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Abstract: Multi-level cell (MLC) phase-change memory (PCM) is an attractive solution for
next-generation memory that is composed of resistance-based nonvolatile devices. MLC PCM
is superior to dynamic random-access memory (DRAM) with regard to scalability and leakage
power. Therefore, various studies have focused on the feasibility of MLC PCM-based main
memory. The key challenges in replacing DRAM with MLC PCM are low reliability, limited
lifetime, and long write latency, which are predominantly affected by the most error-vulnerable
data pattern. Based on the physical characteristics of the PCM, where the reliability depends on
the data pattern, a tri-level-cell (3LC) PCM has significantly higher performance and lifetime than
a four-level-cell (4LC) PCM. However, a storage density is limited by binary-to-ternary data mapping.
This paper introduces error-vulnerable pattern-aware binary-to-ternary data mapping utilizing 3LC
PCM without an error-correction code (ECC) to enhance the storage density. To mitigate the storage
density loss caused by the 3LC PCM, a two-way encoding is applied. The performance degradation
is minimized through parallel encoding. The experimental results demonstrate that the proposed
method improves the storage density by 17.9%. Additionally, the lifetime and performance are
enhanced by 36.1% and 38.8%, respectively, compared with those of a 4LC PCM with an ECC.

Keywords: encoding; storage density; multi-level-cell; phase-change memory; reliability; tri-level-cell

1. Introduction

Multi-level-cell (MLC) phase-change memory (PCM) has the potential to replace dynamic
random-access memory (DRAM) in the main memory owing to its excellent device down-scaling
and standby power consumption characteristics [1,2]. In addition, MLC PCM can be useful for the
massive tensor product operations required by deep neural networks (DNN) that utilize different
resistive cross-point arrays as synaptic devices, that is, a processing-in-memory (PIM) architecture [3,4].
The superior feature of PCM over other emerging non-volatile memories, such as ReRAM and
STT-MRAM, is that MLC technology using a broad resistance spectrum efficiently doubles or triples
the storage density and thus makes it possible to meet the increasing demands on the main memory
capacity in today’s big data era [5,6]. The MLC PCM stores multiple bits in a single cell using the wide
variable-resistance characteristic of the GST (Ge;Se; Tes) material, which changes its physical state when
a current pulse is applied. The typical resistance spectrum ranges from 1 k() in the fully crystalline
state to 1 M(Q) in the fully amorphous state. Research has been underway for over a decade to use

Electronics 2020, 9, 626; doi:10.3390/electronics9040626 www.mdpi.com/journal/electronics


http://www.mdpi.com/journal/electronics
http://www.mdpi.com
https://orcid.org/0000-0001-8508-7536
http://www.mdpi.com/2079-9292/9/4/626?type=check_update&version=1
http://dx.doi.org/10.3390/electronics9040626
http://www.mdpi.com/journal/electronics

Electronics 2020, 9, 626 2of 16

MLC PCM as the main memory or a storage class memory (SCM). Indeed, various methods have been
introduced to use the MLC technology effectively when targeting PCM as the main memory [7-15].

For reliable data retention, and for coping with the reduced sensing margin, iterative
write-and-verify (read) operations must be executed for each memory cell in the MLC PCM,
which deteriorates its lifetime and performance. In addition, MLC PCM suffers from a significantly
higher soft error rate (SER) when compared to DRAM. This is mainly caused by the resistance drift
phenomenon that blurs the sensing boundary between adjacent states. The use of error-correction
code (ECC) is a common technique in reducing the SER of MLC PCM; however, it adversely affects the
performance and area efficiency.

Scrubbing can help diminish the SER by reading, detecting, and correcting errors by utilizing the
parity bit check and writing them back into the cell [16]. The shorter the scrubbing period, the lower the
SER. However, frequent scrubbing accelerates the wearing out of PCM. In [10], the authors proposed
an efficient scrubbing mechanism that could flexibly determine the scrubbing period considering the
error-vulnerable patterns. In addition, recent studies focused on designing reliable 4LC PCM to mitigate
the overhead caused by ECC and scrubbing, by expelling the most error-vulnerable pattern [7-12].

Obviously, long ECC decoding latency is a significant bottleneck in achieving a high-performance
memory system [17]. Moreover, complicated ECC algorithms are unacceptable in the MLC PCM
based main memory considering its longer write latency than DRAM. A four-level cell (4LC) PCM,
which stores two bits in one cell, exhibits an average SER of 6.74 X 107>, and requires the adoption of
a 16-bit error-correcting Bose-Chaudhuri-Hocquenghem (BCH) code to achieve DRAM-compatible
reliability. In addition, at least [t x ceil(log2 k) + 1] parity bits are required to correct ¢-bit errors in
k-bit write data in the BCH code. For example, if a BCH-16 code is used for every 512 bits of data,
then a storage overhead of 160 parity bits is needed. Meanwhile, the storage density (bits/cell) of the
4L.C PCM decreases from 200% to 152%.

