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Abstract—Recently, a magnetic tunnel junction (MTJ), which
is a strong candidate as a next-generation memory element, has
been used not only as a memory cell but also in spintronics logic
because of its excellent properties of nonvolatility, no silicon
area occupation, and CMOS process compatibility. One of the
representative research areas for the spintronics logic is the zero
standby leakage retention flip-flop. Conventional zero standby
leakage retention flip-flops have several problems, including
delay, sensing
difficulty in design optimization among the
current, and process variation tolerance, and the insufficient write
current. In this paper, a new MTJ based retention flip-flop is
presented to solve these problems. The proposed retention flip-flop
is designed using industry-compatible 45-nm process technology
model. The proposed retention flip-flop achieves a 41.58% reduced
delay and a 67.53% lowered sensing current with a 1.06%
increased area compared to the previous retention flip-flop.
Index Terms—magnetic tunnel junction (MTJ) logic, nonvolatile
flip-flop, retention flip-flop, spintronics logic.

I. INTRODUCTION

I

N recent years, a green technology has become one of the
most significant keywords in overall technology trends.
Although the green technology initially referred to environmentally friendly resource technology such as renewable or
clean energy, convergence with other technologies is currently
taking place. In the system-on-a-chip (SoC) design field, this
tendency is appearing through low-power design. The most
basic approach for low-power SoC design is the use of the
standby mode in which power consumption is much lower
than that in the active mode. In the standby mode, dynamic
power is not consumed because the SoC does not operate in
this mode. Thus, the leakage power is the most important issue.
To minimize the leakage power in the standby mode, several
methods have been suggested, such as the stacked transistors,
the multi-threshold CMOS (MTCMOS), which uses a head/foot
switch and dual threshold voltages, and the variable threshold
CMOS (VTCMOS), which controls the threshold voltage
[1]–[5]. The most straightforward and efficient method

Manuscript received December 03, 2010; revised March 31, 2011, June 01,
2011, and August 25, 2011; accepted October 04, 2011. Date of publication
November 30, 2011; date of current version July 27, 2012.
K. Ryu, J. Kim, J. Jung, and S.-O. Jung are with the School of Electrical and Electronic Engineering, Yonsei University, Seoul 120-749, Korea
(e-mail: kryu@yonsei.ac.kr; panatrop@yonsei.ac.kr; jiwanjung@yonsei.ac.kr;
sjung@yonsei.ac.kr).
J. P. Kim and S. H. Kang are with Qualcomm Incorporated, San Diego, CA
92121 USA (e-mail: jungpill@qualcomm.com; seungk@qualcomm.com).
Digital Object Identifier 10.1109/TVLSI.2011.2172644

is shutting down the supply voltage
, which uses a zero
in the standby mode [6]–[8]. If the zero
is applied,
the leakage current does not flow through the circuit, but, all
data, including the data required for the proper operation after
recovering the
, are destroyed. Thus, to implement a zero
scheme without encountering this problem, the SoC must
or
have an additional non-collapsed supply voltage
contain the retention flip-flop with the nonvolatile element.
causes
However, the scheme with the additional
power routing complexity and cannot avoid the leakage power
. On the other
consumption in the flip-flop using the
hand, the retention flip-flop with the nonvolatile element can
store the necessary data [8] without causing these problems.
Thus, the retention flip-flop with the nonvolatile element is the
key element in low-power SoC design.
Among various nonvolatile elements, the MTJ is the
most popular because it has good properties such as infinite
endurance and process compatibility with current CMOS technology [8], [9]. The MTJ can be divided into two categories
according to the data writing method. The first is the magnetic-field-write MTJ (i.e., conventional MTJ). The second is
the spin-polarized electron-induced write MTJ, called the spin
transfer torque MTJ (STT-MTJ). Because the conventional
MTJ has a severe problem in that the critical current (i.e.,
the minimum write current) increases with device scaling,
the spintronics logic has increasingly been employing the
STT-MTJ [10]. To write data into the STT-MTJ, the current
should directly flow through the STT-MTJ. This means that
the sensing and writing current paths are the same in the
STT-MTJ. Because of this property, an unintentional write
occurs during the sensing operation, which is called a read
disturbance problem [11]. Thus, the low sensing current is a
critical requirement for the STT-MTJ-based retention flip-flop.
It becomes more critical for the perpendicular MTJ (P-MTJ),
which has superior scalability but is much more vulnerable
to the read disturbance than the STT-MTJ [12]. The retention
flip-flop also needs to have fast speed for the high-performance
SoC, and it must be robust against the process variation in deep
submicrometer technology.
Several MTJ-based retention flip-flops have been reported,
but they have several problems [8], [13]–[17]. Because the MTJ
and the sensing circuit are merged into the latch circuit in the
previous MTJ-based retention flip-flops, it is difficult to simultaneously achieve fast speed, low read disturbance probability,
and process variation tolerance. In addition, the previous structures have the problem of the insufficient write current. In this
paper, a new STT-MTJ-based retention flip-flop is proposed.
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Fig. 1. Overall structure of the previous retention flip-flop.

