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Abstract—Multi-level-cell (MLC) phase-change memory
(PCM) provides higher storage density at the cost of slower
reads and writes. Since reads are latency critical, this paper
propose a simple and effective bit mapping scheme, called
Mapping Critical Word to MSBs (MCWM), to address slow
reads in MLC. MCWM takes advantage of fast read speed of
most-significant-bits (MSBs) of MLC cells and strips a cache
line among MLC cells at the bit level. Taking 2-bit MLC as
an example, MCWM stores the first half of each cache line
at most-significant-bits (MSBs) of MLC cells, and the second
half at least-significant-bits (LSBs). This design leverages the
observation that most critical words are located within the first
half of a cache line. Upon a cache miss, the critical word can
be fetched at the same speed as single-level cell (SLC) PCM,
thus reducing processor stall time. Experimental results under
4-cores SPEC CPU 2006 workloads show that MCWM can
reduce memory read latency by 27.5% and IPC by 13.7%
on average, compared with conventional PCM. In addition,
MCWM outperforms recently proposed Striped PCM (SPCM)
by 12.5% in latency and 6.1% in IPC on average. Additionally,
MCWM is complementary to write optimizations. MCWM can
reduce read latency of Write Pause by 25% and increase IPC
by 11.7% on average.

I. INTRODUCTION

Better process scalability, none-volatility, and less leakage
power make Phase-Change Memory (PCM) a promising alter-
native or supplement to DRAM. Applying varying levels of
currents to phase-change material, such as Ge2Sb2Te5(GST),
can transform the material into either crystalline and amor-
phous states that have dramatically different electrical resis-
tance. In a single-level cell (SLC), the resistance level of the
cell is used to represent a binary bit. Low resistance and high
resistance represent 1 and 0 respectively. This resistance-based
memory is proved to be very scalable. PCM consumes much
less leakage current and requires no refresh operations due to
its non-volatile property.

In order to increase storage density, multi-level cell (MLC)
PCM stores two or more binary bits in a MLC cell. It trades
the read and write performance for higher bit density. When
data bits are written to a PCM cell, a repetitive program-and-
verify mechanism is performed in order to precisely set the
resistance of the target cell to some desired value. In addition,
𝑛 iterations of sensing have to be carried out during reading a
cell that stores 𝑛 binary bits. One bit is read out from a MLC
cell in each iteration. Many research works have focused on
the slow write issue of MLC [1]–[3]. However, less attention
has been drawn to the issue of slow read.

This paper proposes a new and simple bit mapping scheme,
called Mapping Critical Word to MSBs (MCWM), to reduce
the read latency of MLC. Our key idea is to store critical
word, i.e., requested words during a cache miss, in the most
significant bits (MSB) of MLC cells. Since MSB bits of MLC
cells can be read as fast as SLC cells, this idea can speed up a
widely deployed cache optimization technique named critical-
word-first. We find a simple and effective way to implement
our proposed idea. Taking 2-bit MLC as an example, we strip
a cache line at the bit level among all MLC cells in a MLC
line. As a result, the first half of a cache line is stored at MSB
bits of MLC cells, and the second half is stored at LSB bits.

Our idea is motivated from two important observations.
1) The read latency of a MLC cell is almost proportional

to the number bits stored in the cell. If a MLC cell holds
two binary bits, the latency of reading the first bit (i.e.
MSB) is nearly half of the latency of reading the second
bit (i.e. LSB). The speed of reading only MSB bits of
MLC cells is almost the same as the speed of reading
SLC cells.