Compared to 4LC PCM, a tri-level-cell (3LC) approach is advantageous in terms of error-resilience,
can sharply reduce the ECC and scrubbing overhead; the 3LC PCM is superior to 4LC in terms of
latency and lifetime, the significant factors of the main memory. Thus, recent studies have attempted to
deploy 3LC PCM as a promising alternative to DRAM as the main memory. The motivations of this trial
are based on the observation that 3LC PCM can show an improved storage density compared to 4LC
PCM with ECC in the same SER environment [7,9,14,18-21]. However, the existing 3LC PCM based
architectures have a problem that the storage density does not approach the theoretical maximum of
160% due to an additional data conversion from binary to ternary. From this motif, several studies
proposed 3LC PCM specific mapping scheme to improve the storage density [7,9,21]. To summarize,
the key problems in designing MLC PCM based main memory are as follows:

1.  Data patterns that use intermediate resistance levels in the MLC PCM require a larger number of
write-and-verify operations, resulting in a reduction in the lifetime and performance.

2. The main factor that increases the SER of the MLC PCM is the resistance drift. Hence, ECC and
scrubbing are necessary to sustain the required reliability. However, a complex ECC deteriorates
the storage density and performance, and frequent scrubbing degrades the lifetime.

3.  The lifetime and reliability of MLC PCM are highly dependent on the most error-vulnerable
pattern. Various studies have recently attempted to resolve this problem by employing 3LC
PCM. However, the problem of reduced storage density compared to the 4LC PCM should be
addressed further.

In this paper, we propose an error-vulnerable pattern-aware parallel data encoding method to
address the storage density reduction associated with 3LC PCM-based main memory. The proposed
method applies two-way encoding schemes according to the data patterns for writing data in the 3LC
PCM and focuses on enhancing the storage density by maximizing cell utilization.
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The remainder of this paper is organized as follows: We review the background of MLC PCM in
Section 2. The detailed encoding and decoding methods are described in Section 3. We discuss the
experimental results and comparisons in Section 4. Section 5 concludes this manuscript.

2. Background

2.1. MLC PCM

MLC PCM stores multiple bits per cell by dividing the wide resistance spectrum of a GST material.
As the proportion of amorphous states in the PCM cell increases, the resistance value increases. During
data writing operations, RESET generates a short and high-power current pulse to form an amorphous
state with high resistance, and SET produces a crystalline state with low resistance by applying low
power for a relatively long time [22,23].

In the case of a single-level-cell (SLC), 1-bit data can utilize the resistance values that differ by
approximately 1000 times. Therefore, repeated writing operations are not necessary for data retention.
However, as the number of levels in a PCM cell increases to store multiple bits, the number of required
write-and-verify operations increases drastically, because the probability of causing errors sharply
increases by interfering the resistance range of adjacent data values.

Accordingly, iterative write, read, and compare operations should be performed until
the cell state falls within the desired resistance range in MLC PCM. This is similar to the
incremental-step-pulse-programming (ISPP) technique used in MLC NAND flash memory [24].
To form the intermediate states of the 4LC PCM, the writing circuitry repeatedly generates the RESET
current followed by the SET current as shown in Figure 1. For example, the actual write count in the
4LC PCM increases by 5.5 times on an average compared to that of the SLC PCM. This not only causes
an increase in the write latency and energy consumption but also a reduction of the lifetime by 80% of
the original.

SET I TRESET

-
>

Cell Distribution
> v

Level-0 Level-1 Level-2 Level-3

Figure 1. Iterative write operations in 4LC PCM.

2.2. Resistance Drift

Unlike DRAM, where mostly random single-bit errors occur, multi-bit errors caused by the
resistance drift occur frequently in MLC PCM. In the case of 4LC PCM, cells with the most
error-vulnerable pattern tend to be corrupted after just a few seconds [25,26]. The resistance drift of the
MLC PCM depends on the resistance value after memory writing, which is characterized by Equation

M [7].

fo

R= Ro(i)v, M

where Rp and ty are normalization constants, ¢ is the time that has passed since the data has been written,
and v is the resistance drift coefficient. The resistance of the 4LC PCM cell increases exponentially with
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time, and the resistance drift speed exhibits different characteristics depending on the data patterns, as
shown in Table 1.

