [8]. Therefore, in this paper, we mainly focus on the

memristor-based ReRAM. However, the concept and methodology

can be easily applied to other MIM device based ReRAM designs.

Memristor-based memory has been firstly proposed by Ho [3].

There are two possible memory organizations for memristor-based

memory:

1) Memory Array Structure. In the memristor-based memory

array, the conventional memory cell is substituted by the

memristor where the access device remains to be the MOSFET.

This is illustrated in Figure 2(a). In this structure, since each

memristor cell has to be accompanied with a MOSFET access

device whose size is much larger than the memristor, the

memory cell size is mainly dominated by MOSFET access

device rather than the actual memristor, and therefore the area

efficiency is affected.

2) Cross-Point Structure. The cross-point array is a more area-

efficient structure for the memristor-based ReRAM [9]. In the

cross-point array, the only item at each crossing point is the

memristor cell. Therefore, the area of the array is significantly

reduced since the large MOSFET access part is removed

without considering memory peripheral. For the cross-point

structure, a two-step writing methodology, ERASE-before-

RESET, is used to prevent the unintended writing. In read

operation two ways are exhibited for preventing a read failure:

the first is to supply the same voltage to the unselected row and

selected column. In this way, only the data on the select row is

read from the selected column. The disadvantage of this method

is the voltage drop on the crossing points of the unselected

row and the selected column may not be ideal zero because

of variations, and this imposes a limitation on the array size.

The second way is a two-step write operation. The disturbance

current of the partial selected cell on the selected column will

be read out beforehand as a background current. Later the total

current, comprised of both partial selected cell and full selected

cell, will be read out. The state of the selected cell can then

be determined by computing the difference between the total

current and background current.

B. Error Correcting Code

The error correcting code (ECC) is widely studied in the infor-

mation 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 code have a minimum distance

of 3 and can detect and correct a single-bit error or detect two-

bit error(but Hamming code can not distinguish these two kinds of

error 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, 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 tran-

sient soft errors. The ECC used in DRAM is the SEC-DED. There-

fore, 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 memristor-based memory, ECC is not nec-

essary because the memristor is different from the DRAM cell and

is resistant to soft errors induced by cosmic rays. However, it has

been shown that [7], under the impact of process variability, the

physical characteristics of memristor cells may deviate from the

design requirement and therefore bring in some undesirable errors

[5] [6]. In order to mitigate the impact of the process variation, more

reliable programming method is required for the memristor-based

memory, which is energy inefficient. Therefore, energy-aware ECC

which is specially designed for memristor-based memories, is vitally

necessary.

III. ERROR ESTIMATION AND ECC DESIGN FOR

MEMRISTOR-BASED RERAM

In this section, we first present the mathematical model of error

pattern of the memristor-based ReRAM cell. Then the data error rate

of the memristor memory array is analyzed in detail.

A. Memristor Model

The switching mechanisms of the memristor have been analyzed

in detail based on the experimental results by Yang [8]. Yang’s study

suggested that, the resistance switching is mainly caused by the

shunting and recovery of the electronic barrier at the metal-oxide

interface. However, the two interfaces (metal-T iO2 and T iO2−x-

metal) have different roles in terms of switching behaviors. The top

interface (metal-T iO2) has the Schottky-like behavior due to its high

doping rate. On the other hand, the bottom interface (T iO2−x-metal)
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has low doping and is ohmic-like. The combination of these two

behaviors is shown in Figure 1. Therefore, it can be concluded that

the interface with Schottky-like behavior dominates the switching

behaviors of the memristor cell. Based on the different mechanisms

in the metal-oxide interfaces, the I-V switching characteristic can be

modeled as:

I = (λφ)nβsinh(αV ) + χ(eγV − 1), (2)

where α, β, γ, λ and χ is fitting constants, and φ is the flux injected

to the cell by the external voltage. The first part of Equation (2)

represents the memristor behaviors of ON state and the other part

describes the Schottky-like behavior.

B. Log-normal Switching Time Distribution of Memristor

With the aggressive technology scaling, process variability be-

comes a critical issue which may result in device parameter fluc-

tuations and therefore affect the performance and the reliability of

devices. Prior studies show that , the geometry variation may exist in

each dimension of the memristor [5] [6]. Since the electrical behav-

iors of memristor, such as write/read speed and energy consumption,

depend on the geometry parameters to a great extent, the impact of

geometry variation on the memristor cell should be taken into full

consideration during the design of the memristor-based memory.

