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Abstract— The STT-MRAM technology is a promising candidate for future on-chip cache memory because of its high
density, low standby power, and nonvolatility. As the technology
node scales, especially under 40-nm technology node, STTMRAM cell design becomes a key issue to approach low power
consumption, high access performance, and desirable reliability.
The conventional 1T-1 magnetic tunnel junction (MTJ) and
2T-2MTJ cell designs cannot address these challenges efficiently.
In this paper, we propose a novel 3T-3MTJ cell structure using
the advanced perpendicular MTJ (p-MTJ) technology. It can
store 2 bits with three MTJs. The differential sensing technique
can be used to read out the most significant bit as fast as the
2T-2MTJ design. The sensing latency of 2 bits within the same
cell is almost the same as the sensing latency of the 1T-1MTJ cell
design. Therefore, the 3T-3MTJ cell can have the advantages of
both 2T-2MTJ and 1T-1MTJ cells. Circuit-level simulations show
that the proposed 3T-3MTJ cell structure can achieve a desirable
tradeoff between storage density, access performance, and energy
consumption compared to the prior 1T-1MTJ and 2T-2MTJ
cell structures. Additionally, we propose a novel adaptive cache
design based on the 3T-3MTJ cell structure, which can work in
different modes to satisfy various memory access demands from
different applications. Architecture level simulations validate the
effectiveness of the proposed cache design.
Index Terms— Adaptive cache design, LLC, sensing circuit
design, STT-MRAM.

I. I NTRODUCTION

T

HE STT-MRAM is a promising candidate for the cache
memory, because it has high density, fast access speed,
ultralow static power, and nonvolatility. It draws enormous
attentions from both academia and industry. The relevant
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research topics cover from device-level optimizations to architecture innovations [1], [2]. STT-MRAM technology relies on
the magnetic tunnel junction (MTJ) to store data. An MTJ
has two distinct states, i.e., the high and low resistance states
according to the magnetization of the MTJ. By sensing the
MTJ resistance, data can be read out from memory cells.
Depending on the magnetic anisotropy used for data retention,
the MTJ fabrication technology can be classified into the inplane MTJ or the perpendicular MTJ (p-MTJ). The former
takes advantage of shape anisotropy for data retention while
the latter stores data with perpendicular magnetic anisotropy.
Since the p-MTJ has better scalability with the technology
node shrinking [3], we focus on p-MTJ-based STT-MRAM in
this paper.
In order to obtain high storage density, the 1T-1MTJ cell
structure is proposed and widely used in prototypes and
commercial products [4], [5]. Additionally, the simple structure of 1T-1MTJ cell makes the memory fabrication much
easier. Unfortunately, it has some drawbacks. First, the sensing
procedure requires the reference cell for comparison, which
introduces nonnegligible area overhead. Second, the sensing margin is small, which degrades read performance and
threatens sensing reliability. To deal with these problems, the
2T-2MTJ cell structure is proposed to increase read margin and
sensing speed through the differential sensing scheme [6]. But
its storage density halves, compared to that of the 1T-1MTJ
cell design, which may increase miss rate and degrade access
performance when STT-MRAM is used as on-chip LLCs.
In this paper, a novel 3T-3MTJ cell structure is proposed
to combine benefits of above two cell structures. By the
appropriate mapping from data to MTJ states, a cell can
store 2-bit data. The most significant bit could be read out
by the conventional 1T-1MTJ sensing scheme while the least
significant bit can be read out with the differential sensing
scheme used in the 2T-2MTJ cell. Since the sensing circuitry can be shared among different columns in the memory,
the peripheral circuit overhead can be amortized effectively.
Extensive circuit level simulations show that the proposed
3T-3MTJ cell structure can achieve a desirable compromise
among storage density, performance, and scalability. Then,
an adaptive STT-MRAM LLC design is proposed using the 3T3MTJ cell. It can work in either “fast accessing” mode or “high
density” mode. In the first mode, only the least significant
bit is read out to obtain fast access speed. In the second
mode, both bits are sensed out to obtain high storage density.
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Fig. 1. STT-MRAM cell structure. (a) 1T1MTJ STT-MRAM cell. (b) Parallel
state (low resistance). (c) Antiparallel state (high resistance).

The polymorphism provided can satisfy different cache access
demands of running applications. Compared to conventional
STT-MRAM LLCs, the adaptive cache design can have better
access performance.
Our main contributions are listed as follows.
1) A novel 3T-3MTJ cell structure is proposed to make
a better tradeoff of pertinent design metrics. It has the
merits of both 1T-1MTJ and 2T-2MTJ designs.
2) Circuit simulations are performed to compare the 3T3MTJ cell with the 1T-1MTJ and 2T-2MTJ cell structures in terms of storage density, power consumption,
access performance, and reliability. Simulation results
validates the efficiency of the 3T-3MTJ cell design.
3) We take advantage of the 3T-3MTJ cell structure, and
propose an adaptive architecture for STT-MRAM-based
LLCs. It can work in different modes to meet various
memory access demands of running applications. The
architecture level evaluations show that the proposed
adaptive cache design can improve cache performance
effectively.
The rest of this paper is organized as follows. Section II
introduces the preliminaries of STT-MRAM technology and
several representative cell structures. The analysis of their
respective pros and cons motivate this paper. Section III
presents the 3T-3MTJ cell design and its working principle.
Section IV evaluates the 3T-3MTJ design compared to the
1T-1MTJ and the 2T-2MTJ designs in terms of access performance, energy consumption and area at both cell and memory
array level. Section V presents the adaptive cache design with
the 3T-3MTJ cell. The evaluation of the adaptive cache design
is also illustrated in this section. Related work is described in
Section VI, and Section VII concludes this paper.
II. P RELIMINARIES OF STT-MRAM T ECHNOLOGY AND
T YPICAL C ELL S TRUCTURES
In this section, we first introduce the background of STTMRAM technology and then discuss several representative cell
structures adopted in STT-MRAM chips.
A. Introduction of p-MTJ-Based STT-MRAM
STT-MRAM uses MTJs to store data. An MTJ mainly
consists of a free layer, a pinned layer, and an oxide layer,
as shown in Fig. 1. In this paper, we focus on p-MTJ-based