Table 1. Resistance drift parameters of 4LC PCM.

logRy v
Level Pattern
MRy OR, 153% Oy
0 00 3 0.01 0.004
1 01 4 1 0.02 0.008
2 11 5 6 0.06 0.024
3 10 6 0.1 0.04

The use of gray coded data patterns is common in MLC PCMs because it maintains a constant single
bit difference between adjacent states. Compared to Level-0 and Level-3 data patterns, which use the
smallest and largest resistance ranges, respectively, Level-1 and Level-2 patterns are much more likely
to be impaired by resistance drift speed, as shown in Figure 2. In particular, the most error-vulnerable
pattern (Level-2) suffers from four times more SER than the second most vulnerable pattern (Level-1) [8].
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Figure 2. The highest error occurrence probability in Level-2 pattern by the resistance drift.

Several recent studies have suggested the allocation of a wider range of resistance to the most
error-vulnerable data pattern in the 4LC PCM [13,27]. Nevertheless, scrubbing would still be
inevitable. However, PCM with a maximum write count of 108 would limit the number of scrubbings,
when compared to the DRAM with an almost infinite lifetime [28].

2.3. SER Analysis

To calculate the SER of the 4LC PCM, we used the analytical formula presented in [7]. In the
MLC PCM, the initial resistance value of each cell, Ry, follows a Gaussian distribution as a result of
the iterative write operations. With the drift parameters in Table 1, and the scrubbing period for t in
Equation (1), the condition under which a soft error occurs is given by R(#) > 10"*o +39%, where the
resistance of a PCM cell increases over the sensing margin. After calculating the average SER of a single
memory cell, SER.j, the line error rate (LER) of a 512-bit single cache line can be obtained considering
the maximum bit correction capability of the applied ECC. For example, the LER of the cache line with
a t-bit correctable ECC with p parity bits can be expressed as in Equation (2).

t
LER—1- Z( 2oty )(1 — SER )P " (SER )’ @
i=0

In Equation (2), SER..; depends on the ratio of each resistance level in benchmark programs.
Also, the LER of the cache line is varied by the error correction capability of ECC algorithms and the
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number of parity bits. Table 2 lists the LERs of 512-bit 4LC PCM calculated by Equation (2), for various
scrubbing periods and ECC algorithms.

Table 2. LERs of 512-bit 4LC PCM with various scrubbing periods and ECCs.

. . BCH-8 BCH-16 BCH-24
Scrubbing Period () No ECC (80 Parity Bits) (160 Parity Bits) (240 Parity Bits)
25 2.89x 107! 3.80x 10710 Negligible Negligible
26 4.28x 107! 2.64x1078 Negligible Negligible
27 5.65x 1071 7.45%1077 Negligible Negligible
28 7.04x 107! 1.54x107° 1.27 x 10712 Negligible
2 8.20 x 1071 2.00x 1074 2.32x 10710 Negligible
210 9.04 x 1071 1.80x 1073 2.15x 1078 2.81x 10714
211 9.56 x 10~ 4.61x1072 1.10x 107° 1.34x 1071

The SERs of the conventional DRAM-based main memory for personal computers ranges
25,000-75,000 failures in time (FIT) per Mbit, which corresponds to 0.86-2.58 soft errors per hour in
a 4-GB DRAM [29]. Converting this value to the error rate of one line, it can be found that the LER
should at most 107! to achieve DRAM-compatible reliability. As shown in Table 2, the 4LC PCM can
meet this required reliability criteria with a BCH-16 scheme and scrubbing period of 28 seconds.

2.4. PCM-specific Data Encoding Methods

Several studies were conducted to improve the performance and reliability of MLC PCMs
considering the drift speed that depends on the data patterns. In [11], the rotation and flip technique
was introduced to reduce the number of the most error-vulnerable patterns. The authors adopted
a method of appending 2-bit redundancies per 8-bit data but did not completely eliminate the most
error-vulnerable Level-2 pattern. Kwon et al. proposed a heterogeneous SLC and 4L.C PCM architecture
to improve the reliability and lifetime, with a storage density of 133% [8]. In [9], the authors presented
a method that reduces the number of iterative write-and-verify operations by removing up to 48
Level-2 patterns in 256 4LC PCM cells. In [15], the authors proposed a method of compressing the
data size in half to reduce the number of ECC parity bits. Seong et al. proposed a 3LC approach that
eliminated all of the most error-vulnerable data patterns and achieved 10° times lower SER than that of
the baseline 4LC [7]. However, a binary-to-ternary conversion overhead was involved, and the storage
density was limited to 133%.

