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Abstract— Spin-transfer torque magnetic RAM (STT-MRAM),
which uses a magnetic tunnel junction to store binary data, is a
promising memory technology. With many benefits, such as low
leakage power, high density, high endurance, and nonvolatility,
it has been explored as an SRAM replacement for cache
design or a DRAM replacement for main memory. Meanwhile,
along with the continuous shrinking of CMOS process technology,
the bias temperature instability (BTI) effect has become a major
reliability issue. Prior work has investigated the influence of the
BTI effect on the SRAM sense amplifier, but no investigation has
been done for the STT-MRAM sense amplifier. Therefore, this
paper investigates the BTI effect on STT-MRAM sense amplifiers.
We propose a majority-based technique and an alternative sensing technique to reduce circuit degradation. To further improve
sensing delay, we propose using forward body bias (FBB) on an
access transistor with a positive voltage. Extensive simulation
results are done to show the effectiveness of the proposed
techniques. The sensing delay for reading zeros and ones can
be reduced by 10.61% and 4.35%, respectively, on average, with
the majority-based technique. The sensing delay for reading zeros
and ones can be reduced by 4.42% and 1.83%, respectively,
on average, using the alternative sensing technique. The sensing
delay for reading zeros and ones can be reduced by 15.37%
and 6.25%, respectively, on average, by using both techniques
simultaneously. When using the majority-based and alternative
sensing techniques with the FBB technique, the sensing delay for
reading zeros and ones can be improved by 29.93% and 57.67%,
respectively, on average. We also analyze the BTI-induced degradation of a high-performance sense amplifier and a low power
sense amplifier with the proposed techniques. The simulation
results show that our proposed technique and simulation flow
can be easily extended to other sense amplifiers.
Index Terms— Bias temperature instability (BTI), circuit
degradation, reliability, sense amplifier, spin-transfer torque
magnetic RAM (STT-MRAM).

I. I NTRODUCTION

W

ITH the advent of nanometer CMOS process
technology, leakage power consumption has become
a first-order concern for on-chip caches [2], [1]. To reduce the
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Fig. 1.
Structure of PMA STT-RAM cell. (a) STT-MRAM cell with
PMA MTJ that contains free and fixed layers. (b) PMA STT-MRAM cell
read operation.

leakage power, new types of nonvolatile memory have been
proposed, including phase change RAM, magnetoresistive
RAM (MRAM), and resistive RAM [3]. Among them,
spin-transfer torque MRAM (STT-MRAM) is a promising
candidate for a universal memory because it has attractive
properties that include faster access speed, high endurance,
and radiation hardness [4].
An STT-MRAM cell uses a magnetic tunnel junction (MTJ)
to store binary data [5], [6]. An MTJ consists of two ferromagnetic layers, a fixed layer and a free layer, separated by
a tunnel barrier layer (normally MgO), as shown in Fig. 1(a).
The magnetic direction of the fixed layer is designed so as
not to be changed during use, while the magnetic direction
of the free layer can be changed by electric current. If the
direction of the free layer is parallel to that of the fixed
layer, the MTJ has low resistance, which normally indicates
state “0.” Similarly, if the direction of the free layer is
antiparallel to that of the fixed layer, it has high resistance,
which normally indicates state “1.” Note that there are no
universally accepted mappings between “1”/”0” to high/low
resistance. Therefore, low resistance is regarded as state “0”
in this paper. By using the low and high resistance states,
an MTJ can store binary information.
One type of MTJ is perpendicular magnetic anisotropy (PMA) MTJ [5], [8], [9], where the magnetization of
the MTJ is perpendicular to the surface, as shown in Fig. 1(a).
In the PMA MTJ, the demagnetizing field of the free layer is
collinear with the magnetic direction of the free layer, and
the effective field required to switch the magnetic direction
of the free layer is small. Therefore, the PMA MTJ requires
low switching current density and surface area and can thus
keep up with the trend toward continuous shrinking that is
occurring in CMOS process technology.
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Meanwhile, in advanced CMOS process technology, negative bias temperature instability (NBTI) has become a major
reliability problem [10]. NBTI occurs when pMOS transistors are under negative bias, i.e., Vgs = −VDD . In this
situation, interface traps are generated due to the disassociation
of silicon–hydrogen bonds at Si-SiO2 interfaces, increasing
threshold voltage (Vth ). With increased Vth , the driving current
of a pMOS transistor is reduced, and the delay is increased,
which may result in timing violations and system failure
in the long term. The corresponding effect on nMOS is
positive BTI (PBTI). While PBTI is normally insignificant in
SiON processes, it becomes comparable to NBTI and cannot
be ignored in high-k metal-gate processes [11]–[13].
Many studies have investigated the BTI effect on SRAM
and its sense amplifier, and many techniques have been
proposed to reduce the degradation at the architecture and
circuit levels. The impact of the BTI effect on an SRAM
sense amplifier is analyzed by Agbo et al. [14], [15] and
Menchaca and Mahmoodi [16]. At the architectural level,
Shin et al. [17] and Mahmood et al. [18] proposed techniques
to reduce degradation. Shin et al. proposed a proactive technique that turns OFF the supply power of SRAM arrays on a
rotating basis to reduce degradation. Mahmood et al. [18] proposed a dynamic-partitioning-based technique that improves
cache lifetime with graceful performance degradation. At the
circuit level, bit-flipping techniques [19], [20] invert the value
in an SRAM cell periodically to make the signal probability
close to 50% in order to reduce the BTI effect. The adaptive
body bias technique adjusts the body bias voltage to reduce
the read failure probability [21]. The NBTI/PBTI-aware word
line control technique [22] controls the word line pulsewidth
and voltage to mitigate Vcc min degradation. The recovery
boosting technique [23] increases the output voltage of the
cross-coupled inverters in an SRAM cell to VDD to reduce
degradation.
However, no studies have been done to investigate the
BTI effect on an STT-MRAM sense amplifier. The influences
of the BTI effect on SRAM and STT-MRAM sense amplifiers
are different because of the following reasons.
1) An SRAM sense amplifier detects a Bitline and a Bitline
to determine the value stored in an SRAM cell, and differential inputs are used to detect the value in an SRAM
cell. However, as seen from Fig. 1(a), the STT-MRAM
sense amplifier determines the value stored in an STTMRAM cell by sensing Bitline. To improve the sensing
margin and reduce sensing errors, a reference input is
normally used in an STT-MRAM sense amplifier.
2) The sense amplifier for the SRAM has symmetric
design and reading zeros and ones has a similar BTI
effect on sense amplifiers. However, the STT-MRAM
sense amplifier has an asymmetric design and reading
zeros and ones results in different degrees of degradation caused by the BTI effect. Therefore, it is necessary to investigate the influence of the BTI effect on
STT-MRAM sense amplifiers.
To the best of our knowledge, this is the first work
that investigates the BTI effect on an STT-MRAM sense
amplifier and proposes two techniques to mitigate BTI-induced
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degradation. The contributions of this paper can be summarized as follows.
1) We analyze the influence of the BTI effect on the sense
amplifier for the STT-MRAM [24]. The results show
more BTI-induced degradation when reading zeros than
when reading ones.
2) Based on the observation, we propose a majority-based
technique that can adaptively invert data in a cache way
and an alternative sensing technique that can balance
the number of reading-zero and reading-one operations
between two neighboring sense amplifier groups.
3) We also propose using the forward body bias (FBB)
technique on the access transistor with a positive voltage
to reduce the increased Vth and improve the sensing
delay. Different positive bias voltages are investigated
to show the effectiveness of the FBB technique.
4) The simulation results show that our proposed techniques can reduce the BTI-induced degradation related
to reading-zero and reading-one operations. The sensing
delay for reading zeros and ones can be reduced by
10.61% and 4.35%, respectively, on average, using the
majority-based technique. The sensing delay for reading
zeros and ones can be reduced by 4.42% and 1.83%,
respectively, on average, using the alternative sensing
technique. The sensing delay for reading zeroes and
ones can be reduced by 15.37% and 6.25%, respectively,
on average, by using both techniques simultaneously.
When using the majority-based and alternative sensing
technique with the FBB technique, the sensing delay
for reading zeros and ones can be improved by 29.93%
and 57.67%, respectively, on average.
5) We also demonstrate the proposed techniques and simulation flow in two other advanced current mirror
STT-MRAM sensing amplifiers. Our proposed techniques and simulation flow can be easily extended to
other types of STT-MRAM sense amplifiers.
The rest of this paper is organized as follows.
Section II introduces STT-MRAM, the BTI effect, and
the model. Section III introduces the proposed techniques.
Section IV explains the simulation setup and results, and
Section V provides the conclusion.
II. P RELIMINARIES
This section first introduces the background of the
STT-MRAM and its sense amplifier. Then, it presents the
BTI model used in this paper and provides an analysis of
the increased sensing delay in a state-of-the-art sense amplifier
caused by the BTI effect.
A. STT-MRAM Cell and Sense Amplifier
As mentioned in Section I, an STT-MRAM cell employs an
MTJ to store its states. The magnetic direction of the free layer
in an MTJ can be parallel or antiparallel with respect to that of
the fixed layer. When the direction of the free layer is parallel
to that of the fixed layer, the MTJ has lower resistance (R P ),
which normally indicates a “0” state. However, if the resistance
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TABLE I
C OMPARISON B ETWEEN SRAM AND STT-MRAM [29]