Fig. 2. R–V curve of 50-nm p-MTJ used in the paper (calibrated with
measurements from [9]) and spin torque angular momentum switching curve
(the inset of the figure).
TABLE I
PARAMETERS OF THE MTJ M ODEL

STT-MRAM as it requires much smaller switching current and
has better technology scalability compared to the in-plane MTJ
technology [3]. As shown in the figure, the magnetization of
the free layer can be changed to be parallel or antiparallel
to that of the pinned layer when a specified spin polarized
current passes through it. If the magnetization of the free
layer is switched to be antiparallel with that of the pinned
layer, the MTJ resistance is changed from Rp to Rap , and
“1” is written. Otherwise, “0” is written. The tunnel magneto resistance ratio (TMR), which is defined as TMR =
((Rap − Rp )/Rp ), plays a key role in read reliability. The
larger TMR is, the easier we can distinguish “1” from “0.”
The typical TMR value varies varies from 100% to 200%
according to measurements from available prototypes [7], [8].
B. MTJ Modeling
To characterize the memory cell, an accurate MTJ model is
essential. In this paper, we adopt the MTJ model proposed
in [10] for STT-MRAM cell evaluation as the model can
support p-MTJ simulation. The MTJ model is built on LandauLifshitz-Gilbert equation and Green’s function model. Then,
the simulation results are calibrated with the measurements
from the prototype chip proposed in [9]. The MTJ R-V curve
and the spin torque angular momentum switching curve are
plotted in Fig. 2. The MTJ parameters used in the simulation
are listed in Table I. In the table, R p is the parallel resistance
of the MTJ, K u is the uni-axial anisotropy constant, α is the
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Fig. 4.

Fig. 3.

2T-2MTJ cell structure [18].

Gillbert damping factor, Ms is the saturation magnetization of
the free layer, Tm is the thickness of the free layer, Tox is the
thickness of the insulating layer, and γ is the gyromagnetic
ratio.
C. 1T-1MTJ Cell Structure
The 1T-1MTJ structure is one of the most widely used
cell structures [4], [11]. As shown in Fig. 1, a 1T-1MTJ
cell is composed of one transistor and one MTJ. To read the
data out, the word line is asserted. Then, a voltage/current is
applied between bitline and source line. The current flowing
through/voltage generated over MTJ is compared to that of
the reference cell to identify the data. The reference cell is
composed of the high-resistance MTJ in antiparallel state and
the low-resistance MTJ in the parallel state, and its resistance
is (Rap + Rp )/2. Despite of the simple structure, the 1T1MTJ cell has several drawbacks. First, since the TMR ratio
is only about 100%–200% for current p-MTJ technology,
the sensing margin is limited. Additionally, the reference cell
usually locates at a specific position in the wordline and
may have significantly different process variations compared
to those cells far away from it, which may have degraded
read reliability further. As the technology node continuously
advances, the sensing reliability can be further limited by
the aggravating process variation. Furthermore, small sensing margin also negatively affects sensing latency and read
performance. As STT-MRAM technology is usually used
for cache memory, long sensing latency may cause severe
system performance degradation. Moreover, to enlarge sensing
margin, it is necessary to apply large read current/voltage,
which may introduce read disturbance [12]. Finally, it requires
reference cells for sensing signal comparisons, which incurs
extra area overhead.
D. 2T-2MTJ Cell Structure
To overcome drawbacks mentioned above, the 2T-2MTJ cell
is proposed to improve sensing performance and reliability [6].

3T-3MTJ cell structure and the sensing circuit.

As shown in Fig. 3, the 2T-2MTJ cell structure consists
of two MTJs with complementary states. And the SAs are
shared by several cell columns and controlled by the column
decoder. For instance, assuming the left MTJ is in parallel
state, and the right one is in antiparallel state, we designate
“0” to this configuration. Otherwise, data “1” is stored in the
cell. This structure eliminates the reference cell because data
can be read out by sensing the resistance difference of the
two MTJ branches. Since the two MTJs in one cell have
complementary states, the sensing margin is larger than that of
the 1T-1MTJ cell. Thus, sensing reliability and sensing speed
can be improved. Unfortunately, it also has some shortcomings. First, it uses two MTJs to store 1 bit, which reduces
area efficiency by about 50%. Second, it requires to switch
two MTJs simultaneously to change the stored data, which
increases write energy significantly.
E. Other STT-MRAM Cell Structures
The 4T-4MTJ cell is proposed based on the 2T-2MTJ
cell [6]. When reading data from the cell, two word lines
are asserted and each bitline sinks current flowing from two
MTJs on the same side, which doubles the read current and
sensing speed. However, it makes storage density even worse.
The 3T-2MTJ is another dual memory cell, which can be
used in normally off computing [13]. The bitline pair can be
driven to write data in complementary MTJs. The 4T-2MTJ
cell structure proposed in [14] operates like the SRAM but the
leakage power can be reduced dramatically. However, these
cell structures require more transistors, higher write voltage,
and incur large area overhead compared to the 1T-1MTJ and
2T-2MTJ cell structures.
III. 3T-3MTJ STT-MRAM M EMORY C ELL D ESIGN
By considering the cons and pros of the exiting STT-RAM
cell structures, a novel 3T-3MTJ cell structure is proposed,
which can significantly promote memory cell density and
performance of STT-MRAM LLCs. In this section, we present
details of our design, including the cell structure and the
peripheral circuitry to support read and write operations.
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TABLE II
M APPING B ETWEEN MTJ C ONFIGURATIONS AND D ATA
S TORED IN THE C ELL

A. 3T-3MTJ Cell Structure
Fig. 4 depicts the 3T-3MTJ cell structure. Three MTJs in a
cell are denoted as MTJ0, MTJ1, and MTJ2, respectively, from
the left to the right. Different from the 1T-1MTJ and 2T-2MTJ
cell structures, it can store 2-bit data in a cell according to
different MTJ resistance combinations. MTJ0 can be either in
parallel or antiparallel state while MTJ1 and MTJ2 should be
always in complementary states. As the result, MTJ0 can be
used to store 1 bit (we assume that it is the most significant bit
in this paper), and MTJ1 and MTJ2 together form a reference
cell in this case. On the other hand, MTJ1 and MTJ2 together
can store another bit (the least significant bit). Since MTJ1 and
MTJ2 are always in complementary states, the differential
sensing technique can be used to read the least significant
bit. The mapping of MTJ states and the data stored in the cell
are shown in Table II.