To significantly increase the storage density without compromising the reliability benefits of the
3LC PCM over 4LC PCM, we introduce a pattern-aware two-way binary-ternary data mapping for
3LC PCM. The number of additional storage cells required for the binary-to-ternary mapping can
be reduced by maximizing the capacity of the 3LC PCM cell through appropriate data classification.
Additionally, the performance degradation can be minimized by deploying a parallel encoding/decoding
logic structure.

3. Error-vulnerable Pattern-aware Binary-to-Ternary Data Mapping

3.1. LC PCM Characeteristics

The 3LC PCM discards the most drift-prone pattern (Level-2 pattern; 11) in the 4LC PCM, thus can
achieve comparable SER of DRAM without ECC support sustaining the scrubbing period of up to
2% 5 (~ 194 days) [7]. Therefore, the 3LC PCM has significantly reduced ECC overhead in area
and latency compared to 4LC PCM. Furthermore, the 3LC PCM requires a much smaller number
of write-and-verify operations than the 4LC, resulting in an improved device lifetime and energy
efficiency. Hence, 3LC with enhanced information capacity can be regarded as a promising alternative
in replacing DRAM-based main memory.
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As the writing data format is binary, conversion to ternary digits is required before being stored
in 3LC PCM cells. Table 3 shows a binary-to-ternary mapping introduced in the existing 3LC PCM
techniques. The existing 3LC PCM techniques performed the conversion method in 3-bit units where
two cells store three bits, considering that the implementation complexity is exponentially proportional
to the unit of numeric conversion. Thus, the storage density cannot exceed 133%.

Table 3. Three-bit unit binary-to-ternary data mapping.

3-Digit Binary Values 2-Digit Ternary Values
000 00
001 01
010 12
011 02
100 10
101 20
110 22
111 21

The storage density of 3LC PCM depends on the number of data patterns to be stored in PCM
cells. An N-bit data has 2N possible patterns, and the 3LC PCM requires at least ceil(N log, 2) cells
to accommodate all patterns; therefore, the upper bound of the storage density of the 3LC PCM is
expressed as

Storage densitys c(%) < m x 100 (3)

The maximum achievable storage density of 3LC PCM is approximately 160% according to (3).

For example, 19-bit data can be stored in 12 3LC PCM cells, and the storage density is at most 158.3%.

In other words, the 3LC PCM can have a higher storage density than the 4LC PCM with BCH-16

(152%), as mentioned in Section 1. With this motivation, we propose a two-way encoding method to

improve the storage density of 3LC PCM. For an N-bit encoding unit, 3¥ [M = f loor(N log, 2); one less

than the number of required cells] data patterns are first encoded into ternary values to maximize the

3LC PCM capacity, and subsequently different encoding schemes that can indicate the position of the
rest of the data patterns are applied.

3.2. Overall Two-way Encoding and Decoding Process

The overall two-way binary-to-ternary data mapping is shown in Figure 3. First, a 64-bit unit
data block is divided into eight encoding blocks (8 bits each) for block-wise parallel processing.
The number of 3LC PCM cells required to store an 8-bit encoding block is six, but to reduce this
number, each encoding block is stored in five 3LC PCM cells. For this, Case Decision logic classifies
the pattern of an encoding block into 243 (3°) and the remaining 13 patterns. As shown in Table 4,
the data classification is based on the number of the most error-vulnerable pattern (Level-2 pattern;
11). The Case-0 encoding block processes 243 data patterns in which the number of Level-2 patterns is
less than three. The remaining 13 data patterns of Case-1 are to be handled by the Case-1 encoding
block. In addition, the data classification prior to the encoding has an advantage of mitigating the
implementation complexity by reducing the number of patterns that the encoder should accommodate.
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PCM Writing l:l Case-0 PCM Reading
64-bit data block
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Figure 3. Overall encoding and decoding flow.

Depending on the classification by the Case Decision logic (Case-ID), each 8-bit encoding block is
converted into Level-2 pattern-eliminated 10-bit encoded block by corresponding encoder to be stored
in five 3LC PCM cells. Next, 10-bit encoded blocks are rearranged to make the best use of 3LC storage
capacity. To facilitate an easy recovery of the reordered encoded blocks when data reading from the
3LC PCM, the original block-order information and an auxiliary bit for identifying the Case-ID of the
encoded block is appended. After the data encoding, the 64-bit data block is stored in 41 3LC PCM
cells, unlike the conventional 3LC PCM, which requires 48 cells.

Table 4. Pattern-aware case classification of 8-bit encoding block.