Fig. 2. Sense amplifier for an STT-MRAM [24]. A current mirror is used as
a reference generator to improve sensing margin and reduce sensing errors.

of the free layer is antiparallel to that of the fixed layer, it has
higher resistance (RAP ), which indicates a “1” state.
The tunnel magnetoresistance (TMR) ratio is defined as
RAP − R P
RP
where a TMR ratio of more than 200% in PMA MTJ has
already been observed [26]–[28].
Fig. 1(b) shows the read operation. To read the value stored
in an STT-MRAM cell, the access transistor is first turned on
by applying a high voltage on the word line. Then, a small
voltage is applied across the MTJ, and current flowing through
the MTJ is generated. If the MTJ is in a high resistance state,
less current will be generated. Otherwise, greater current will
be generated. A current sense amplifier is used to determine
the value in the MTJ according to the amount of the current.
Since there is only one output current, the current sense
amplifier requires additional reference circuits to generate
currents that improve sensing accuracy and reduce sensing
errors.
Table I compares SRAM and STT-MRAM. The write
latency and energy of STT-MRAM are higher than those of
SRAM because write operations have to change the magnetic
direction of the free layer in the MTJ. However, the read
latency and energy of STT-MRAM are comparable to those
of SRAM. In addition, the leakage of STT-MRAM is lower
than that of SRAM, and the density of STT-MRAM is 3X–4X
higher than that of SRAM [29].
Fig. 2 shows a state-of-the-art current sense amplifier proposed in [24]. The current sense amplifier of an STT-MRAM
circuit contains a data branch for an MTJ cell and a
TMRratio =