Fig. 5.

Read operation waveforms of the 3T-3MTJ cell structure.
TABLE III

D EVICE PARAMETER D ISTRIBUTIONS IN M ONTE C ARLO S IMULATIONS

B. Sensing Circuit Design and the Read Operation of the
3T-3MTJ Cell
The 3T-3MTJ cell sensing scheme is shown in Fig. 4.
MTJ0 is sensed by the two-stage sensing circuit using
MTJ1 and MTJ2 as the reference cell, which is similar to
the sensing scheme in [15]. The first stage sensing circuit
is shown in the top part of the figure. It converts sensing
current to voltage and compare the current in the reference
branch with that of the data branch. The second sensing stage
amplifies the output from the first stage to the full-swing
signal. Considering the read operation of the least significant
bit, MTJ1 and MTJ2 having complementary states can be
sensed by the differential sensing circuit, as shown in the
bottom part of Fig. 4. We adopt the differential sensing circuit
proposed in [16].
The read data process is as follows. First, the word line
and source line are asserted, the connections drawn in dashed
lines in Fig. 4 take effect to construct the current mirror on two
reference branches. Since the sensing enable signal of MTJ0 is
asserted at this stage, the most significant bit is read out.
Then, the connections drawn in dashed lines are cutoff. The
two reference branches (the branch containing MTJ1 and the
branch containing MTJ2) become independent of each other.
At this stage, the differential sensing enable signal is asserted
to read the least significant bit. Fig. 5 shows signal waveforms
during the read operation. The simulation results are performed
using Cadence Spectre with 45-nm PTM model [10] and
50-nm p-MTJ model [9]. The parameters of the MTJ model are
shown in Table II. As shown in the figure, the most significant
bit is first read out with 2.382-ns latency. The least significant

bit can be read out much faster with only 395-ps latency
due to fast speed of the differential sensing scheme. In other
words, the relatively longer 3-ns sensing delay can bring 2-bit
information.
In order to evaluate the effectiveness of our proposed
sensing scheme considering the process variations, we performed 500 Monte-Carlo simulations on the sensing circuit.
The MTJ and transistor parameter distributions are shown
in Table III. All parameter distributions are assumed to obey
Guass distribution. The thickness variation of the insulting
layer and the diameter variation of p-MTJ are assumed to
be 3σ = 6%. Then, the MTJ resistance variation can be
derived by HSPICE simulation, which is listed in the table as
well. Then, the MTJ variation combined with the variations
of CMOS transistors are taken into account for Monte-Carlo
simulations. The results are shown in Fig. 6. As shown in
the figure, both the two sensing stages can read out data
reliably taking process variations into consideration. If read
disturbance happens, and the data are corrupted during read
operation, the error correction scheme can be adopted to
improve read reliability, such as the ECC technique and the
error detection technique proposed in [17] and [18].
C. Analysis of Write Operation
The write current can switch MTJ to “AP” or “P” state.
This process can be achieved by applying negative or positive
voltage between bitline and source line. When the word line

488

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 26, NO. 3, MARCH 2018

design based on the 3T-3MTJ cell and compare it with the
1T-1MTJ and 2T-2MTJ counterparts at the array level.
A. Cell Level Evaluations and Comparisons

Fig. 6. Monte-Carlo simulation results for the 3T-3MTJ cell. (a) Sensing of
the most significant bit. (b) Sensing of the least significant bit.

is asserted, the write current flows through three MTJs simultaneously to write the corresponding bits (refer to Table II for
the mapping from MTJ states to data bits). Considering tha
the write energy of STT-MRAM is much higher than that of
SRAM, some optimizations could be adopted to reduce the
total write energy. For instance, the read-compare-write technique proposed in [20] could be used. Since the write energy
optimization scheme is orthogonal to our cell design, these
effective techniques can be used in the cell design as well.
Next, we compare the cell write energy of the 1T-1MTJ,
2T-2MTJ, and 3T-3MTJ cell structures. Considering the data
pattern written to STT-MRAM, assume that the possibility of
the most significant bit to be changed is x% while that of the
least significant bit is y%. Additionally, we assume the write
energy per bit is e [i.e., e = max(ep→ap , eap→p )].1 Assume that
the read-compare-write policy [20] is adopted, only changed
bits need to be written. Hence, the write energy for the 3T3MTJ 3T-3MTJ cell is: e × x% + 2e × y% since the writing
of the least significant bit requires to switch two MTJs. The
write energy of the 2T-2MTJ cell is: 2e × x% + 2e × y%,
and that of 1T-1MTJ cell is: e × x% + e × y%. Assume the
possibility of changing each bit is the same, i.e., x% = y% =
p. Then, the write energy per bit of the 1T-1MTJ cell is ep,
that of the 2T-2MTJ cell is 2ep, and that of the 3T-3MTJ is
3ep/2 = 1.5ep.
IV. E VALUATIONS OF THE 3T-3MTJ-BASED STT-MRAM
D ESIGN AND C OMPARISONS W ITH THE 1T-1MTJ AND
2T-2MTJ-BASED C OUNTERPARTS
In this section, we first compare different cell design styles
at the memory cell level. Then, we present the memory array
1e
p→ap is the write energy of switching the MTJ from “P” state to “AP”
state, and eap→p is the write energy of switching the MTJ from “AP” state
to “P” state.