2) The position of critical words within a cache line has
shown strong patterns and regularity. Our experimental
results show that 87% of critical words are in the first
half of a cache line. Since a critical word is more
urgently needed by the processor than the remaining
words in the cache line, transferring the critical word
first can reduce the CPU stall time.
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Fig. 1. Proposed Bit Mapping Scheme

Figure 1 illustrates the key idea of MCWM. Assume that
a cache line has a size of 64 bytes, i.e. 512 bits, and a MLC
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cell stores two bits, including the most significant bit (MSB)
and the least significant bit (LSB). In conventional PCM, all
bits of a cache line is placed to MLC cells sequentially. For
example, bits 0 and 1 of the cache line are stored in the first
cell, bits 2 and 3 in the second cell, and so on. In MCWM, all
bits of the cache line are striped among MLC cells in a PCM
line. In this specific example, bit 0 is stored as MSB of the
first cell, and bit 1 as MSB of the second cell, and so on. If
word 0 (bit 0 - 63) is the critical word of this cache line, all
bits of this critical word are stored as MSB bits of MLC cells.
Since bits 0 - 255 of the cache line can be read concurrently
with a fast speed, the critical word can be fetched first to the
processor to quickly continue execution.

We evaluate our proposed MCWM by simulating a multi-
core system under SPEC CPU 2006 benchmark suite. Exper-
imental results under 10 multi-programmed workloads show
that MCWM reduces the read latency of the standard PCM
baseline by 27.5% on average These read latency reductions
translate to an IPC improvement of 13.7%. In addition,
MCWM is superior to Striped PCM, a recently proposed MLC
PCM read optimization strategy, with 12.5% latency reduction
and 6.1% IPC improvement. Finally, our proposed design can
enhance Write Pause scheme by reducing read latency by 25%
and increasing IPC by 11.7% on average.

The rest of this paper is organized as follows. Section II
introduces the background of reading MLC cells, critical word
regularity and the motivation of this research. Section III
presents the design of our MCWM and section IV discusses
the experimental results. Related work is summarized in
Section V and conclusions are given in Section VI.

II. BACKGROUND AND MOTIVATION

A. Reading MLC PCM

A PCM cell has one transistor and one resistor (1T1R),
while a DRAM cell has one transistor and one capacitor
(1T1C). PCM exploits remarkably different properties of
phase-change material of a memory cell to store data. For
example, phase change material Ge2Sb2Te5(GST) has two
phases: an amorphous phase with a high resistance of 𝑀Ωs
and a crystalline phase with a low resistance of 𝐾Ωs. Reading
data is to sense electric current flowing through the cell.
Writing data is to heat up the GST material and change its
phase. By exploiting the resistance difference, a single-level
cell (SLC) can store one binary bit, and a multi-level cell
(MLC) can store two or more bits. MLC uses a narrower
resistance band than SLC to represent a bit.

Reading a multiple-level cell (MLC) is slower than reading
a single-level cell (SLC). When reading a SLC cell, the
resistance of this cell is compared with only one reference
cell whose resistance is at the middle of resistance range.
However, reading a MLC cell takes multiple iterations of
sensing and comparison. More specifically, MLC often uses a
binary search strategy to determine the narrow resistance band
associated with the cell. As shown in Figure 2, the read circuit
first compares the resistance of a MLC cell with a reference
cell that has 148 𝐾Ω [4]. A resistance smaller than 148 𝐾Ω
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Fig. 2. Reading a MLC cell that stores two binary bits

represents that the most significant bit (MSB) stored in this
MLC cell is 1. Otherwise MSB is 0. Then the read circuit
reads the value of the next bit stored in the MLC by comparing
this cell with a reference cell with 34 𝐾Ω if MSB is 1 or a
reference cell with 782 𝐾Ω if MSB is 0. This process repeats
until all bits of a MLC cell have been read out. In general,
reading a 𝑛-bit MLC cell takes 𝑛 iterations of comparison. It
is impractical to compare a MLC against all possible reference
cells simultaneously. This is because parallel reading requires
2𝑛 − 1 duplications of sensing and comparison circuits. In
order to reduce the hardware overhead, PCM uses one set of
sensing and comparison circuits that read iteratively all bits
stored in a MLC cell.

Low read latency for MSBs has great potential to reduce
the overall read latency. However, the conventional PCM
conservatively assumes reading a MLC cell takes as much
time as reading its LSB. In this paper, we will present a new
bit mapping scheme to exploit the low latency of reading the
MSB of a MLC cell.