current mirror that acts as a reference generator. During
the read operation, the enable signal (EN), ground clamp
voltage (VG_clamp ), and ground access voltage (VG_access )
are asserted. Then, the data current (Idata ) can pass through
the MTJ, and the reference currents (Iref ) can pass through
the reference cells. The data voltage (Vdata) and reference
voltage (Vref ) will pass into the voltage sense amplifier.
According to the output current, the value stored in the MTJ
can then be determined.
B. BTI Effect and Model
NBTI occurs when a pMOS transistor is under negative
bias, i.e., Vgs = −VDD , causing the disassociation of silicon–
hydrogen bonds and the generation of interface traps. In this
situation, which is referred to as the stress phase, interface
traps are generated due to the disassociation of silicon–
hydrogen bonds at Si–SiO2 interfaces, increasing Vth . When
the bias voltage is removed, the reverse reaction, which
is referred to as the recovery phase, occurs, where some
hydrogen diffuses back toward the interface and bonds with
Si, reducing the number of interface traps as well as the
NBTI effect. However, the reverse reaction cannot eliminate
all interface traps. In the long term, the NBTI effect still
increases Vth , thus decreasing circuit switching speed and
causing system failure.
The corresponding effect on an nMOS transistor is positive bias temperature instability (PBTI), which occurs when
an nMOS transistor is under positive bias. Compared with
the NBTI effect, the PBTI effect is much smaller on
oxide/polygate transistors, and therefore is usually ignored.
However, for high-k/metal-gate nMOS transistors with significant charge trapping, the PBTI effect can no longer be ignored
and should be considered.
Many models have been proposed to predict the threshold
voltage drift caused by the BTI effect [30], [31]. In this
paper, we use the state-of-the-art BTI models proposed
in [32] and [33] to predict the Vth drift
V th = V IT + V HT + V OT
where VIT is the threshold voltage shift caused by the
generated interface traps; VHT is the threshold voltage shift
caused by pre-existing hole trapping in bulk traps, and VOT
is the threshold voltage shift caused by generated hole trapping
in bulk traps. VIT , VHT, and VOT can be estimated by
E AIT
1 1
q
A (VGS + Vth0 + V th )γIT e− kT d 6 t 6
V IT =
Cox
E AIT
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Fig. 3.
Increased sensing delay on a sense amplifier when a constant
value is always read. When a constant value is always read, there is greater
increased sensing delay when reading zeros than there is when reading ones
(300 K, 0.8 V, dc simulation for seven years).

where  is the stress duty cycle, A, B, C, IT ; HT are
variable parameters that depend on the devices; Vth0 is the
original threshold voltage; Cox is the oxide capacitance; k is
the Boltzmann’s constant, and T is the temperature. E Akf ,
E Akr , E ADH2, E AHT, E AOT, βOT , OT , and η are fixed parameters that are constant across devices. More details can be
found in [33] and [32].
C. Impact of Sensing Delay Due to the BTI Effect
The MTJ in an STT-MRAM cell uses magnetization instead
of electrical charges to keep states and can be free of the
BTI effect. However, the sense amplifiers for STT-MRAM
still suffer from the BTI effect. Since the current from the
Bitline is small, small changes in Vth due to the BTI effect will
cause significant changes in sensing delay. Fig. 3 compares
the normalized sensing delay with and without the BTI effect
after seven years when a constant value is always read. The
details of the simulation setup are discussed in later sections.
When the value “0” is always read, the sense amplifier delay
increases by 61.37%, and when value “1” is always read,
the sense amplifier delay increases by 16.05%. It can be seen
that reading zeros and reading ones result in different amounts
of sensing delay degradation. This is because the situation
when a pMOS transistor is under stress is different from that
of an nMOS transistor under the same conditions, i.e., a pMOS
transistor is stressed when the input is 0, and an nMOS transistor is stressed when the input is 1. In addition, the sensing
delay increases significantly, and the sense amplifier suffers
more BTI effects when it is reading zeros as compared to
when it is reading ones. Based on observation, it is sensible
to reduce the BTI effect by reducing the number of operations
required for reading zeros.
D. Body Effect and Body Bias
The body effect influences the threshold voltage and delay
of the MOS transistors. It occurs when there is a voltage
difference between the source (VS ) and body (V B ) terminals.
The body effect occurs on both pMOS and nMOS transistors,
but only nMOS transistors are described in the following
discussion. For an nMOS transistor, when the voltage of
the source terminal is larger than that of the body terminal,
i.e., VS > V B , the body will surround around the depletion
region and increase its width. The increased depletion region

Fig. 4.
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STT-MRAM with the proposed techniques.

will increase the Vth , and the delay of the transistor will in
turn be increased. This is called reversed body bias.
However, when the voltage of the source terminal is lower
than the body terminal (VS < V B ), positive holes are detrapped
from the body terminal. Less negative ions are surrounding
the depletion region, and the width of the depletion region is
reduced. The thinner depletion region has a smaller Vth , and
transistor delay is reduced. This situation is called FBB.
The threshold voltage of an nMOS transistor that includes
the body effect can be expressed by


Vth = v T 0 + γ |VSB + 2φ F | − |2φ F |
where the VT 0 is the threshold voltage when VSB is zero.
γ is the body effect parameter, which is a positive number
for nMOS transistors. 2φ F is the surface potential.
Since FBB can reduce the threshold voltage and improve the
transistor delay, it can be used to mitigate the delay impact
caused by the BTI effect.
III. P ROPOSED T ECHNIQUES
This section first introduces the STT-MRAM architecture
with the proposed techniques. Then, the two proposed techniques that are used to reduce the BTI effect on the sense
amplifiers are introduced. One technique is the majority-based
technique used in the write operations, and the other is the
alternative sensing technique used in the read operations.
Finally, this section proposes the use of the FBB technique
on access transistors to improve the sensing delay.
A. STT-MRAM Architecture With the Proposed Techniques
Fig. 4 shows the STT-MRAM architecture with the proposed techniques. The STT-MRAM architecture contains an
STT-MRAM array, a row and column address decoder, a sense
amplifier, write drivers, an alternative sensing technique, inversion status bits, and reference bits. The STT-MRAM array
is used to store the read and write data values. The row
address decoder asserts a word line, and the column address
decoder asserts Bitlines. The sense amplifiers are used to
sense the data values from a cache line. The write drivers
are used to write the data values to a cache line. Compared
to the conventional STT-MRAM architecture, the major differences are the majority-based technique, alternative sensing
technique, inversion status bits, reference bits, and FBB on
the access transistors. The proposed majority-based technique
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Fig. 5. Overall architecture of data-in buffer and the proposed majority-based
circuit.