In this paper, p-MTJ model developed in [9] and 45-nm
PTM transistor model from [10] are used to perform the hybrid
CMOS/MTJ circuit simulations. Design parameters of the MTJ
and transistors are shown in Tables I and III. The layouts
of different cell designs are shown in Fig. 7. It indicates
that the 1T-1MTJ cell has the smallest cell area, which is
0.38 μm × 0.18 μm = 27.36F 2. Since the 2T-2MTJ design
utilizes two MTJs to store 1 bit, the area overhead is larger,
which is 0.93 μm × 0.18 μm = 66.96F 2. The area of the
3T-3MTJ cell is the largest, which is 1.13 μm × 0.18 μm =
81.36F 2. Note that the 3T-3MTJ cell layout can use source
line sharing technique [4] to reduce the area overhead. Since
a 3T-3MTJ cell stores 2 bits, its cell area per bit is 40.68F 2.
Therefore, the area efficiency of the 3T-3MTJ cell is much
higher than the 2T-2MTJ cell (2X higher storage density), and
is comparable to the 1T-1MTJ cell.
As shown in Fig. 4, the first stage of the sensing circuit
of the 3T-3MTJ cell is the same as that of the 1T1MTJ cell.
Additionally, it can be reused by the differential sensing of the
least significant bit. Therefore, compared to the sensing circuit
of the 1T-1MTJ and 2T-2MTJ cells, the sensing circuit of
the 3T-3MTJ cell only requires the duplication of the sensing
amplifier in the second stage,2 the sensing circuit can be shared
by different columns, which can amortize the peripheral circuit
overhead further. The column select signal generated from
the column decoder can select the column from the columns
sharing the same sensing amplifier. Then, the SA select signal
determines which sensing amplifier outputs the data.
We evaluate the read performance of different cell structures
with the simulation settings mentioned above. The read latency
of the 1T-1MTJ cell is 2.3 ns, that of the 2T-2MTJ cell is
0.2 ns, and that of the 3T-3MTJ cell is 3 ns, including 2.6 ns
to read the most significant bit and 0.4 ns to read the least
significant bit. Then, the read latency per bit of the 3T-3MTJ
cell is 1.5 ns. Since the 2T-2MTJ cell can take advantage of the
differential sensing, read latency is the smallest. Read energy
of the 1T-1MTJ cell is 0.4 pJ, that of the 2T-2MTJ cell is
26 fJ, and that of the 3T-3MTJ cell is 0.5 pJ. Read energy of
the 2T-2MTJ cell is the smallest because sensing latency can
be reduced significantly with the differential sensing.
Since write operations on MTJs within the same cell can
begin simultaneously, write latency is the same for three cell
structures. The write energy per MTJ is 4.7 pJ (the energy to
switch MTJ from “P” to “AP”). Write energy of the 1T-1MTJ
cell is 4.7 pJ, that of the 2T-2MTJ is 9.4 pJ, and that of the
3T-3MTJ cell cell is 14.1 pJ. Hence, write energy per bit of
the 3T-3MTJ cell is 7 pJ.
As technology node shrinks, the gap between read and write
current becomes narrower, and the read reliability especially
the read disturbance becomes a severe concern for STTMRAM. Read disturbance is flipping MTJ state accidentally
2 One is used for sensing the most significant bit, the other is used for
sensing the least significant bit. As shown in Fig. 8
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Fig. 7.

Layout of (a) 1T-1MTJ cell, (b) 2T-2MTJ cell, and (c) 3T-3MTJ cell.

Fig. 8.

Memory array design using 3T-3MTJ cell structure and the sensing amplifier sharing scheme.

during the read operation. So, it is a kind of destructive
read. In order to mitigate read disturbance, read current has
to be reduced, which shrinks sensing margin and increases
read decision failure rate inversely. The compromise between
decision failure and read disturbance has made it even more
challenging for deeply scaled STT-MRAM design. Note that
since read current always flows in one direction, read disturbance can only occur in one switching direction. We assume
that read disturbance only affects bit “1.”
Recall that the 3T-3MTJ cell sensing structure combines
sensing schemes of the 1T-1MTJ and the 2T-2MTJ cells
together. The sensing current of the 2T-2MTJ cell and the
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current sensing the least significant bit of the 3T-3MTJ cell
are smaller than the sensing current of the 1T-1MTJ cell. The
read disturbance rate of the 3T-3MTJ cell is determined by
the sensing of the most significant bit. To correct read errors,
the error correcting techniques [17], [19] can be used. It is
relevant to design for reliability of STT-MRAM, and is out of
the scope of this paper.
B. Memory Array Level Evaluations and Comparisons
A few memory array designs with different capacities are
evaluated based on above three memory cell structures. The
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Fig. 9. Cache memory area comparisons with different capacities based on
three different cell structures.

Fig. 11. Cache memory read energy comparisons with different capacities
based on three different cell structures.

Fig. 10. Cache memory read latency comparisons with different capacities
based on three different cell structures.

Fig. 12. Cache memory write energy comparisons with different capacities
based on three different cell structures.

simulations are performed using NVSim [21]. The cell configuration parameters are extracted from the cell level simulations
as mentioned above. Different from cell level evaluation,
memory array level simulation considers the address decoding
logic, peripheral circuits, and parasitics of word lines and
bit lines. The memory array area comparisons are shown
in Fig. 9. As shown in the figure, the 1T-1MTJ cell has
the highest storage density, while the 2T-2MTJ cell has the
smallest storage density. Although the 3T-3MTJ cell has the
largest area, it stores 2 bits per cell. So the cache memory area
is similar to that of the 1T-1MTJ cell. When cache capacity
increases over 8 MB, the 2T-2MTJ-based memory can be
118% larger than the 1T-1MTJ-based memory, and 48.7%
larger than the 3T-3MTJ-based memory.
Read performance comparisons are plotted in Fig. 10.
It indicates that the 2T-2MTJ-based memory has the fastest
sensing speed. The sensing speed of the 3T-3MTJ-based
memory lies between the 1T-1MTJ-based memory and the
2T-2MTJ-based memory. Another interesting point is that as
the cache capacity increases, the sensing speed advantage
of the 2T-2MTJ-based memory becomes less significant.
It is because as the capacity increases, the area overhead of
the 2T-2MTJ-based memory is more significant. The delay
caused by interconnect parasitic capacitance will play a more
important role. Whereas, both the 1T-1MTJ and the 3T-3MTJbased memory arrays can benefit from reduced parasitics
on the interconnect due to smaller area. From the figure,
we can observe that when cache capacity is larger than 4 MB,