By separating the MTJ and sensing circuit from the latch circuit and utilizing a new sensing circuit, all problems of the previous structures are resolved. In Section II, the previous retention flip-flops and their problems are described. The proposed retention flip-flop and its characteristics are explained in
Section III, and simulation results are presented in Section IV.
Finally, a conclusion is provided in Section V.

II. PREVIOUS RETENTION FLIP-FLOPS
Although previous retention flip-flops have some structural
differences, their slave latches are commonly based on a crosscoupled latch, where the MTJs are located between nMOS (or
pMOS) source and
(or
). Fig. 1 shows the overall
structure of the previous retention flip-flop, where the write circuit suggested in [15] and the D flip-flop core suggested in
[17] are used. There are four operation modes in the retention
flip-flop: the latch mode, the write mode, the standby mode, and
the sensing mode. In the latch mode, the retention flip-flop operates as a conventional flip-flop. In the write mode, the stored
data in the slave latch is written to the MTJs before entering
the standby mode, where a zero
scheme is used. In the
standby mode, the retention flip-flop maintains the stored data
in the MTJs which have a nonvolatile property. In the sensing
mode, the stored data in the MTJs is recovered to the slave latch.
Through the write and sensing operation modes, the retention
flip-flop can maintain the data with the zero VDD. When the retention flip-flop operates in the sensing mode, the sensing current should be sufficiently small to prevent the read disturbance.
However, it is difficult to obtain the low sensing current because
of the following structural problems in the previous retention
flip-flop. First problem is induced by the sensing circuit structure. Because the sensing circuit is merged with the cross-coupled latch in the previous slave latch, the low sensing current in
the sensing mode leads to the low latch operation current in the
latch mode. Second, the large parasitic capacitances are formed

. The folat the outputs of the cross-coupled latch
lowing equation presents the parasitic capacitances formed at
.

(1)
and
are the gate capacitances of
where
pMOS and nMOS transistors in the cross-coupled latch (
and
), respectively, and
and
are
the junction capacitances of
and
, respectively,
and
are the junction capacitances of the
transmission gates
and the precharge transistors
, respectively and
is the gate capacitance of
the inverter
. Because the large parasitic capacitances
are formed at the outputs of the cross-coupled latch and the
latch operation current is low for preventing the read disturbance, the clock to
delay (
delay) becomes large.
In other words, the sensing and latch operations cannot be
optimized simultaneously.
The previous retention flip-flop has an insufficient write current problem in the deep submicrometer process technology
where
is around 1 V. The reasons are as follows. The required write current for the state “0” and state “1” are 160 and
120 A, respectively, according to the MTJ specification of the
state-of-the-art STT-MRAM process, which is fully compatible
with 45-nm logic process technology [18]. In the write mode,
the write current flows from
to
via two
serially connected MTJs (
and
) and thus becomes
small. The previous retention flip-flop also has a write current
degradation problem induced by the current flowing through the
precharge pMOSs (
and
). During the write operation,
and
are turned on because
is low. Thus,
the write current is disturbed by the current flowing through
them. Even when a balancing transistor is utilized in [15] and
[16] instead of a precharge transistor, the same problem occurs
because the balancing transistor forces the input voltage of the
inverters in the cross-coupled latch to be approximately
.
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Fig. 2. Overall structure of the proposed retention flip-flop.