is integrated in the data-in buffer, and the alternative sensing
technique is located between the column selector and sense
amplifiers. Each cache line contains a reference bit and an
inversion status bit. The inversion status bit stores the corresponding inversion status of the data values in each cache line.
The reference bit stores the majority status of the data values
in each cache line. In addition, we apply a positive voltage on
the body terminal of the access transistors in each data array
to achieve the FBB. The proposed techniques are explained in
the following sections.
B. Majority-Based Technique
Since reading zeroes and ones causes different amounts of
degradation in a sense amplifier, the concept of the majoritybased technique is to balance the ratio between reading zeroes
and ones in the sense amplifiers. In the STT-MRAM, all cache
lines in the same cache way use the same sense amplifiers to
read the data values. Because each sense amplifier reads the
data values written by the previous write operation, if a cache
way is written in more zeroes, those sense amplifiers will
experience more BTI effects. Therefore, more ones are needed
to be written to the cache way in the next write operation so
that the following read operations will contain more ones.
Fig. 5 shows the circuit for the majority-based technique,
which is integrated with the data-in buffer. The technique
contains a decision logic, a k-bit counter for each cache way,
an inversion status bit, and a reference bit for each cache line.
This circuit is modified from the read-before-write technique
proposed in [34], and a majority status determination circuit
is added into its decision logic circuit. The decision logic
checks the first bit of the corresponding counter and calculates
the majority status of writing data (Din ) to decide the data
inverting requirement in the write operations.
The counter is initialized with “0” and used to store a
2’s complement integer number that records the majority
status. If the cache way has been written with more ones,
a positive number will be stored in the counter. Otherwise,
if the cache way has been written with more zeroes, a negative
number will be stored in the counter. Because the counter is
using the 2’s complement format as a representation in the
form of an integer number, checking the first bit of the counter
can identify the sign of the integer quickly and also show
whether more zeroes or more ones have been written in the
cache way. Note that the counter is a saturated counter and
does not have overflow problems.
The proposed majority-based technique also has a 1-bit
inversion status bit and a 1-bit reference bit for each cache line.

Fig. 6.

Write flow for the proposed majority-based technique.

If the data in the cache line are inverted, its corresponding
inversion status bit will be set to “1,” and vice versa. If the
majority status of the data values in the cache line is equal
to “0,” its corresponding reference bit will be set to “0,” and
vice versa. The detailed flow of the majority-based technique
in a write operation is illustrated in Fig. 6. When the access
operation is a write operation, n-bit input data values (Din )
are needed to write to the corresponding cache line. The
majority status of Din will be calculated, and the first bit of
the corresponding counter will be immediately checked by
decision logic. If the first bit of the corresponding counter is
equal to “0,” Din and the majority status of Din can be written
directly to the data array and its corresponding reference bit,
respectively. The inversion status bit is set to “0.” Otherwise,
if the first bit of the corresponding counter is equal to “1,”
then the majority status of Din is checked. If the majority
status of Din is equal to “0,” the data values will be inverted
before written to the cache line and the inversion status bit
and reference bit are set to “1.” If the majority status of Din is
equal to “1,” Din can be written to the data array directly. The
inversion status bit and reference bit are set to “0” and “1,”
respectively.
After that, the corresponding counter will be updated.
According to the reference bit, 1 will be either added or subtracted to the counter in each update. If the reference bit is
equal to “0,” this means that the data are written in more
zeroes, and the counter will be subtracted by one. On the
contrary, if the reference bit is equal to “1,” this means that
the data are written in more ones, and “1” will be added to
the counter.
Note that the delay of the majority-based circuit will not
increase the delay of the write operations. This is because
the majority decision logic detects the majority when the data
is waiting in the data-in buffer. The writing of the reference
bit and inversion status bit is parallel to the writing data to
the cache line. In addition, the inversion status and reference
bits are used in the alternative sensing technique (which is
discussed in Section III-C) as well to allow the alternative
sensing technique to quickly determine the inversion and
majority status of the data values.
C. Alternative Sensing Technique
The alternative sensing technique is used in read operations.
When reading the cache line of a cache way, all the sense
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Fig. 7.
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Overall architecture of the proposed alternative sensing circuit.

amplifiers of the cache way, i.e., a sense amplifier group, will
be activated to sense the data values from the cache line. Since
some cache ways are read more often than others, the sensing
number of one sense amplifier group may be different from
others, and the sense number of each sense amplifier group
may be uneven. Therefore, for a sensing amplifier group
with large sensing numbers and aging degradation, reducing
the sensing number in that group and balancing the sensing
numbers between different groups is an excellent way to
mitigate the aging effect of an STT-MRAM sense amplifier.
The main concept of the alternative sensing technique is to
pair two groups of neighboring sense amplifiers in a cluster
and thus balance the number of zeroes and ones read between
the neighboring sense amplifier groups in a cluster.
Fig. 7 shows the alternative sensing circuit used in this
paper. This proposed circuit contains two 2-to-1 multiplexers
(MUXl and MUXr ), one 1-to-2 demultiplexer (DEMUX), and
two 1-bit registers (R0 and R1 ). The SA Group0 and SA Group1
are the two groups of neighboring sense amplifiers in a cluster.
In this paper, all sense amplifiers in a cache way are grouped
together, and there are eight groups in our eight-way cache.
These eight sense amplifier groups are separated into four
clusters. The reference bit is used to enable either R0 or R1
and control the MUXl to select either R0 or R1 as its output
signal (Sig.). This Sig. controls the DEMUX to select either
SA Group0 or SA Group1 to sense the data values in the cache
line. The MUXr accepts the input from either the SA Group0 or
SA Group1 and then passes the values for the next step. When
either R0 or R1 is enabled, the selected register will flip its
value. When the reference bit is “0” (i.e., more zero values in
the cache line), R0 will be enabled to select one of the sense
amplifier groups. The selection will be changed to another
sense amplifier group since the value of R0 will flip in the
next read operation. Similarly, when the reference bit is “0”
(i.e., more values of one in the cache line), R1 will be enabled
to select one of the sense amplifier groups.
Note that R0 and R1 cannot be flipped in a read operation because this will mess up the sensing order between
SA Group0 and SA Group1. Finally, the inversion status bit
selects either the inverted data values or the original data
values and passes these values to the data out buffer, as shown
in Fig. 7.
Fig. 8 illustrates the flow of the alternative sensing technique discussed in this paper. During the read operations, the
MUXl selects the value of either R0 or R1 as its output (Sig.).
The DEMUX has to select a group of sense amplifiers to sense

Fig. 8.