Case-ID # of Level-2 Patterns Example # of Possible Patterns
0 00 00 00 00 81
Case-0 1 110001 10 108
2 111100 01 54
Case-1 3 11111100 12
ase: 4 11111111 1

When reading data from the 3LC PCM, Case-0 and Case-1 decoders retrieve the original binary
data. Next, the original sequence of the data blocks is restored by Block Order Recovery using the
encoded block-order information stored in the Case-1 encoded blocks, and then the recovered 64-bit
data block is transferred.

3.3. Two-way Data Encoding Method

Figure 4 shows the encoding process of the Case-0 encoding block. As presented in Table 4, 81 of
243 encoding block patterns that do not contain the Level-2 pattern are simply converted into 10-bit by
appending the Level-0 pattern (00) as a prefix. The rest 162 encoding block patterns containing the
Level-2 pattern are encoded via the Case-0 look-up table (LUT) to facilitate the storing of ternary-format
into 3LC PCM cells.
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8-bit encoding block 10-bit encoded block
Level-0 1™60000000 | 0000000000 | 81 patterns
Patte}'n s e } without
Insertion \™ 765707010 | 0010101010 |— Level-2 pattern
8-bit encoding block 10-bit encoded block
00000011 01 00 00 00 00
00000111 01 00000001 162 patterns with
Case-0 LUT : m : one or two
. S . Level-2 pattern
11111001 1010101001 (162 entries)
11111010 1010101010

Figure 4. Case-0 encoder configuration.

The primary advantage of using LUTs instead of random logic is higher speed since the encoding
rule is fixed. The number of multiplexers constituting the LUT increases exponentially in proportion to
the input data size. Thus, we split the input data into 8-bit encoding blocks instead of using a single
LUT. By performing parallel encoding through such small- sized LUTs, both throughput and area
efficiency can be improved.

As each 10-bit encoded block to be stored into five 3LC cells for both Case-0 and Case-1 encoding
block cannot hold all 8-bit possible patterns (3° < 28), the Case-ID must be included within the 80-bit
intermediate encoded data for correct decoding. For this purpose, eight 10-bit encoded blocks are
rearranged. When encoded blocks with the same Case-ID are clustered, only 1-bit information is added
to indicate the Case-ID of encoded block cluster, thereby reducing the amount of extra information.
As shown in Figure 5a, each 8-bit Case-1 encoding block is reconfigured to a new 12-bit block by
appending 3-bit original 8-bit encoding block sequence (1% — 8") and 1-bit Case-ID.

More specifically, the Case-1 encoding is performed by the Case-1 LUT to produce the 10-bit
encoded block incorporating three pieces of following information: (1) Case-ID of next encoded block
after clustering, (2) Original position of each Case-1 encoding block within the input 8 X 8-bit encoding
blocks, and (3) Data pattern of Case-1 encoding block. Thus, Case-1 LUT consists of 208 (= 2 x 8 X
13) entries as shown in Figure 5b. Considering the performance degradation by the encoding latency,
each encoding block is processed in parallel through the multiple Case Decision logics and encoders.

Case Decision logic Reconfigured Case-1 ] -bi
encoding block (12-bit) Encoded block (10-bif)

D Case0 0,000 00111111 | 0000000000

[] case-1 Case-ID 1100000111111 | 0000000001 13 patterns with
Reconfigured Case-1 - Case-1 LUT — th i
encoding block format’ l | 001 | Original data | E Encoding E Levr:]?; ;a(t)tl;-n

CoselDafnext —p e 000000111111 [ 1001011010 (208 entries)

encztfitl:rgcllﬁ:f:dillg-bﬁ) (3-bit (8-bit) 11000| 00111111 1001 10 00 00
(a) (b)

Figure 5. (a) Reconfigured Case-1 encoding block; (b) Case-1 encoder configuration.

Clustering the encoded blocks with the same Case-ID is performed by Block Reordering logic,
as shown in Figure 6. If at least one Case-1 encoded block exists in the 80-bit intermediate encoded
data, then the order of encoded blocks can be recovered with the 3-bit position information. Otherwise,
i.e., when the intermediate encoded data consists of only Case-0 encoded blocks with no position
information, one auxiliary bit is required for correct decoding. The role of the auxiliary bit is to indicate
whether the Case-1 encoded block exists in the 81-bit final encoded data or not. If all encoded blocks
have the same Case-ID, then reordering is not performed.
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Intermediate encoded data (80-bit) Final encoded data (81-bit)
(LR T I o2 e T T 11
! |
D Case-0 encoded block Case-1 Case-0
D Case-1 encoded block Auxiliary bit (1-bit)

Figure 6. Function of Block Reordering logic.