TABLE I
PARAMETERS OF THE MTJ MODEL USED IN THIS PAPER

TABLE II
AND
ACCORDING
RESISTANCE VALUES OF
STORED IN THE RETENTION FLIP-FLOP

TO

DATA

and
according to the data
the resistance values of
stored in the retention flip-flop.
Similar to the previous retention flip-flop, the proposed retention flip-flop employs a master-slave configuration. The major
difference between the proposed and previous retention flipflops is the location of the sensing circuit. The sensing circuit
is separated from the cross-coupled latch in the proposed retention flip-flop, whereas it is merged with the cross-coupled
latch in the previous retention flip-flop. Thus, the sensing and
latch circuits can be optimized simultaneously in the proposed
retention flip-flop. The proposed sensing circuit also has much
smaller sensing current and better process variation immunity
than the previous sensing circuit. In addition, the proposed write
circuit can guarantee the sufficient write current, which may not
be possible in the previous write circuit.
A. Slave Latch Structure

denotes
denotes
denotes
denotes

with
with
with
with

.
.
.
.

In this case, the DC current that flows through the inverters disturbs the write current. As a result, the write circuit in the previous retention flip-flop cannot achieve the write current of 160
A for the state “0” at the worst case (SS/1.0 V/125 C) and
thus cannot perform the proper write operation.
III. PROPOSED RETENTION FLIP-FLOP
Fig. 2 shows the overall structure of the proposed retention
flip-flop, which consists of a D flip-flop core, a sensing circuit,
and a write circuit. Two MTJs are included in the sensing circuit.
Table I shows the parameters of the MTJ model used in this
paper. The MTJ size is 45 nm 130 nm and
product is 9
m . Thus, the resistance of the MTJ at state 0
is
2 K . The
is 150%, which results in the resistance of the
MTJ at state1
of 5 K . The distribution of the MTJ
resistance is modeled by Gaussian distribution in which 1-sigma
of the MTJ resistance is assumed to be 4% [10]. Table II shows

When
and
, the proposed retention flip-flop
is in the latch mode. The slave latch in the proposed retention flip-flop is based on the cross-coupled latch. Unlike the
previous slave latch, the proposed slave latch uses a transmission gate
inserted between two cross-coupled inverters
(
and
) to easily write the data to the slave latch by
eliminating the contention between the driving inverter in the
master latch
and
in the latch mode.
and
operate as a multiplexor. Because
and
are turned off and turned on, respectively, in the latch
mode, the output of the slave latch
is connected to the
output of the multiplexor
. Thus, the slave latch operates as a cross-coupled latch. On the other hand, in the sensing
mode, the output of the sensing circuit
is connected
to
.
In the proposed structure, the
delay is decided by
the path from
to the driving inverter in the slave latch
. Because this path is completely separated from MTJs,
delay optimization can be achieved without considering the current limitation not to cause the read disturbance. Therefore, the
proposed retention flip-flop is more suitable for the high-performance SoC than the previous retention flip-flops.

RYU et al.: MAGNETIC TUNNEL JUNCTION-BASED ZERO STANDBY LEAKAGE CURRENT RETENTION FLIP-FLOP

Fig. 3. Sensing circuit (a) in [19], (b) in [20], and (c) in the proposed retention
flip-flop.