interconnect delay of the 2T-2MTJ-based cache increases
quickly compared to those of the 1T-1MTJ and the 3T-3MTJ
designs.
Read energy comparisons for reading a 64-byte cache line
are shown in Fig. 11. It shows that when cache capacity
is small, read energy of the 2T-2MTJ-based cache is the
smallest because of the fast sensing speed of the differential
sensing. Read energy of the 1T-1MTJ-based cache is the
largest. However, when the capacity is larger than 1 MB,
read energy of the 3T-3MTJ-based cache becomes the smallest
because the 3T-3MTJ-based design can take advantage of
the differential sensing while keep the area overhead much
lower than the 2T-2MTJ-based design. At the same time, read
energy difference between the 2T-2MTJ and the 1T-1MTJbased cache becomes smaller as capacity increases. Overall,
the 3T-3MTJ-based design is effective over the whole range
of cache capacity considered.
Write latency of the memory array is dominated by the
cell level write latency. Write latencies of three cell structures
are the same since write operations on MTJs in the same
cell can begin simultaneously. Write energy comparisons are
shown in Fig. 12. As shown in the figure, the 2T-2MTJbased cache consumes the largest energy since it requires
to flip two MTJs per bit. The 1T-1MTJ-based cache has the
smallest write energy, and the 3T-3MTJ-based cache consumes
write energy in between. As write energy is dominated by the
cell-level write energy, it strongly depends on the number of
MTJs to be flipped per bit during write operations. This is
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TABLE IV
PARAMETERS OF W RITE T RAFFIC S IMULATION

Fig. 13. Illustration of MTJ flipping count of 2T-2MTJ and 3T-3MTJ cell
designs. (a) 3T-3MTJ: effective write = 25% × (1+2+3) = 1.5. (b) 2T-2MTJ:
effective write = 25% × (2 + 2 + 4) = 2.

different from read operations. We will discuss write energy
improvements by analyzing MTJ flipping possibilities during
the write operations in the following section.
C. Analysis of MTJ Flipping Possibilities in
Different Cell Structures
In the following analysis, we assume the read-comparewrite scheme proposed in [20] is adopted in write operations to
reduce write energy of STT-MRAM-based cache. We focus on
the number of MTJs to be flipped during write operations. The
difference of the number of MTJ flips in the 2T-2MTJ and 3T3MTJ cell structures is analyzed as follows. Fig. 13 illustrates
the number of MTJ flips in every possible write transaction
for the 2T-2MTJ and 3T-3MTJ cell structures. For instance,
in order to write 2-bit data to the 3T-3MTJ cell with original
data “00” stored. The probabilities of the MTJ switch to “00,”
“01,” “10,” and “11” are the same, i.e., p = 0.25. All MTJs
retain their original states if “00” is written in the following
write. Two Two MTJs need to be flipped in “00” → “01.” For
“00” → “10” case, one MTJ will be switched. Considering the
case “00” → three MTJs should be flipped. In our example,
the effective MTJ flip count, when “00” is the original data,
should be 0.25 × 1 + 0.25 × 2 + 0.25 × 3 = 1.5 for the 3T3MTJ cell structure. Similarly, we can analyze other writing
scenarios, as shown in Fig. 13. Then, the effective flip count
count considering all possible operations can be calculated by
the following formula:
n
si Nflip
(1)
Cflip = i=0
Bcell
where Cflip represents the average number of MTJ flips per bit.
si is the probability of original state and Nflip is the number
of MTJ flips in every possible write. Bcell is the number of
bits stored in a cell. Therefore, the effective flip count per bit
for the 3T-3MTJ structure is 1.5/2 = 0.75. With the similar
analysis, the effective flip count per bit of the 2T-2MTJ cell
structure is 1. The 3T-3MTJ cell structure can save 25% MTJ
flips compared to the 2T-2MTJ counterpart.
D. Reliability Issue Due to Write Activities
According to this paper [22], it is known that the STT-RAM
endurance can be affected by the write current amplitude

Fig. 14. Effective flip count comparisons among different cell structures
when 1-MB STT-RAM is adopted as L2 cache.

and write frequencies. Since the write current injected
to each MTJ is the same for three types of cell designs,
we will investigate STT-MRAM lifetime from the write traffic
perspective. To evaluate the write activities when different
cell structures are employed, we simulate cache access
patterns on an alpha processor using gem5 [23] with 64-KB
SRAM L1 cache (instruction cache + data cache) and 1-MB
STT-RAM L2 cache. The architecture configurations are
listed in Table IV. The write traffic to L2 cache is obtained
through simulations on selective SPEC 2000 benchmarks. For
each benchmark, we fast forward 100 million instructions for
cache warm-up, and execute another 100 million instructions
for write traffic extraction. Additionally, the write traffic is
transformed to effective MTJ flip count according to the
definition mentioned in Section III. As shown in Fig. 14,
it can be observed that the 3T-3MTJ cell suffers from much
less effective MTJ flips compared to 2T-2MTJ cell. Therefore,
the 3T-3MTJ cell is more friendly to the memory’s lifetime.
In summary, the 1T1MTJ cell has the highest storage density
and the lowest write energy. The 2T-2MTJ-based cache can
approach fast sensing speed in small capacity of memory array,
but both read latency and energy consumption will become
severe concerns as the cache capacity increases. The 3T-3MTJ
cell design can obtain comparable storage density of the 1T1MTJ cell while can obtain comparable access speed of the
2T-2MTJ design especially for the large cache capacity.
To improve the reliability of STT-MRAM access operation,
many techniques can be adopted, such as ECC. However,
the detailed discussion of error correction scheme is out of
the scope of this paper, and is taken as our future work.
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TABLE V
E XPERIMENTAL A RCHITECTURE C ONFIGURATIONS

TABLE VI
A RCHITECTURE PARAMETERS U SED IN S IMULATION

Fig. 15. Illustration of the adaptive memory design based on 3T-3MTJ cells.