Besides the geometry variability, other uncertainties of memristor’s

physical characteristics, such as the concentration of oxygen vacan-

cies, also play important roles in the resistance switching behaviors

of the memristor cell. It has been reported that, under the impact of

all of these variations, the switching time of memristor 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√
2πtσ

exp[− (ln(t/τ))2

2σ2
] (3)

F (t; τ, σ) =
1

2
erfc[− (ln(t/τ))√

2σ
], (4)

where t is the switching time of the memristor 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 [7]. Figure 3 shows the PDF and CDF of switching time under

different external bias voltage. It can be easily 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 memristor-based memory.

Besides, for a given voltage constraint, the switching probability of a

memristor 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.

C. Impact of the Log-normal Switching Time Distribution

For a memristor-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 memristor-based memory in the following

aspects:

1) Reliability: For the memristor-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 can not ensure the memristor cell is switched

to the state with required resistance after a write operation. This
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Fig. 3. CDF and PDF of the switching time under different voltage input

uncertainty is not desirable and is harmful to the reliability of

the memristor-based memory.

2) Energy Consumption: To overcome the aforementioned reli-

ability 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 memristor-based memory. Especially, in

order to achieve a relatively low bit error rate, the program

voltage and write latency should be designed for the worst case

situation. As such, 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 3 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

memristor 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 4 shows the write energy and latency

fluctuations, with different program voltage V and standard deviation

σ. Note 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 4 shows that, the program energy and latency increase

dramatically with the decrease of program voltage as well as the

increase of standard deviation. Obviously, increasing the program

voltage is a effective way to reduce the write energy and latency

at the same time. However, note that the program voltage is mainly
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determined by the physical characteristics of the memristor cell itself,

including materials, processing technology, forming method, and cell

size, and limited by many other design constraints. Therefore, in

this paper, we assume that the upper bound of the program voltage

is fixed at Vmax. As mentioned, for a given program voltage, the

switching probability of a memristor 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. It is shown that the write energy increases with

the decrease of error rate requirement. Therefore, in this paper, we

proposed to use the ECC code to relax the reliability requirement of

a single memristor 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.

D. Bit Error Rate Analysis

In this paper, we assume the maximum size of the data block is

512 bits or 64 bytes, which is consistent with the recent research on
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non-volatile memory [10] [11]. 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 6(a). The memristor array is implemented in either

cross-point architecture or the CMOS based architecture. In total 512

information bits is encoded and decoded with NECC bits of ECC

data.

As mentioned, Figure 5 reveals the relationship between the relia-

bility and write energy of the memristor cell: in order to increase the

reliability of the write operation, more energy is needed to program

the memristor cell. Therefore, a variable, p(E), is used to indicate

the error rate after the write operation with energy E. Consequently,

the memristor is programmed into the desired state with a probability

of 1− p(E). Then, 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. Then the error rate

after ECC can be calculated as:

Perr = 1−
m∑
i=0

(
512

i

)
· p(E)i · (1− p(E))512−i, (5)

Figure 7 shows the probabilities of error occur in a 512 bits

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, 8 · · · ), with each subblock has the length of 512/N .

Additionally, as shown in Figure 6, each subblock has its own ECC

circuit and then Figure 8 and 9 show the error rates for different

values of N with SEC-DED code and BCH 2 code. Obviously, 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
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cell after write operation).

(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 easily and are list in Table I. Nevertheless, the area

overhead of ECC circuit, as well as energy/latency overhead, can not

be evaluated directly and will be discussed detailed in Section IV.

TABLE I
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 1 2 4 8 16
NECC /% NECC /% NECC /% NECC /% NECC /%

SEC-DED 11/ 2.1% 20/ 3.9% 36/ 7.0% 64/12.5% 112/ 21.9%
BCH 2 20/ 3.9% 36/ 7.0% 64/12.5% 112/21.9% 192/ 37.5%
BCH 3 30/ 5.9% 54/10.5% 96/18.8% 168/32.8% 288/ 56.3%
BCH 4 40/ 7.8% 72/14.1% 128/25.0% 224/43.8% 384/ 75.0%
BCH 5 50/ 9.8% 90/17.6% 160/31.3% 280/54.7% 480/ 93.8%
BCH 6 60/11.7% 108/21.1% 192/37.5% 336/65.6% 576/112.5%

IV. EXPERIMENT RESULTS

A. Simulation Setup

The NV-Sim [9], which is an extended version of CACTI tool

for nonvolatile memory, is used to simulate the area, energy and

performance of the memristor-based 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 Cong’s work [9], the design parameters of the

memristor-based ReRAM is summarized in Table III. Table II shows

the BER requirement, p(E), for a single cell within different ECC

schemes to satisfied the block error rate Perr < 10−9.