B. Regularity of Critical Word Accesses

On a cache miss, the requested word is more critical than
the other words in that missed cache line. Transferring the
missed word (or called critical word) to the processor first
allows the execution continue, thus reducing CPU stall time.
Ref. [5] observes that words at some specific positions of
cache lines are more likely to be critical ones than words
at the other positions. Such regularity of critical words has
been exploited to improve cache performance and energy
efficiency [5]. Ref. [6] finds that the first word (i.e., word
0) of a cache line is a critical word in most cases in SPEC
CPU 2006 benchmark, OpenMP NAS parallel benchmark, and
STREAM benchmark. It is shown that applications with either
stream access patterns or stride access patterns have majority
of word 0 as the critical word. On the other hand, the programs
with chasing pointers demonstrate less regularity regarding the
position of critical words.

C. Motivation

Our experimental results confirm critical word regularity
(see Section IV). Assume the size of a cache line size 8 words,
Figure 3 shows the average distribution and cumulated distri-
bution of critical words for our SPEC CPU 2006 benchmark
studied in this paper (see Section IV for details). On average,



68% of critical words of all read requests are located at word
0 of a cache line. Furthermore, 87% of them are located in
the first half of a cache line (i.e., the first four words).
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Fig. 3. Distribution of critical words in a cache line with a size of 8 words

.

This observation motivates the design of our MCWM.
Reading critical words can be speeded up if they are stored
in low-latency MSBs of MLC cells. Since the other non-
critical words in the cache line are not accessed urgently,
they can be stored in high-latency LSBs of MLC cells without
degrading the overall performance. Based on this observation,
we propose to place the first half line in MSBs and the second
half line in LSBs.

III. MAPPING CRITICAL WORD IN MSBS

We propose a new data mapping scheme, called Mapping
Critical Word in MSBs (MCWM), for multi-level cell (MLC)
phase-change memory to improve its read performance. Our
key idea is to store a critical word at the most significant bits
(MSBs) of MLC cells to reduce CPU stall time.

This data mapping scheme is based on the following three
important observations. First, reading the MSB bit of a MLC
cell takes less time than reading the other bits of the cell. It
takes multiple iterations to read a MLC cell, and the MSB bit
is the first bit sensed [2], [7]–[9]. Second, conventional MLC
PCM uses a simple strategy that places immediate-neighbor
bits of a cache line in a MLC cell, without considering the
latency difference of reading individual bits from the MLC, as
shown in Figure 4. It conservatively assumes that reading each
bit in a MLC cell takes the same amount of time as required
to read its least-significant bit (LSB). Third, critical words in
a missed cache line are often located within the first half of
the cache line. For example, in SPEC CPU 2006 libquantum,
more than 90% of critical words are located at the first word
of missed cache lines [6].

Taking 2-bit MLC as an example, MCWM divides each
cache line into two halves, stores all bits of the first half at
MSBs of MLC cells, and stores the other half at LSBs, as
shown in Figure 4. Upon a cache miss, the memory controller
checks the location of the critical word in the missed cache
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Fig. 4. MLC PCM bit mapping schemes in 2-bit MLC

line. If the critical word is in the first half of the missed
cache line, the memory controller sends the critical word to
processor immediately after reading MSBs from MLC cells.
The remaining non-critical words are fetched to the processor
after reading LSBs. Otherwise, similar to conventional scheme,
the memory controller sends data after reading all bits stored
in MLC cells. Since reading MSBs is faster than reading LSBs,
our proposed bit mapping scheme takes shorter time to read
critical word than the conventional scheme.

Our MCWM differs from recently proposed SPCM in the
following aspects.

∙ First, SPCM strips data among MSBs and LSBs at the
granularity of cache lines. It stores a cache line with
an even address at MSBs, and a cache line with an
odd address at LSBs. In contrast, striping in MCWM is
performed at the bit level within a cache line. While bits
stored in a MLC cell in SPCM belongs to different cache
lines, bits stored in a MLC cell in MCWM are part of
the same cache line.