V. P OLYMORPHIC C ACHE D ESIGN AND E VALUATIONS
A. Adaptive Cache Design Based on the Proposed 3T-3MTJ
Cell Structure
In the previous section, we introduce the memory array
design based on the 3T-3MTJ cell structure and compare it
with the traditional 1T-1MTJ memory cell and the recently
proposed 2T-2MTJ cell in terms of energy, latency, and area.
From simulation results in Section IV, we could summarize
that the 1T-1MTJ, 2T-2MTJ, and 3T-3MTJ memory cells
exhibit different area densities, energy consumptions, and
access latencies. Since the 3T-3MTJ cell can store 2 bits and
the sensing speeds of 2 bits are different, we can build an
adaptive cache that can work in different modes to accommodate memory access demands from different applications.
There are two working modes in this adaptive memory array,
i.e., the high density mode and the fast accessing mode. In the
high density mode, 2 bits in a cell are read out during the read
operation. In the fast accessing mode, only the least significant
bit is read out. Therefore, the sensing speed of the fast
accessing mode is similar to that of the 2T-2MTJ cell, but the
cache capacity in this mode has half of the cache capacity in
the high density mode. If the working set of the application is
large, it will be configured into the high density mode to meet
the memory capacity demands. Otherwise, it will be set in
the fast accessing mode to approach high access performance.
Actually the transition among two working modes depends on
two factors: the first one is when to switch to another working
mode and the second one is how to implement the control
logic. A cache access monitor can be used to to profile the
application and capture the access characteristics as proposed
in [24]. Then, the working mode can be adjusted accordingly,
as shown in Fig. 15. Depending on the working mode, we can
control the sensing enable signal for the most significant bit in
each cell. At the same time, the latch register of the memory
array will be controlled to be the full width or cutoff by half.

B. Evaluations of the Proposed Adaptive Cache Design
We evaluate the STT-MRAM-based LLCs based on different cell structures. First, we use NVSim to obtain the
area of 4-MB 2T-2MTJ-based cache. Its area is 6.825 mm2 .
Then, we pick 8-MB 1T-1MTJ that occupies similar area with
4-MB 2T-2MTJ (5.76 mm2 ). To guarantee same experimental
condition, we simulate both 4-MB 3T3MTJ (3.989 mm2 ) and
8-MB 3T-3MTJ (7.531 mm2 ) whose average area (5.76 mm2 )
is same as that of 8-MB 1T-1MTJ-based cache. Therefore,
the 3T-3MTJ-based cache capacity is set to 6 MB (in the high
density mode) in our experiments. Their cache access latencies
can be obtained by NVSim simulation. After that, we use
gem5 [23] to evaluate the performance corresponding to each
cache configuration. The experimental architecture configurations are shown in Table V. The STT-MRAM-based cache
access latencies are listed in Table VI. SPEC 2000 benchmarks
are used in the simulation. In each simulation, we fast forward
100 million instructions and perform cycle accurate simulation
for another 20 million instructions.
The performance comparisons are shown in Fig. 16.
In the figure, x-axis represents different benchmarks, and
y-axis represents the instruction per cycle (IPC) of each
application, which is normalized to the 1T-1MTJ case. The
3T-3MTJ-based cache includes two simulation scenarios. One
denotes that of the high density mode, and the other denotes
that of the fast speed mode. In the fixed on-chip area, the 1T1MTJ-based cache can achieve the largest capacity while
the access latency is also the longest, thus being beneficial for
the capacity hungry access pattern with low requirement for
the access speed. For example, in the results of applu, the 1T1MTJ-based cache can achieve the highest IPC (2.6649).
The secondary high value comes from 6-MB 3T-3MTJ-based
cache (2.3819). Whereas, the 2T-2MTJ-based cache enables
the fastest access sacrificing the area. It could be suitable for
the access pattern having a strict requirement on the speed
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Performance comparisons of different cell designs when running (a) SPEC2000 integer benchmarks and (b) SPEC2000 floating point benchmarks.

but a low demand on cache capacity, as shown in Fig. 16. The
3T-3MTJ-based cache running in the fast speed mode has the
similar access speed to the 2T-2MTJ counterpart, and the high
density mode can compensate the area density shortcoming
for the capacity hungry access patterns. Hence, it is more
adaptive for different kinds of applications and can approach
desirable performance improvements for most applications.

mainly targeted to triple cell design without considering the
adaptive working mode, there were no discussions about how
to implement the adaptive working mode based on the “ASA”
design. Our presented cell design can switch between the high
density and the fast sensing modes to accommodate different
cache memory demands from applications.

VI. R ELATED W ORK

In this paper, we propose a novel 3T-3MTJ cell structure
with advanced p-MTJ achieving the better tradeoff among
area, read/write performance, and energy consumption. One
3T-3MTJ cell can store 2-bit data via the different resistance
state combinations of three MTJs. The peripheral circuit and
the adaptive memory access control scheme are also proposed
to support the 3T-3MTJ read and write operations considering
process variation effect. The simulation results performed on
circuit-level and architecture-level indicate that the 3T-3MTJ
cell has better read performance and read energy than the
1T-1MTJ cell since differential sensing scheme accelerates
the read operation. Experimental results at both cell and
array level show that the storage density of the 3T-3MTJ
cell improves 30% compared to the 2T-2MTJ counterpart.
The energy consumption of the 3T-3MTJ cell approaches that
of the 2T-2MTJ, and much smaller than the 1T-1MTJ cell
structure. We also propose an adaptive cache design based on
the 3T-3MTJ cell, which can work in the high density or fast
accessing mode, to be more feasible and efficient for various
applications’ cache demands.

VII. C ONCLUSION
There is also some memory cells design related to the high
area density, such as multilevel cell [25]–[27]. The reliability
of the MLC is the main bottleneck for the real application.
Besides, the fabrication process and the cost are also the
factors making the MLC impractical now. The single cellbased high area density memory cell may be the way to
explore in the futures memory design.
As discussed in Section II, some derivatives of the 1T-1MTJ
cell, such as 2T-2MTJ [6], 3T-2MTJ [13], 4T-2MTJ [14],
etc, are proposed to achieve high performance or low energy
consumption. The work in [28] and [29] is the most relevant
to this paper. Note that the work in [28] and [29] only
mentioned “R-3” structure without any implementation details
and evaluations. The detailed implementation and discussion
were presented in [29]. As mentioned in [29], when sensing
data “00,” two inputs to the SA are the same. Therefore,
the sensing amplifier should be adjusted to be asymmetric
to read out the data. If the process variation is significant,
both the sensing margin and sensing amplifier offset cannot
be guaranteed. Our 3T-3MTJ cell design either compare the
reference current with read current or sensing the differential current. Therefore, the inputs to SAs will never be the
same, which enlarges the sensing margin and reduces the
complexity of SA design. Additionally, since the work [29]

R EFERENCES
[1] Y. Chen, X. Wang, H. Li, H. Xi, Y. Yan, and W. Zhu, “Design
margin exploration of spin-transfer torque RAM (STT-RAM) in scaled
technologies,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst., vol. 18,
no. 12, pp. 1724–1734, Dec. 2010.