3.4. Data Decoding Method

Algorithm 1 shows a decoding procedure that retrieves the 64-bit data block from the 81-bit final
encoded data. If the auxiliary bit is 0 (Case-0), then all encoded blocks can be simply restored with the
Case-0 decoder. Otherwise (i.e., Case-1), all encoded blocks are supplied to both Case-0 and Case-1
decoders in parallel. As described in Section 3.3, the Case-1 encoded block cluster is placed ahead of
the Case-0 block cluster, and thus, the positions of Case-0 encoded blocks can be determined using the
Case-ID of the next encoded block stored in the Case-1 encoded blocks. If the Case-ID stored in the last
Case-1 encoded block is Case-0, then the rest of the encoded blocks are Case-0. After checking the
Case-ID of every incoming encoded block, each decoder discards the data with mismatched Case-ID.
Next, the Block Order Recovery logic recovers the block-order via the 3-bit position information stored in
the Case-1 encoded blocks.

Algorithm 1 Decoding procedure.

1: Input: 81-bit final encoded data

2: Output: 64-bit data block

3:

4: function Decoding

5: if auxiliary bit == Case-0 // all encoded blocks are Case-0

6: perform Case-0 decoder (all encoded blocks)

7: else

8: perform Case-0 decoder (all encoded blocks)

9: perform Case-1 decoder (all encoded blocks)

10: fori=1to7do

11: if Case-ID of next encoded block == Case-0 then

12: boundary =i + 1 // Set location of Case-0 encoded block cluster
13: break

14: end if

15: end for

16:

17: fori =1 to boundary do

18: discard data; decoded with Case-0 decoder

19: place Case-1 encoding block using the 3-bit position information
20: end for

21: for i = boundary + 1 to 7 do // if boundary is eight, it means the auxiliary bit is Case-0
22: discard data; decoded with Case-1 decoder

23: place Case-0 encoding block at the remained positions sequentially
24: end for

25:  endif

26:  end function

With the pervasive 64-bit computing, the unit data transaction size from/to main memory is
an integer multiple of 64-bit. Therefore, our method is designed to be easily extendable for multiple
64-bit data transactions. The logic area overhead increases only proportionally to the size of the data
transaction, and the latency can be hidden by parallel processing. In addition, the storage density can
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be enhanced by reducing the number of PCM cells storing auxiliary bits. For example, three final
encoded data can share two PCM cells to store the auxiliary bit of each data block, as shown in Figure 7.
Thus, processing multiple data blocks at the same time can further improve the storage density of the
3LC PCM, as shown in Figure 8.

v

Final encoded data (80-bit)

Y

Final encoded data (80-bit)

Two 3LC PCM cells
storing auxiliary bits

Final encoded data (80-bit)

(3% = 9 possible patterns) (2% = 8 possible combinations of Case-IDs)
Figure 7. Example where three final encoded data share two auxiliary bits.

160.0
159.0
158.0

157.0

156.0

Baseline information density (156.1%)

155.0

Information density (%)

154.0
64 128 192 256 320 384 448 512 376 640 704 T68 832 896 960 1024

Input data size (bits)

Figure 8. Storage density variation of 3LC PCM using proposed method for integer multiples of 64-bit
data blocks.

4. Evaluation
4.1. Experimental Setup

4.1.1. Simulation Environment

We evaluated the storage density, lifetime, and performance improvements by the proposed
method in comparison to the conventional 3LC PCM, which uses 3-bit unit data conversion, 4LC PCM
with ECC, and three other related studies that reduced the number of the most error-vulnerable
patterns of 4LC PCM. One is the relaxed write/read method proposed in [9] (referred to as “RXR”),
one is the heterogeneous PCM architecture proposed in [8] (referred to as “HPCM”), and the other
one is the cost-effective reliable MLC PCM architecture proposed in [15] (referred to as “CRPCM”).
Both are focused on improving the reliability and lifetime of the 4LC PCM. We conducted a system-level
simulation using Gemb5 [30] and NVMain 2.0 [31] with 21 benchmarks from the SPEC CPU 2006
benchmark suite [32]. To eliminate the effect of cold cache misses, which impedes accurate performance
evaluation, we first executed 100 million instructions for each benchmark. After that, actual performance
evaluations were conducted based on the execution results of next 500 million instructions for each
benchmark [33]. Table 5 lists the simulation parameters for the evaluation. As the number of iterative
write-and-verify operations is different for each resistance level, as discussed in Section 2, the various
parameters for the MLC writing operation are adopted from [34]. The size of the data transaction
between the last-level cache and main memory is 512-bit, a typical cache line size.
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Table 5. Simulation parameters.