Read flow for the proposed alternative sensing technique.

Fig. 9. Using the FBB on the access transistors of STT-MRAM data arrays
to reduce the Vth to improve the sensing delay.

the data. If the Sig. of MUXl is equal to “0,” the DEMUX
selects the SA Group0 to sense data, and vice versa. The
MUXr is controlled by the Sig. to accept the sensing result
from either SA Group0 or SA Group1 as its output sensing
result. Before the output sensing result of the MUXr is passed
to the data out buffer, the inversion status bit will be checked
to see whether the data in the cache line has been inverted.
If the inversion status bit is equal to “1,” the data values will
be inverted before read out, and vice versa. Finally, these data
values become the real data values that are passed to the data
out buffer.
D. Forward Body Bias of Access Transistors
The BTI-induced degradation of the STT-MRAM
sense amplifier will increase the Vth of the transistor.
Section II-D mentioned that the FBB can reduce the Vth of
transistors and improve the delay. If the delay of the transistors
can be improved, the sensing delay of the STT-MRAM sense
amplifier also can be improved with the FBB. Since the
access transistor affects the volume of the driving current
necessary to sense the STT-MRAM cells, we propose using
the FBB on the access transistors of STT-MRAM cells to
reduce the sensing delay.
Fig. 9 shows using the FBB on the access transistor of the
data arrays to improve the sensing delay. To apply FBB on
the nMOS access transistor, its body terminal must be biased
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TABLE II
S YSTEM C ONFIGURATION FOR R EAD AND W RITE T RAFFIC

Fig. 11. Ratio of read/write operations. The percentage of read operations
is higher than that of write operations.

Fig. 10.

Simulation flow.

with a positive voltage. By reducing the Vth of the access
transistor and increasing the driving current, the BTI-induced
degradation of the STT-MRAM is mitigated.
Note that MTJ cells in the data arrays and the reference cells
both have access transistor, but we only apply the FBB on the
access transistor of the MTJ cells in the data arrays. This is
because the reference voltage generated by the reference cells
must be fixed and constant and should not be affected by the
loading on the device and power supply variations.
Therefore, FBB is not suitable for the access transistor of the
reference cells. In addition, because there is no current passing
through the MTJ cells in the data arrays when the MTJ cells
are in the data hold state (without read and write operations),
using FBB on the access transistors of the MTJ cells in the
data arrays will not have significant impact on the leakage
current.
IV. S IMULATION S ETUP AND R ESULTS
This section first introduces the simulation flow and setup.
Then, the simulation results are detailed. The overhead of the
proposed techniques is discussed in the end of this section.
A. Simulation Setup
This paper investigates BTI-induced degradation of the
STT-MRAM sense amplifiers. The STT-MRAM is located in
the L2 cache, and the system configuration is listed in Table II.
Fig. 10 shows the simulation flow used in this paper. The
22-nm high-performance CMOS transistor models from the
predictive technology model (PTM) [35] and the MTJ model
from Nanohub [36] are used to build the STT-MRAM circuit.
The BTI model in Section II-B is used to estimate Vth . The
workloads from Spec2006 and Pin [37] are used to obtain
the traces of read and write traffic in the L2 cache accesses.
The traces are fed into the in-house simulator for the proposed majority-based and alternative sensing techniques. After

finishing the simulations, the updated traffic is used in the
BTI prediction model to estimate the increased Vth . The
PTM models are augmented with the increased Vth , and
HSPICE is used to estimate the sensing delay of the sense
amplifier under a voltage of 0.8 V and a temperature of 300 K.
In addition, we use the voltage generator proposed in [38]
to supply the body bias voltage for the FBB on the access
transistor. Note that although the sense amplifier is adapted
from [24], the proposed simulation flow can be easily extended
to simulate other sense amplifiers.
B. Ratio of Read and Write Operations
We first analyze the ratio of the read and write operations
in each benchmark, as shown in Fig. 11. The read and
write numbers are normalized to the number of total memory
access operations. It can be seen that all the benchmarks
contain more read operations than write operations. The average percentage of the read and write operations are 68.78%
and 31.22%, respectively. The percentage of read operations
of the dealII benchmark can reach about 82.18%. With a
high percentage of read operations, the BTI effect will cause
significant degradation on sense amplifiers.
C. Majority-Based and Alternative-Based Techniques
To show the effectiveness of the proposed techniques,
we compare the results of the proposed techniques with
the random bit-flipping technique, which randomly flips the
writing data in the write operation. Three simulations are
done: the majority-based technique only (Maj.), the alternative
sensing technique only (Alt.), and both the majority-based and
alternative sensing techniques (Ma j. + Alt.). To make it easier
to observe the effectiveness of the proposed techniques, all of
the following simulation results are normalized to the results
of the random bit-flipping technique.
Fig. 12 shows the normalized number zeroes read after the
proposed techniques are applied. The results are normalized
to the largest amount of zeroes read, NUMmost, for all
sense amplifiers. The number of zeroes read in the Maj. can
be reduced by up to 38.21% in the tonto benchmark and
by 26.17%, on average. The number of zeroes read in the
Alt. can be reduced by up to 26.72% in the lbm benchmark
and by 10.80%, on average. The number of zeroes read in the
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Fig. 12. Normalized number of zeroes read. Ma j. + Alt. can reduce the
number of zeroes read more than Maj. and Alt.