B. Sensing Circuit Structure
and
, the proposed retention
When
flip-flop is in the sensing mode. Fig. 3(a)–(c) show the sensing
circuit in [19], [20], and the proposed retention flip-flop, respectively. To find the operating points of the sensing circuits
for data “0” and data “1”, the load-line analysis is used. The
current-voltage
characteristics of
with
,
with
,
with
, and
with
are obtained by measuring the currents through
,
,
, and
(
,
,
, and
), respectively, according to the output of the sensing
circuit
. The operating points for data “0” (data “1”)
of the sensing circuits can be determined by superimposing the
curves of
and
because
should be the same as
at the operating point. The load lines for the sensing
circuits in [19] and [20], and the proposed retention flip-flop
are shown in Fig. 4.
The sensing circuit in [19] uses the voltage divider structure,
as shown in Fig. 3(a). It senses the intermediate node voltage
of two serially connected MTJs. However, this sensing circuit
exhibits a small sensing margin
and large sensing current, as shown in Fig. 4(a), where
means the voltage difference between data “1” and data “0”. On the other hand, the
sensing circuit in [20] adds a pMOS and an nMOS between two
MTJs to extend the effective resistance difference of two MTJs,
as shown in Fig. 3(b). This sensing circuit exhibits a greater
sensing margin and less sensing current than the sensing circuit
in [19] if the added pMOS operates in the saturation (or triode)
region and the added nMOS operates in the triode (or saturation) region when the stored value is data “0” (or data “1”), as
shown in Fig. 4(b). However, this cannot be guaranteed with
technology scaling due to the lowered output resistance of the
transistor
and increased process variation.
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The proposed sensing circuit has the following characteristics. First, the weak positive feedback transistors (
and
) for the pull-up path and the strong positive feedback
transistors (
and
) for the pull-down path are used
to obtain the low sensing current and large sensing margin [see
Fig. 4(c)]. Second, additional transistor stacking (
for the
pull-up path and
for the pull-down path) is employed to reduce the sensing current [see Fig. 4(d)]. Because the pull-down
path is designed using smaller nMOSs (
,
,
) compared to pMOSs (
,
,
) due to the mobility difference between nMOS and pMOS, the pull-down path is vulnerable to the process variation. In addition, the current variation due to the process variation becomes worse as the drain to
source voltage
is increased. Thus,
and
are designed to be turned off at the high
(i.e., high
) by
using the strong feedback for the pull-down path.
In the sensing mode
, the
curve of
shows the following characteristics according to
. The first region of the
curve of
is when
, where
is the
of
. In this region,
keeps turned off and thus, the current does not flow through
. As
decreases, the voltage applied to
increases. Thus,
increases with decreasing
.
The second region of the
curve of
is when
. In this region,
keeps on and thus, the current flows through
. As
decreases, the current through
increases
because the source to gate voltage of
increases, and thus,
also increases. This lowers the source
to gate voltages of
and
(
&
). Thus,
decreases with decreasing
. The
curve
of
is similar to that of
except that
is smaller than
at the same
due to larger
than
, as shown in Table I. The
curve of
shows the similar characteristics to that of
the
according to
. The first region of the
curve of
is when
,
where
is the
of
. In this region,
increases with increasing
similar to
in the first region of the
curve of
. The
second region of the
curve of
is when
. In this region,
decreases with increasing
similar to
in the
second region of the
curve of
. The
curve
of
is also similar to that of
.
Two operating points exist for data “0”, as shown in Fig. 4(d).
These arise due to the asymmetric load curves induced by the
stronger feedback for the pull-down path than the pull-up path.
However, this does not cause a problem because the operating
point for data “0” is correctly determined by the following
reason. Sensing operation always starts at
0 V
because
is initially set to 0 V by the nMOS transistor
when the
is low. Thus, the lower voltage operating
point of the two operating points becomes the operating point
for data “0”.
Fig. 5 shows the waveforms of
and
during
the sensing operation, where
is
in the
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Fig. 4. Load lines for the sensing circuit (a) in [19], (b) in [20], (c) without transistor stacking in the proposed retention flip-flop, and (d) with transistor stacking
in the proposed retention flip-flop.

because the sensing result of the proposed sensing circuit is
decided solely by the resistance difference between the pull-up
path and the pull-down path, unlike the previous structures
where the sensing result is affected by both the resistance
mismatch induced by the
mismatch between
and
and capacitance mismatch between two sensing paths
(
to
and
to
paths).
C. Write Circuit Structure

Fig. 5. Waveforms of

and

during the sensing operation.

case of data “0” (“1”),
is
in case of
data “0” (“1”), and
is sensing delay in case of data
“0” (“1”). Because the sensing operation starts at
0
V, the sensing speed for data “0” is very fast. However, in the
case of data “1”,
increases slowly from 0 V.
continues to be higher than
until
reaches
near
, as shown in Fig. 4(d). Then,
and
go to
and 0 V, respectively, because
is turned off, while
and
go to a low voltage near 0 V because
is turned
on. Such node voltages make the pull-up resistance low and the
pull-down resistance high. Therefore,
becomes near
. Because
considerably reduces by the feedback
(
and
) at low
, internal nodes of the
sensing circuit slowly transits until the sensing circuit has
reached a steady state. Thus, the sensing speed for data “1” is
substantially slower than that of data “0”. However, this does
not cause any problem because the sensing speed for data ‘1’ is
much shorter than the wakeup time of the SoC.
Even though additional transistors may reduce the process
variation tolerance, the proposed sensing circuit still has better
process variation tolerance than previous sensing circuits