TABLE II
BER REQUIREMENT WITH Perr < 10−9

N 1 2 4 8 16

SEC-DED 8.9×10−8 1.8×10−7 3.5×10−7 7.1×10−7 14.1×10−6

BCH 2 3.9×10−6 7.2×10−6 1.5×10−5 2.9×10−5 5.8×10−5

BCH 3 2.5×10−5 5.0×10−5 9.9×10−5 1.9×10−4 3.9×10−4

BCH 4 8.1×10−5 1.6×10−4 3.2×10−4 6.4×10−4 1.3×10−3

BCH 5 1.9×10−4 3.9×10−4 7.7×10−4 1.5×10−3 3.1×10−3

BCH 6 6.0×10−4 1.2×10−3 2.4×10−3 4.8×10−3 9.6×10−3

TABLE III
PHYSICAL PARAMETERS OF MEMRISTOR-BASED MEMORY [7], [9].

Memristor Array Architecture MOS based Cross-Point based

Cell Size 4F 2 20F 2

Memory Capacity 128 MB

σ 0.5

SET Voltage 2.0V
RESET Voltage −2.0V
Write Latency 100ns

Low Resistance 10KΩ
High Resistance 500KΩ

Target Block Error Rate perr < 10−9

Default ECC Code SEC-DED

B. Simulation Results

In this section, we evaluate the area, latency and energy overhead

ratio of different ECC schemes by using the following equations:

RA = [Δ(Acell +Acircuit) +AEnc +ADec]/A0 (6)

RL read = [ΔL readcircuit + L readDec]/L read0 (7)

RL write = [ΔL writecircuit + L writeEnc/L write0 (8)

RE read = [ΔEprogramming + EDec]/E0 (9)

RE write = [ΔEprogramming + EEnc]/E0, (10)

which is calculated as the ratio of overhead to original value. For

example, the A0 is the base area of the memristor ReRAM without

ECC, and the RA is the ratio of the extra area to A0. Note that

the area overhead, RA, counts the overheads 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.

1) Area Overhead of ECC Schemes: Firstly, the area overhead

ratio of 128MB cross-point memristor-based memory is shown in

Table.IV. Compare to Table.I, 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. Due to

the limit of the space, the area overhead of MOS based array is not

listed. However, 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 IV
AREA OVERHEAD RATIO OF 128MB CROSS-POINT MEMRISTOR-BASED

MEMORY (BASELINE AREA=42.76mm2)

N 1 2 4 8 16

SEC-DED 0% 1.51% 4.11% 8.73% 16.64%
BCH 2 1.55% 4.15% 8.77% 16.67% 29.80%
BCH 3 3.27% 7.12% 14.09% 25.87% 45.64%
BCH 4 5.80% 10.18% 19.33% 35.14% 61.39%
BCH 5 6.61% 13.15% 24.66% 44.33% 77.23%
BCH 6 8.24% 16.12% 29.90% 53.53% 93.00%
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Fig. 10. Read Latency Overhead (Based Line Latency = 6.5 ns for MOS
based memory and 1.8ns for cross-point memory).
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Fig. 11. Write Latency Improvement (Based Line Latency = 104.1 ns for
MOS based memory and 200.4 ns for cross-point memory).

2) Performance Evaluation: The performance results are shown in

Figure 10 and Figure 11. Figure 10 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 11 shows 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.

3) Energy Evaluation: The overheads of read energy are shown in

Figure 12. 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 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.

V. CONCLUSION

With the unique properties such as high density, low-power,

good-scalability, and non-volatility, the emerging memristor-based

Resistive RAM (ReRAM) is regarded as one of the most promising

memory technologies. One of the key reliability challenges for
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Fig. 12. Read Energy Overhead (Based Line Energy = 4731 pJ for MOS
based memory and 35.12 pJ for cross-point memory).
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Fig. 13. Write Energy Improvement Read Energy Overhead (Based Line
Energy = 105 nJ for MOS based memory and 4.85 nJ for cross-point memory.

memristor-based ReRAM design is the log-normal distribution of the

switching time, which causes the occurrence of undesired error after

the write operation. In this paper, we have studied the switching time

distribution of the memristor-based ReRAM, and proposed to relaxing

the cell BER by ECC code to improve the write energy and latency

of both the MOS based and cross-point based memristor 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%.
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