Fig. 14.
Delay of reading ones in each NUMmost of the benchmarks.
Ma j. + Alt. can reduce more sensing delay than Maj. and Alt.

Fig. 13. Delay of reading zeroes in each NUMmost of the benchmarks.
Ma j. + Alt. can reduce more sensing delay than Maj. and Alt.

Fig. 15. Normalized sensing delay of the SAori after the proposed techniques
are applied for reading zeroes. SAori is the sense amplifier with the largest
delay when the proposed techniques are not used for seven years.

Ma j. + Alt. can be reduced by up to 47.70% in the sphinx3
benchmark and by 38.45%, on average.
It can be seen that the Ma j. + Alt. can reduce the number
of zeroes read for each benchmark by the greatest margin. The
reduced number of zeroes read in Maj. is better than that in
Alt. in most cases because the Maj. inverted the data values
to reduce the possibility of reading zeroes.
The Alt. reduces the maximum number of zeroes read by
balancing the zeroes read in two neighboring sense amplifier
groups in a cluster. If their original possibilities are quite
balanced, the effectiveness of the Alt. will be constrained.
Therefore, compared to the Maj., the Alt. can reduce more
the number of zeroes read in dealII and h264ref benchmarks.
Fig. 13 shows the sensing delay for reading zeroes with the
proposed techniques after using the circuit for seven years.
With the help of the reduced number of zeroes read using
the proposed techniques, the sensing delay degradation can be
mitigated. The sensing delay for reading zeroes in the Maj.
can be reduced by up to 15.29% in the tonto benchmark
and by 10.61%, on average. The sensing delay for reading
zeroes in the Alt. can be reduced by up to 10.87% in the
lbm benchmark and by 4.42%, on average. The sensing delay
for reading zeroes in the Ma j. + Alt. can be reduced by
up to 18.84% in the sphinx3 benchmark and by 15.37%,
on average. The Ma j. + Alt. decreases the number of zeroes
read by 4.76% more than the Maj. and by 10.95% more than
the Alt., on average. Note that the average of the worst-case
delay, rather than the average of all delay is used for the
comparison.

Fig. 14 shows the sensing delay for reading ones with the
proposed techniques for each benchmark. The sensing delay
for reading ones in the Maj. can be reduced by up to 6.22% in
the tonto benchmark and by 4.35%, on average. The sensing
delay for reading ones in the Alt. can be reduced by up
to 4.46% in the lbm benchmark and by 1.83%, on average.
The sensing delay for reading ones in the Ma j. + Alt. can
be reduced by up to 7.61% in the sphinx3 benchmark and
by 6.25%, on average. In addition, the Ma j. + Alt. decreases
the number of zeros read by 1.90% more than the Maj. and
by 4.43% more than the Alt. Because reading zeroes causes
more degradation, when the number of zeroes read is reduced,
as shown in Fig. 12, the sensing delay for reading ones can
be improved.
Assume SAori is the sense amplifier with the largest delay
when the proposed techniques are not used for seven years.
Fig. 15 shows the SAori delay for reading zeroes after the
proposed techniques are applied for seven years. The delay is
normalized to the delay when the proposed techniques have
not been used for seven years. The sensing delay for reading
zeroes in the Maj. can be reduced by up to 16.71% in the
tonto benchmark and by 11.41%, on average. The sensing
delay for reading zeroes in the Alt. can be reduced by up
to 12.14% in the lbm benchmark and by 5.37%, on average.
The sensing delay for reading zeroes in the Ma j. + Alt. can
be reduced by up to 19.07% in the sphinx3 benchmark and
by16.63%, on average. Similar to the results shown in Fig. 13,
the Ma j. + Alt. can reduce the most sensing delay for reading
zeroes, as shown in Fig. 15. Compared with the Maj. and Alt.,
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Fig. 16. Normalized sensing delay of the SAori after the proposed techniques
are applied for reading ones. SAori is the sense amplifier with the largest delay
when the proposed techniques are not used for seven years.

the Ma j. + Alt. can decrease sensing delay for reading zeroes
by 5.23% and by 11.26%, on average.
From Figs. 13 and 16, it can be seen that by applying
the proposed techniques, the sense amplifier with the largest
delay for reading zeroes may switch to another sense amplifier.
Although the proposed techniques may increase the sensing
delay of the other sense amplifier, the increased sense delay is
still less than the original increased delay without the proposed
techniques where the writing data is flipped randomly.
Fig. 16 shows the SAori delay for reading ones after the
proposed techniques are applied for seven years. The delay is
also normalized to the delay when the proposed techniques
have not been used for seven years. The sensing delay for
reading ones in the Maj. can be reduced by up to 6.78% in the
tonto benchmark and by 4.67%, on average. The sensing delay
for reading ones in the Alt. can be reduced by up to 4.97%
in the lbm benchmark and by 2.22%, on average. The sensing
delay for reading ones in the Ma j. + Alt. can be reduced
by up to 7.70% in the sphinx3 benchmark and by 6.75%,
on average. Compared with the Maj. and Alt., the Ma j. + Alt.
can decrease the sensing delay for reading ones by 2.08% and
by 4.53%, on average.
It can be seen that by applying the proposed techniques,
the observations shown in Figs. 14 and 16 are similar to the
observations shown in Figs. 13 and 15. The sense amplifier
with the largest delay for reading ones may switch to another
sense amplifier. The proposed techniques may increase the
sensing delay of the other sense amplifier, but the increased
sensing delay is still less than the original increased delay
without the proposed techniques and without random flipping
of the writing data.
Figs. 17 and 18 show the average delay for reading zeroes
and ones for all sense amplifiers for each benchmark. The
average sensing delay for reading zeroes in the Maj. can
be reduced by up to 10.73% in the tonto benchmark and
by 6.35%, on average. The average sensing delay for reading
zeroes in the Alt. can be reduced by up to 0.58% in the
dealII benchmark and by −1.96%, on average. The average
sensing delay for reading zeroes in the Ma j. + Alt. can be
reduced by up to 18.84% in the sphinx3 benchmark and
by 15.37%, on average. Similarly, the average sensing delay
for reading ones in the Maj. can be reduced by up to 4.41% in

Fig. 17. Average delay for reading zeroes of all sense amplifiers in the cache
memory.