∙ Second, SPCM has much larger silicon area overhead
than our proposed MCWM. In SPCM, reading a line
involves two PCM lines and requires twice as many
sense/amplifiers (SA) as our design. Since PCM’s current
S/As have larger area overhead than voltage ones used in
DRAM, a PCM chip has a limited number of current
S/As.

∙ Third, while SPCM mostly reduce the read latency for
lines with even address, our MCWM can accelerate reads
for all cache lines.

∙ Fourth, SPCM not only consumes more energy but also
reduces the reliability of PCM. SPCM can reduce the
lifetime of PCM by half in the worst case. When writing
a cache line, SPCM always update two paring PCM lines.
On the contrary, writing a cache line in our proposed
MCWM only needs to update one PCM line.

IV. EXPERIMENT RESULTS

We evaluate our design by using the execution-driven pro-
cessor simulator GEM5 [10] and the cycle-level memory simu-



Parameter Value

System 4-core CMP, 4 GHz
Execution Core Alpha-like out-order processor
L1 Cache 32KB I-cache, 32KB D-cache
L2 Cache Latency 20ns, 1MB, 4-way, 64B

cache line
L3 Cache Latency 50ns, 32MB, 8-way, 64B

cache line
Memory Controller 28 read/write queue entries,

read priority scheduling (unless
𝑊𝑅𝑄 > 80%𝑓𝑢𝑙𝑙)

Memory Organization 1 ranks, 8 bank/rank
PCM read latency MSB: 125ns, LSB: 250ns
PCM write latency SET: 125ns, RESET: 250ns; Write

model: F1 = 0.375, F2 = 0.625, i =
2 for ’01’; F1 = 0.425, F2 = 0.675,
i = 2 for ’10’; fixed 1 iteration for
’00’, fixed 2 iterations for ’11’
TABLE I

SIMULATION PARAMETERS

lator NVMain [11]. Table I shows the parameters of simulated
processor and PCM. The processor simulated has four out-
order cores with 32 MB L3 cache. The read latency of PCM
MSB and MLB is set as 125ns and 250ns, respectively [2]. We
also apply multiple program-and-very iterations [1]–[3], [12]
to model writing. In addition, due to slow writing, reads are
prioritized over writes until the occupancy of write requests
in the memory I/O queue reaches 80%, which has been
recommended by other researchers [1]–[3], [12].

We construct 10 multi-programmed workloads by combin-
ing multiple applications selected from the SPEC CPU 2006
benchmark suit. Most of these combined applications have
a relatively small amount of memory writes since our study
focuses on the impact of the memory read latency on the
overall system performance. In addition, we also include mem-
ory write intensive workload 𝑀𝐼𝑋1. All applications in each
workload run in parallel. Each application is fast-forwarded
15 billion instructions and then 300 million instructions are
simulated.

Table II summarizes key characteristics of these workloads,
including memory Read Per Kilo Instructions (RPKI), memory
Write Per Kilo Instructions(WPKI). While our L3 cache has
32MB and is smaller than the one used in other studies [1], [2],
the intensity of memory accesses measured in our workloads
is very close to theirs and thus we believe a larger L3 cache
is unnecessary.

We compare MCWM with the baseline scheme that does not
incorporate any read or write optimization. We also compare
MCWM with two recently proposed techniques, including
Write Pause (WP) [1] and Striped PCM (SPCM) [7]. Since
WP takes advantages of iterative write algorithms to suspend
writes, WP is complementary to MCWM and SPCM, which
focus on optimizing reads directly. Therefore, we will com-
bine MCWM and SPCM with WP, which is refereed to as
WP+MCWM and WP+SPCM, respectively.