494

IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 26, NO. 3, MARCH 2018

[2] E. Kültürsay, M. Kandemir, A. Sivasubramaniam, and O. Mutlu, “Evaluating STT-RAM as an energy-efficient main memory alternative,” in
Proc. IEEE Int. Symp. Perform. Anal. Syst. Softw. (ISPASS), Austin,
TX, USA, Apr. 2013, pp. 256–267.
[3] S. Ikeda et al., “A perpendicular-anisotropy CoFeB–MgO
magnetic tunnel junction,” Nature Mater., vol. 9, pp. 721–724,
Jul. 2010.
[4] C. Kim, K. Kwon, C. Park, S. Jang, and J. Choi, “A covalentbonded cross-coupled current-mode sense amplifier for STT-MRAM
with 1T1MTJ common source-line structure array,” in IEEE Int. SolidState Circuits Conf. (ISSCC) Dig. Tech. Papers, San Francisco, CA,
USA, Feb. 2015, pp. 1–3.
[5] H. Yu et al., “Cycling endurance optimization scheme for 1Mb STTMRAM in 40nm technology,” in IEEE Int. Solid-State Circuits Conf.
(ISSCC) Dig. Tech. Papers, San Francisco, CA, USA, Feb. 2013,
pp. 224–225.
[6] H. Noguchi et al., “Variable nonvolatile memory arrays for adaptive
computing systems,” in IEDM Tech. Dig., Washington, DC, USA,
Dec. 2013, pp. 25.4.1–25.4.4.
[7] W. Kim et al., “Extended scalability of perpendicular STT-MRAM
towards sub-20nm MTJ node,” in IEDM Tech. Dig., Washington, DC,
USA, Dec. 2011, pp. 24.1.1–24.1.4.
[8] H. Noguchi et al., “A 250-MHz 256b-I/O 1-Mb STT-MRAM with
advanced perpendicular MTJ based dual cell for nonvolatile magnetic
caches to reduce active power of rocessors,” in Proc. IEEE Symp. VLSI
Circuits (VLSIC), Kyoto, Japan, Jun. 2013, pp. C108–C109.
[9] Y. Lu et al., “Fully functional perpendicular STT-MRAM macro embedded in 40 nm logic for energy-efficient IOT applications,” in IEDM Tech.
Dig., Washington, DC, USA, Dec. 2015, pp. 26.1.1–26.1.4.
[10] PTM Model, Interconnect. [Online]. Available: http://ptm.asu.edu
[11] C. J. Lin et al., “45nm low power CMOS logic compatible embedded
STT-MRAM utilizing a reverse-connection 1T/1MTJ cell,” in IEDM
Tech. Dig., Baltimore, MD, USA, Dec. 2009, pp. 1–4.
[12] A. Raychowdhury, D. Somasekhar, T. Karnik, and V. De, “Design space
and scalability exploration of 1T-1STT MTJ memory arrays in the
presence of variability and disturbances,” in IEDM Tech. Dig., Baltimore,
MD, USA, Dec. 2009, pp. 1–4.
[13] A. Kawasumi et al., “Circuit techniques in realizing voltage-generatorless STT MRAM suitable for normally-off-type non-volatile L2 cache
memory,” in Proc. IEEE Int. Memory Workshop, Monterey, CA, USA,
May 2013, pp. 76–79.
[14] T. Ohsawa et al., “1 Mb 4 T-2 MTJ nonvolatile STT-RAM for
embedded memories using 32b fine-grained power gating technique
with 1.0ns/200ps wake-up/power-off times,” in Proc. IEEE Symp. VLSI
Circuits (VLSIC), Honolulu, HI, USA, Jun. 2012, pp. 46–47.
[15] J. Kim et al., “A novel sensing circuit for deep submicron spin
transfer torque MRAM (STT-MRAM),” IEEE Trans. Very Large Scale
Integr. (VLSI) Syst., vol. 20, no. 1, pp. 181–186, Jan. 2012.
[16] W. Zhao, C. Chappert, V. Javerliac, and J.-P. Noziere, “High speed, high
stability and low power sensing amplifier for MTJ/CMOS hybrid logic
circuits,” IEEE Trans. Magn., vol. 45, no. 10, pp. 3784–3787, Oct. 2009.
[17] H. Naeimi, C. Augustine, A. Raychowdhury, S.-L. Lu, and J. Tschanz,
“STTRAM scaling and retention failure,” Intel Technol. J., vol. 17, no. 1,
pp. 54–75, 2013.
[18] H. Noguchi, K. Ikegami, N. Shimomura, T. Tetsufumi, J. Ito, and
S. Fujita, “Highly reliable and low-power nonvolatile cache memory
with advanced perpendicular STT-MRAM for high-performance CPU,”
in IEEE Symp. VLSI Circuits Dig. Tech. Papers(VLSIC), Honolulu, HI,
USA, Jun. 2014, pp. 1–2.
[19] R. B. Nour Sayed, F. Oboril, and M. B. Tahoori, “Leveraging systematic
unidirectional error-detecting codes for fast STT-MRAM cache,” in Proc.
IEEE VLSI Test Symp. (VTS), Las Vegas, NV, USA, Apr. 2017, pp. 1–6.
[20] K. Rho et al., “A 4Gb LPDDR2 STT-MRAM with compact 9F2
1T1MTJ cell and hierarchical bitline architecture,” in IEEE Int. SolidState Circuits Conf. (ISSCC) Dig. Tech. Papers, San Francisco, CA,
USA, Feb. 2017, pp. 396–397.
[21] X. Dong, C. Xu, Y. Xie, and N. P. Jouppi, “NVSim: A circuit-level
performance, energy, and area model for emerging nonvolatile memory,”
IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst., vol. 31, no. 7,
pp. 994–1007, Jul. 2012.
[22] S. Amara-Dababi, H. Bea, R. Sousa, K. Mackay, and B. Dieny, “Modelling of time-dependent dielectric barrier breakdown mechanisms in
MgO-based magnetic tunnel junctions,” J. Phys. D, Appl. Phys., vol. 45,
no. 29, p. 295002, 2012.
[23] N. Binkert et al., “The gem5 simulator,” ACM SIGARCH Comput. Archit.
News, vol. 39, no. 2, pp. 1–7, 2011.