Fig. 18. Average delay for reading ones for all sense amplifiers in the cache
memory.

the tonto benchmark and by 2.63%, on average. The average
sensing delay for reading ones in the Alt. can be reduced by up
to 0.24% in the dealII benchmark and by −0.82%, on average.
The average sensing delay for reading ones in the Ma j. + Alt.
can be reduced by up to 7.61% in the sphinx3 benchmark
and by 6.25%, on average. It can be seen that the Maj. and
Ma j. + Alt. can reduce the average sensing delay because
the data values are inverted. However, the Alt. can only
reduce the average sensing delay slightly because it shifts the
read operation to another group of sense amplifiers, and the
BTI effect is not significantly reduced.
D. Forward Body Bias Technique
This section investigates how FBB on the access transistor
influences the sensing delay for reading zeroes and ones.
The FBB is investigated for several values of Vbias and from
0.05 to 0.4 V. The VDD is set at 0.8 V in the 22-nm PTM
model [35]. The efficiency of the FBB is investigated in Maj.,
Alt. and Ma j. + Alt. separately.
Figs. 19–21 show the normalized sensing delay of the
NUMmost after applying FBB on Maj., Alt., and Ma j. + Alt.,
respectively. It can be seen that FBB can reduced the delay
for reading zeroes by reducing the Vt h , and the sensing
delay for reading zeroes is reduced as the Vbias becomes
larger. Figs. 22–24 show the normalized sensing delay for the
NUMmost after applying FBB on Maj., Alt., and Ma j. + Alt.,
respectively. Similar to the results for reading zeroes, FBB can
reduced the delay for reading ones by reducing the Vth .
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Fig. 19. After the Maj. and the FBB are applied, the delay for reading zeroes
in each NUMmost of the benchmarks.

Fig. 20. After the Alt. and the FBB are applied, the delay for reading zeroes
in each NUMmost of the benchmarks.

Fig. 21. After the Ma j. + Alt. and the FBB are applied, the delay for reading
zeroes in each NUMmost of the benchmarks.

However, the sensing delay for reading ones increases as the
Vbias becomes larger.
Note that the value of Vbias will determine the improvement
in delays for reading zeroes and ones. A larger Vbias can
provide a better improvement in reading zeroes but a weaker
improvement in reading ones.
This is because the Idata that indicates the state “0” is larger
than the Idata that indicates the state “1” [24]. If the Vbias is
increased, the Idata will be decreased, but the Vdata will be
increased. Therefore, there is more improvement in the delay
for reading zeroes and less improvement in the delay for
reading ones.
E. Current Mirror STT-MRAM Sensing Amplifier
In order to show the effectiveness of the proposed
techniques, we also investigate our techniques in two other
advanced current mirror STT-MRAM sensing amplifiers. The
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Fig. 22. After the Maj. and the FBB are applied, the delay for reading ones
in each NUMmost of the benchmarks.

Fig. 23. After the Alt. and the FBB are applied, the delay for reading ones
in each NUMmost of the benchmarks.

Fig. 24. After the Ma j. + Alt. and the FBB are applied, the delay for reading
ones in each NUMmost of the benchmarks.

first one is a short pulse reading sense amplifier (SPRSA)
with a body voltage sensing circuit [39], as shown
in Fig. 25. The second one is the precharge sensing amplifier (PCSA) [40], [41], as shown in Fig. 26. The SPRSA is
a high-performance STT-MRAM sensing amplifier with short
sensing time because its sensing current is similar in magnitude to the writing current used to read the MTJ, but with a
much shorter pulsewidth. The PCSA is a low power sensing
amplifier that has nearly negligible sensing power because it
has no stationary current [41].
The simulation setup is the same as that in Section IV-A,
and the same system configuration for read and write traffic
in Table II are used in the SPRSA and PCSA. The Maj.,
Alt., Ma j. + Alt., and Ma j. + Alt. + F B B are applied on
the SPRSA and PCSA to evaluate the effectiveness of the
proposed techniques. The bias voltage of the access transistor
in FBB is 0.05 V. The simulation results for the SPRSA
and PCSA are normalized to the sense amplifier with the
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Fig. 25.

SPRSA with a body voltage sensing circuit [39].

Fig. 26.

Low power sensing amplifier, called a PCSA [40], [41].

Fig. 27. Normalized delay for reading zeroes for the NUMmost after the
proposed techniques are applied and used for seven years in each benchmark.
The sense amplifier is the SPRSA proposed in [31].

largest delay when the proposed techniques are not used for
seven years.
Fig. 27 shows the normalized sensing delay of the NUMmost
for reading zeroes in the SPRSA for each benchmark.
The sensing delay for reading zeroes in the Maj. can be
reduced by up to 13.14% in the tonto benchmark and
by 11.88%, on average. The sensing delay for reading zeroes in
the Alt. can be reduced by up to 11.96% in the lbm benchmark
and by 10.19%, on average. The sensing delay of reading
zeroes in the Ma j. + Alt. can be reduced by up to 14.08% in
the sphinx3 benchmark and by 13.16%, on average. The sensing delay of reading zeroes in the Ma j. + Alt. + F B B0 .05V
can be reduced by up to 25.00% in the sphinx3 benchmark
and by 24.08%, on average. Compared with the Maj., Alt. and
Ma j. + Alt., the Ma j. + Alt. + F B B_0.05V can decrease
more sensing delay for reading zeroes by 11.86%, 13.04%,
and 10.92%, respectively, on average.
Fig. 28 shows the normalized sensing delay for reading ones
for the NUMmost in the SPRSA for each benchmark. The

Fig. 28. Normalized sensing delay for reading ones for the NUMmost after the
proposed techniques are applied and used for seven years in each benchmark.
The sense amplifier is the SPRSA, as proposed in [39].