A. MSB Hit Rate

The MSB hit rate (MHR) is defined as the percentage of
memory read accesses whose critical word is stored in MSBs

Workload Description RPKI WPKI
MIX1 astar, astar, astar, astar 2.23 1.01
MIX2 astar, cactusADM, libquantum, soplex 0.72 0.04
MIX3 cactusADM, cactusADM, gobmk,

gobmk
1.88 0.81

MIX4 soplex, sooplex, sjeng, sjeng 0.4 0.01
MIX5 bwaves, soplex, sphinx3, cactusADM 1.13 0.12
MIX6 sphinx3, cactusADM, gromacs, om-

netpp
0.46 0.03

MIX7 mcf, xalancbmk, GemsFDTD, lbm 1.03 0.22
MIX8 mcf, GemsFDTD, povray, perlbench 0.21 0
MIX9 mcf, GemsFDTD, perlbench, gcc 0.39 0.02
MIX10 GemsFDTD, lbm, povray, namd 0.24 0

TABLE II
CHARACTERISTICS OF 10 WORKLOADS FOR A FOUR-CORE SYSTEM
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Fig. 5. MSB Hit Rate Comparison for SPCM and MCWM

of MLC cells. A higher MHR means more read requests can
benefit from the low latency of MSBs. Figure 5 compares the
MHR of SPCM and MCWM. As expected, SPCM places the
even lines at MSBs and hence 50% of read requests are served
by MSBs. In contrast, MCWM stores the first half of a cache
line to the MSBs and the first half is very likely to contain
critical words of the corresponding cache line as shown in
Figure 3. MCWM’s MHR is significantly larger than 50%.
For example, workload 𝑀𝐼𝑋3 has very strong critical word
regularity and its MHR is close to 100%. The average MHR
of all workloads studied in this paper reaches 85%, which is
consistent with critical word distribution presented in Figure 3.

B. Read Latency

Figure 6 presents the reduction of read latency of MCWM
over the baseline, and compares it with the other optimization
schemes. We have the following observations.

First, MCWM achieves more read latency reduction than
SPCM. For example, on average MCWM reduces read latency
by 27.5% compared with the baseline, and it outperforms
SPCM by 12.5%. This is because MCWM’s MHR is higher
than SPCM and accordingly more read requests benefit from
low-latency MSBs.

Second, while WP can effectively reduce read latency for
write-intensive workloads, such as 𝑀𝐼𝑋1, it has less chance
to reduce read latency for non-write-intensive workloads, such
as 𝑀𝐼𝑋4. In those read intensive workloads, both MCWM
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and SPCM can more effectively reduce read latency. For
example, in workload 𝑀𝐼𝑋9, MCWM and SPCM can reduce
read latency 21% and 13% more than WP respectively. On
average, MCWM and SPCM achieve 15% and 3% more read
latency reduction respectively.

Third, MCWM and SPCM can be effectively combined
with WP. The formers directly optimize reads while the
latter indirectly optimizes reads by pausing writes. After WP
successfully mitigates the negative impact of slow writes on
performance, slow MLC reads become a new performance
limiter. Our experimental results show that MCMW+WP and
SPCM+WP achieve latency reduction 25% and 14% more than
WP on average.

C. IPC

Figure 7 shows the IPC improvement over the baseline in
log scale. The experiment results confirm that MCWM’s re-
duced read latency is directly translated into performance gain.
Since workload 𝑀𝐼𝑋3 is both read and write intensive, the
memory slows down the overall performance significantly. Un-
der such workload, MCWM and SPCM successfully improve
the IPC with 882.2% and 884.2% respectively. Excluding
𝑀𝐼𝑋3, on average MCWM and SPCM outperform baseline
with 13.7% and 7.6% respectively. In addition, MCWM and
SPCM outperform WP by 11.7% and -5% when they are
combined with WP. It is noted that 𝑀𝐼𝑋5 and 𝑀𝐼𝑋9 are
very heterogeneous in terms of memory intensity. If IPC is
improved, more memory requests are generated under these
two workloads, which block the execution of other applica-
tions that have less memory requests. Therefore, the average
IPC for four cores is decreased even thought read latency is
reduced under some workloads.

V. RELATED WORK

The following summarizes closely related work from two
aspects: optimizing read and write on PCM, and critical word
first.