Cores 4-Core, Alpha, 2 GHz

L1 1I/D Cache 32 KB, 2-way, 2-cycle latency

L2 Cache 1 MB, 8-way, 20-cycle latency

L3 Cache 16 MB, 16-way, 50-cycle latency
Main Memory MLC PCM, 16 GB, 400 MHz clock
Number of banks 8 (2 GB for each bank)
Memory Controller FRFCFS
Memory write latency (pattern) [34] 150 ns (00), 200 ns (01), 210 ns (11), 60 ns (10)

4.1.2. ECC and Scrubbing Conditions
The storage density of 4LC PCM is affected by the number of parity bits of ECC schemes, while the

3LC PCM does not require any ECC. In addition, the lifetime and performance are deteriorated
by frequent scrubbings. Thus, for a fair comparison, we selected the ECC and scrubbing period
wherein each study can meet DRAM-compatible reliability. To evaluate the reliability for writing
data using SPEC CPU 2006 benchmarks, we used Equation (2) to calculate the LER of a 512-bit cache
line. To calculate SER,, the average SER of a single MLC PCM cell, we extracted frequencies of
2-bit patterns (00, 01, 10, and 11) in benchmark data considering the drift dependencies of each
pattern. For each benchmark graph in Figure 9, the left bar indicates the original frequencies of 2-bit
patterns and the right one denotes the changed frequencies after applying the proposed encoding
technique. The values of SER,; in the proposed method, conventional 3LC PCM [7], and “RXR” [9]
are calculated considering the changed pattern frequencies caused by their different data mapping
techniques. Meanwhile, 4LC PCM, “HPCM” [8], and “CRPCM” [15] do not require data conversion.
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Figure 9. Frequencies of data patterns (00, 01, 11, 10) before/after encoding for the selected SPEC CPU
2006 benchmarks.

An SER comparison between the proposed method and related studies are presented in Table 6,
where “Negligible” indicates the calculated SER value is lower than 10~!3 (as mentioned in Section 2,
SER criteria of DRAM-based main memory are on the order of 10~!!). The overhead of scrubbing is
defined as the ratio of the total time used for scrubbing and the scrubbing period. In the case of 2GB
memory bank, the total time used for scrubbing is 9.65 s [7]. Thus, we assumed a scrubbing period of
210 seconds that has an ignorable effect on the lifetime and performance (<1.0%). In this assumption,
4LC PCM requires BCH-16, both “HPCM” and “RWR” require BCH-12, whereas, the proposed method
and conventional 3LC PCM do not need any ECC. “CRPCM” uses the same ECC algorithm as 4L.C
PCM, the size of the encoding unit is reduced using the virtual data, and only the number of parity bits
is reduced.
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Table 6. Comparison of 512-bit cache line LERs between proposed method and previous studies.

Scrubbing 4LCPCM  HPCM [8] RWR [9] CRPCM [15] 3LCPCM [7] Proposed

Period (s) BCH-16 BCH-12 BCH-12 BCH-16 No ECC No ECC
26 Negligible  Negligible Negligible Negligible Negligible Negligible
27 Negligible  Negligible Negligible Negligible Negligible Negligible
28 Negligible  Negligible Negligible Negligible Negligible Negligible
20 48x10713  Negligible  Negligible 6.2x 10714 Negligible Negligible
210 56x1071  25x10718  69x10713 9.4x 10712 Negligible Negligible
211 39x1070 78x10712  46x1071! 7.1x 10710 Negligible Negligible
212 1.6x107  17x1071°  1.1x1077 3.2x1078 Negligible Negligible

4.2. Storage Density

Table 7 presents a comparison of the storage density considering the number of parity cells of ECC
schemes and additional cells (“Add. cell” in Table 7) of each architecture when storing 512-bit data.
The storage densities of “RWR (3LC+4LC)”, “HPCM (SLC+4LC)”, and “CRPCM (4LC)” are 151.5%,
119.9%, and 155.6%, respectively. The 3LC PCM using the proposed method has a 17.9% enhanced
storage density compared to the conventional 3LC PCM, and even has a 3.1% higher storage density
than the 4LC PCM that needs BCH-16.

Table 7. Comparison of storage density between proposed method and previous studies.