Fig. 29. Normalized sensing delay for reading zeroes for the NUMmost
after the proposed techniques are applied and used for seven years for each
benchmark. The sense amplifier is the PCSA, as proposed in [40].

sensing delay for reading ones in the Maj. can be reduced
by up to 12.75% in the tonto benchmark and by 11.47%,
on average. The sensing delay for reading ones in the Alt.
can be reduced by up to 11.53% in the lbm benchmark
and by 9.82%, on average. The sensing delay for reading
ones in the Ma j. + Alt. can be reduced by up to 13.73% in
sphinx3 benchmark and by 12.77%, on average. The sensing
delay for reading ones in the Ma j. + Alt. + F B B_0.05V can
be reduced by up to 40.33% in sphinx3 benchmark and 39.46%
on average. Compared with the Maj., Alt. and Ma j. + Alt., the
Ma j. + Alt. + F B B_0.05V can decrease more sensing delay
for reading ones by 27.58%, 28.79%, and 26.59%, on average.
Fig. 29 shows the normalized sensing delay for reading
zeroes for the NUMmost with the PCSA for each benchmark.
The sensing delay for reading zeroes in the Maj. can be
reduced by up to 15.03% in the tonto benchmark and
by 10.62%, on average. The sensing delay for reading zeroes
in the Alt. can be reduced by up to 10.92% in the lbm
benchmark and by 4.48%, on average. The sensing delay for
reading zeroes in the Ma j. + Alt. can be reduced by up to
18.21% in the sphinx3 benchmark and by 15.10%, on average.
The sensing delay for reading zeroes in the Ma j. + Alt.+
F B B_0.05V can be reduced by up to 36.43% in the sphinx3
benchmark and by 34.23%, on average. Compared with the
Maj., Alt. and Ma j. + Alt., the Ma j. + Alt. + F B B_0.05V
can decrease more sensing delay for reading zeroes by 21.39%,
25.51%, and 18.22%, on average.
Fig. 30 shows the normalized sensing delay for the
NUMmost for reading ones using the PCSA for each
benchmark. The sensing delay for reading ones in the Maj.
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because the majority-based technique is integrated with the
data-in buffer, and the inversion status bits and reference bits
can be overlapped with the time when the cache line is written.
In addition, the timing overhead of the FBB is zero because
Vbias is always applied.

Fig. 30. Normalized sensing delay for reading ones for the NUMmost after the
proposed techniques are applied and used for seven years in each benchmark.
The sense amplifier is PCSA, as proposed in [40].
TABLE III
OVERHEAD OF THE P ROPOSED T ECHNIQUES

can be reduced by up to 6.64% in the tonto benchmark and
by 5.63%, on average. The sensing delay for reading ones in
the Alt. can be reduced by up to 5.67% in the lbm benchmark
and by 7.44%, on average. The sensing delay for reading ones
in the Ma j. + Alt. can be reduced by up to 7.44% in the
sphinx3 benchmark and by 6.66%, on average. The sensing
delay for reading ones in the Ma j. + Alt. + F B B_0.05V
can be reduced by up to 7.44% in the sphinx3 benchmark and by 6.66%, on average. Compared with the Maj.,
Alt. and Ma j. + Alt., the Ma j. + Alt. + F B B_0.05V can
decrease more sensing delay for reading ones in 5.42%, 6.39%,
and 4.62%, on average. Note that the PCSA has the same
reference generator with the sense amplifier shown in Fig. 9.
Therefore, their trend for improvement results is very similar.
It can be seen in Figs. 27–30 that the Ma j. + Alt.+
F B B_0.05V can improve the sensing delay for reading zeroes
and ones the most. Because with the help of the FBB,
the Ma j. + Alt. can further improve the sensing delay for
reading zeroes and ones as well.
F. Overhead of the Proposed Techniques
To estimate the overhead of the proposed techniques, additional circuits in the proposed techniques are implemented
in Verilog and synthesized using the Synopsys Design Compiler [42]. The results are scaled down to 22 nm [43] and
compared with the STT-MRAM data from NVsim [44].
The area, timing, dynamic energy overhead of the majoritybased circuit, alternative sensing circuit, inversion status bit,
reference bit, and voltage generator are listed in Table III.
The total area and timing overhead are 10.12% and 6.17%,
respectively. The dynamic energy overhead is 0.785%. Note
that the majority-based technique, inversion status bits, reference bits, and voltage generator have no timing overhead

V. C ONCLUSION
STT-MRAM is an emerging memory technology and a
promising replacement for SRAM. Meanwhile, the BTI effect
has become a major reliability issue in advanced CMOS
process technology. Several works have investigated the influence of the BTI effect on the SRAM sense amplifier, but
there has been no research done on the STT-MRAM sense
amplifier. Thus, this paper investigated the influence of the
BTI effect on the STT-MRAM sense amplifier. We analyzed
the influence of the percentage of reading-zero operation and
proposed a majority-based technique and an alternative sensing technique to reduce degradation. The simulation results
show that the proposed majority-based and alternative sensing technique can reduce the BTI effect for reading both
zeroes and ones. Using FBB on the access transistor of a
data array can ensure greater improvement in sensing delay
for reading zeroes and ones than is the case without FBB.
The simulation results for the sense amplifier [24] show
that the Ma j. + Alt. + F B B_0.05V can improve the sensing
delay for reading zeros and ones by 29.93% and 57.67%,
respectively, on average. The proposed simulation flow and
the proposed techniques can be easily extended to other sense
amplifiers for STT-MRAM.
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