Several research projects have aimed to hide the long write
latency of PCM. Ref. [13] adds a buffer to each PCM bank

and exploits the data locality to mitigate the slow write. They
further propose a partial write strategy for a cache line to
reduce the amount of data written to PCM. Flip-N-Write [14]
and RBW/DI [15] use a simple read-modify-write technique
to write either flipped or unflipped data to reduce write time.
Write cancellation and write pausing [1] are proposed to indi-
rectly improve the PCM read performance. Write cancellation
aborts an on-going write for a newly-arriving read request
targeted to the same bank if the write operation is not close to
completion. Recently, write truncation and form switch [2] are
proposed to improve write performance for the multi-level-cell
PCM. Based on the observation that not all bits for a block
of data need the same number of write iterations, the write
truncation early terminates the write iteration when most bits
have been successfully written and then recover the data with
extra error correction code during reading. In addition, PCM
needs high levels of electrical current to write to a PCM cell
and thermally change its state. Delivering such high levels
of power is a challenge for both PCM chips and the system.
Ref. [3], [12], [16]–[19] work on write power management
to address write throughput loss due to limited power budget
inside PCM chip. After PCM write optimizations are deployed,
the high read latency become an emerging performance limiter
in MLC PCM.

High read latency of MLC PCM has drawn important
attentions. SPCM [7] first addresses this issue by exploiting
the MSBs low read latency. It strips a line across two PCM
data blocks and maps an even line and an odd line to MSBs
and LSBs inside two paired blocks respectively. Writing one
line to PCM, SPCM needs to write two paired PCM blocks,
which not only consume more energy but also reduces PCM
reliability. Our design has no such limitations.

Transferring critical word before other words can reduce
processor stall time since the other words are not needed
immediately [20], [21]. Ref. [5] observes critical word access
regularity and exploits this insight to optimize L2 cache
performance and energy efficiency. Recently, Ref. [6] further
confirms that the first word (word 0) of cache lines accounts



for a significant number of cache line fetches. They propose
to store word-0 in the lower access latency DRAM and other
words in the other DRAM with higher access latency to
improve heterogeneous DRAMs performance. In this paper,
we propose to store words in the first half of a cache line at
MSBs of MLC cells to reduce PCM read latency.

VI. CONCLUSION

Multi-level-cell (MLC) PCM achieves higher storage den-
sity than single-level-cell (SLC) at the cost of inferior write
and read performance. Slow read latency can become a per-
formance limiter in MLC, particularly under read-intensive
workloads. This paper presents and evaluates a new and simple
bit mapping scheme, called MCWM, which takes advantage
of the latency difference between reading most-significant-bits
(MSBs) and least-significant-bits (LSBs) of a MLC cell to
improve read performance. At the bit level, MCWM strips all
bits of a cache line among MLC cells of a PCM line. Taking
2-bit MLC for example, MCWM maps the first half of a cache
line to MSBs of MLC cells, and maps the second half to LSBs.
This simple mapping strategy fully leverages the distribution
regularity of critical words. For SPEC CPU’06 benchmark
studied in this paper, on average 87% of critical words are
located within the first half of a cache line. On a cache miss,
MCWM allows the critical word of the missed cache line to
be fetched from multi-level-cell (MLC) at a speed as fast as
single-level-cell (SLC), thus reducing the processor stall time.

Experiment results of 10 multi-programmed SPEC CPU
2006 workloads on a four-core out-order system with MLC
PCM show that MCWM successfully reduce the read latency
of standard MLC PCM baseline by 27.5%, and improve IPC
by 17.3% on average (excluding workload 𝑀𝐼𝑋3). Workload
𝑀𝐼𝑋3 is both read and write intensive, the performance
gain of MCWM is even more significant and the IPC is
almost 8 times better than the baseline. On average, MCWM
reduces read latency 12% and 15% more than SPCM and WP
respectively. Lastly, MCWM can further reduce read latency
by 25% on average when working with WP.

MCWM can be easily implemented at the memory con-
troller level It does not introduce hardware overhead since no
extra hardware components is required. It also does not incur
software overhead since the bit mapping is very simple. No
memory space overhead will be generated since the proposed
mapping scheme is fixed and no status bits needs to be
recorded.
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