[24] J. L. Henning, “Spec cpu2006 memory footprint,” ACM SIGARCH
Comput. Archit. News, vol. 35, no. 1, pp. 84–89, 2007.
[25] Y. Zhang, L. Zhang, W. Wen, G. Sun, and Y. Chen, “Multi-level cell
STT-RAM: Is it realistic or just a dream?” in Proc. IEEE/ACM Int.
Conf. Comput.-Aided Design (ICCAD), San Jose, CA, USA, Nov. 2012,
pp. 526–532.
[26] D. Apalkov et al., “Spin-transfer torque magnetic random access memory (STT-MRAM),” ACM J. Emerg. Technol. Comput. Syst., vol. 9, no. 2,
p. 13, 2013.
[27] Y. Zhang et al., “Multi-level cell spin transfer torque MRAM based
on stochastic switching,” in Proc. IEEE Int. Conf. Nanotechnol. (IEEENANO), Beijing, China, Aug. 2013, pp. 233–236.
[28] W. Kang, L. Zhang, J.-O. Klein, Y. Zhang, D. Ravelosona, and W. Zhao,
“Reconfigurable codesign of STT-MRAM under process variations in
deeply scaled technology,” IEEE Trans. Electron Devices, vol. 62, no. 6,
pp. 1769–1777, Jun. 2015.
[29] W. Kang, L. Chang, Z. Wang, W. Lv, G. Sun, and W. Zhao, “Pseudodifferential sensing framework for STT-MRAM: A cross-layer perspective,” IEEE Trans. Comput., vol. 66, no. 3, pp. 531–544, Mar. 2017.

Linuo Xue (S’16) received the B.S. degree from
Harbin Institute of Technology, Harbin, China,
in 2014 and the M.S. degree from the University
of California at Santa Barbara, Santa Barbara, CA,
USA, in 2016.
Her current research interests include emerging nonvolatile memory technologies and electronic
design automation.

Bi Wu (S’15) received the B.S. degree from
the China University of Mining and Technology,
Xuzhou, China and the M.S. degree from, Beihang
University, Beijing, China, where he is currently
working toward the Ph.D. degree in electrical engineering.
His current research interests include circuit level
design and optimization of STT-RAM, STT-RAM
reliability analysis, and improvement.

Beibei Zhang received the B.S. degree from Northeast Normal University, Changchun, China. She is
currently working toward the M.S. degree in electrical engineering at Beihang University, Beijing,
China.
Her current research interests include circuit level
design and optimization of STT-RAM, temperature
distribution of the cache, and thermal effect on STTRAM reliability.

XUE et al.: ADAPTIVE 3T-3MTJ MEMORY CELL DESIGN FOR STT-MRAM-BASED LLCs

Yuanqing Cheng (S’11–M’13) received the Ph.D.
degree from the Key Laboratory of Computer System and Architecture, Institute of Computing Technology, Chinese Academy of Sciences, Beijing,
China.
He was with LIRMM, CNRS, Montpellier, France.
He joined Beihang University, Beijing, as an Assistant Professor. His current research interests include
VLSI design for 3-D integrated circuits considering
thermal and defect issues, as well as spintronics
computing system architecture design.
Dr. Cheng is an ACM Member.

Peiyuan Wang received the B.S. degree from
Tsinghua University, Beijing, China and the M.S
degree in electrical engineering from the University
of Pittsburgh, Pittsburgh, PA, USA.
In 2012, she joined Corporate Research and Development, Qualcomm Technologies, Inc., San Diego,
CA, USA. She holds five granted parents and has
co-authored over ten technical papers. Her current
research interests include emerging memory technologies, low-power circuit design, and hardware
security.

Chando Park (M’04) received the B.S. degree
from Korea University, Seoul, South Korea, the M.S.
degree from KAIST, Daejeon, South Korea, and the
Ph.D. degree in materials science and engineering
from Carnegie Mellon University, Pittsburgh, PA,
USA, in 2004..
In 2013, he joined Qualcomm, San Diego,
CA, USA, and has been a Senior Staff Engineer/Supervisor responsible for materials, process,
and device characterization for STT-MRAM. He was
with HGST and Western Digital, San Jose, CA,
USA, where he developed advanced read sensors that were successfully transferred to high-volume HDD products. He holds 15 granted and 20 pending
U.S. patents and has coauthored over 20 technical papers.

495

Jimmy Kan (M’13) received the B.S., M.S., and
Ph.D. degrees in physics and materials science from
the University of California, San Diego, CA, USA.
In 2013, he joined Qualcomm Technologies, Inc.,
San Diego, CA, USA, where he is currently a Senior
Engineer with Corporate Research and Development, and specializes in MTJ materials and device
engineering, memory bitcell design/optimization,
and spintronic technology pathfinding. He has coauthored more than 25 journal papers in the areas
of magnetic and optical nanomaterials, spintronic
devices, and MRAM engineering.

Seung H. Kang (SM’07) received the Ph.D. degree
from the University of California at Berkeley, Berkeley, CA, USA.
He is currently the Director of Engineering with
Corporate Research and Development, Qualcomm
Technologies Inc., San Diego, CA, USA, where he
has led MRAM and advanced memory research. He
has authored or coauthored 100 papers and delivered
over 50 keynote and invited speeches. He holds over
600 patents granted globally.
Dr. Kang currently serves as an IEEE Electron
Device Society Distinguished Lecturer.

Yuan Xie (F’15) was with IBM, Armonk, NY, USA,
from 2002 to 2003, and with the AMD Research
China Laboratory, Beijing, China, from 2012 to
2013. He has been a Professor with Pennsylvania
State University, State College, PA, USA, since
2003. He is currently a Professor at the Electrical
and Computer Engineering Department, University
of California at Santa Barbara, Santa Barbara, CA,
USA. His current research interests include computer architecture, Electronic Design Automation,
and VLSI design.