Number of PCM Cells
(for 512-Bit Cache Line)
Related Studies add Total Storage Density
Data Cells Parity Cells Cells Cells

41.C PCM (BCH-16) 256 80 0 336 152.4%
RWR (BCH-12) [9] 256 60 32 338 151.5%
HPCM (BCH-12) [8] 384 43 0 427 119.9%
CRPCM (BCH-16) [15] 256 73 0 329 155.6%
3LC PCM [7] 384 0 0 384 133.3%
Proposed 320 0 4 324 157.1%

To calculate the area overhead of the proposed architecture, we estimated the area using Synopsys
Design Compiler™ and SAED32, 32nm Synopsys Educational Design Kit. The area of the PCM cells
and peripheral circuitry of each memory bank were extracted using NVSim [35] with a 32 nm process
node. The estimated area overhead of the proposed encoders and decoders is approximately 0.52% of
the area of a single PCM bank, which is negligible even when parallel processing is used, as presented
in Table 8.

Table 8. Area overhead of proposed method.

Module Area Per Bank (mm?)
Memory cells 2.466
Peripheral circuits 0.326
Proposed encoder 0.007
Proposed decoder 0.008
Area overhead 0.52%

4.3. Lifetime

To evaluate the lifetime improvement by the proposed method, we estimated the normalized
number of actual write counts per PCM cell considering the number of iterative write-and-verify
operations for each 2-bit pattern. The estimated write counts for different benchmarks are shown in
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Figure 10. “HPCM” and “RWR”, which have a non-uniform lifetime distribution per each PCM cell
because of using heterogeneous array architecture (3LC+4LC in “RWR” and SLC+4LC in “HPCM”),
are excluded from the estimation. “CRPCM” has the same lifetime with the conventional 4LC PCM
with BCH-16. The lifetime improved by 2.39 times in bzip2 which has the highest ratio of Level-2
pattern and improved by 1.04 times in libquantum which has the smallest number of level-2 pattern.
On average, the lifetime of the 3LC PCM with the proposed method is enhanced by 36.1% when
compared to that of the 4LC PCM.
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Figure 10. Comparison of lifetime between proposed method and 4LC PCM with an ECC.
4.4. Performance

In the comparative analysis of the performance, we considered both the number of iterative write
operations and the encoding latency. Read latencies were not analyzed because 3LC and 4LC can
be read as fast as SLC by using multiple sense amplifiers. Figure 11 presents the normalized write
latency in terms of the relative instruction-per-cycle (IPC) for the benchmarks. The ECC encoding
latencies for BCH-12 and BCH-16 were calculated based on [36]. “HPCM”, “RWR”, “CRPCM”, and the
conventional 3LC PCM show performance improvements of 17.8%, 29.8%, 14.5%, and 39.1% on average
compared to 4LC PCM with BCH-16, respectively. The 3LC PCM with the proposed method improves
its performance by 38.8% on average, and the maximum and minimum performance improvements
are 69.8% and 17.6%, respectively. In particular, the proposed method improved the IPC by more
than 50% in benchmarks, where the number of memory accesses are high such as GemsFDTD and
cactusADM. The maximum delay of the encoding logic was less than 10ns as estimated using Synopsys
PrimeTime®. The encoding logic is therefore designed as a four-stage pipeline that runs on the same
400MHz clock as the memory controller. Hence, our technique needs an additional one or two clock
cycles for writing than that of the conventional 3LC PCM depending on whether the Case-1 encoding
block is existed in the 64-bit data block. However, the encoding latency affects the overall IPC by only
0.7% considering the parallel processing and the inherent long write latency of the MLC PCM.
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Figure 11. Comparison of performance with respect to relative IPC between proposed methods and
previous studies.

5. Conclusions

MLC PCM is an attractive solution to replace DRAM-based main memory but has shortcomings
with regard to reliability and performance. Several recent studies focused on reducing the number
of most error-vulnerable patterns of 4LC PCM to improve the reliability. However, a complex
ECC and frequent scrubbing, which cause performance and lifetime degradation, are required.
To overcome these challenges, 3LC PCM-based architectures are introduced to improve the lifetime
and performance without the need for an ECC. However, 3LC PCM requires binary-to-ternary data
conversion, which reduces the storage density. Herein, we proposed error-vulnerable, pattern-aware
two-way binary-to-ternary data mapping to improve the storage density 3LC PCM. Considering
that the storage density depends on the number of data patterns, the proposed method maximizes
the capacity of the 3LC PCM cell through data classification. Furthermore, the encoding latency is
minimized through block-wise parallel processing. Experimental results indicated that our method
achieved 17.9% higher storage density than the conventional 3LC PCM, with a negligible logic area
overhead. The lifetime and performance were improved by 36.1% and 38.8%, respectively, compared
with those of 4LC PCM with BCH-16.
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