Fig. 6 shows the write circuit in the proposed retention
flip-flop where the sensing circuit shown in Fig. 3(c) is omitted.
In the case of
and
, the proposed retention
flip-flop operates in the write mode. Because the bi-directional
current path is required to write data into the STT-MTJ, two
write drivers are used for one STT-MTJ. Thus, four write
drivers are used for one retention flip-flop in the proposed
structure, whereas only two write drivers are used in [15]
because two serially connected MTJs can be written simultaneously. Although the write circuit in [15] has fewer transistors, it
cannot guarantee a small layout size because larger transistors
are required for the same write current. In addition, it cannot
obtain a sufficient write current in the deep submicrometer
process technology, as mentioned in Section II. The proposed
write circuit consists of four tri-state write drivers, two NOR
gates, and two inverters. The NOR gates and inverters are used
to control the write drivers. The write operation is as follows.
The NOR gates and inverters make the write driver turn on or
turn off depending on
and
. In the case of
0 V, one write driver connected to
becomes
the current sink and the other write driver becomes the current
source. Thus, the resistance of
is changed to high and
the resistance of
is changed to low, i.e., data “0” is
written. Because the write circuit is completely separated from
the latch and sensing circuit, write current degradation does not
occur. During the sensing and latch operations, all write drivers
are turned off. Thus, the sensing operation is not affected by
write drivers in any way.
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Fig. 8. Comparison of
delay and sensing current between the retention
flip-flop in [17] and the proposed retention flip-flop.

Fig. 6. Write circuit in the proposed retention flip-flop.

Fig. 7. Comparison of sensing error rate between the retention flip-flop in [17]
and the proposed retention flip-flop.

IV. SIMULATION RESULTS
The proposed retention flip-flop is designed using an industry-compatible 45-nm process technology model with a
nominal
of 1.1 V. The sizes of the transistors in the D
flip-flop are determined to minimize power-delay-product
[21]. Simulation results of the proposed retention flip-flop are
compared with those of the retention flip-flop in [17], which
exhibits the best performance ever reported.
A. Sensing Error Simulation
Fig. 7 shows Monte Carlo simulation results for the sensing
error rate trends of the previous and proposed retention flip-

flops according to the channel length of the sensing circuit.
Random variables used for Monte Carlo simulation are the
,
channel length and width, and oxide thickness. To minimize the
read disturbance, the low sensing current is required. To achieve
this purpose, the simulations are performed by changing the
channel lengths of all transistors in the sensing circuit except for
and
that are used for setting initial condition with
keeping the widths of all transistors. The transistor widths of
both the previous and proposed sensing circuits are determined
to achieve the sensing error rate of 0.0001% because such the
sensing error rate guarantees the 99.9% yield when 1 K retention flip-flops are used. Since the
variation reduces with the
channel area [22], [23], the sensing error rate reduces with the
channel length for a given channel width. However, the sensing
error rate starts to increase at a certain channel length because of
the insufficient sensing current. If the channel width increases
(or decreases), the minimum sensing error point is shifted to
longer (or shorter) channel length due to the increased (or decreased) sensing current, and the magnitude of the minimum
sensing error rate becomes smaller (or larger) than 0.0001% due
to the increased channel area. Thus, there is only one case that
minimum sensing error rate equals to 0.0001% in a process technology. Such a tendency is commonly presented in both previous and proposed retention flip-flops. However, the sensing
error rate of the proposed retention flip-flop at a technology is
almost the same as that of the previous retention flip-flop at
the one or two generation older technology than that used for
the proposed retention flip-flop, as shown in Fig. 7. Therefore,
the proposed retention flip-flop is more suitable for technology
scaling than the previous retention flip-flop.
B.

Delay and Sensing Current Simulation

delay and sensing current according
Fig. 8 shows the
to the channel length of the sensing circuit, and Fig. 9 shows
the
delay and sensing current in case that both sensing
circuits of the previous and proposed retention flip-flops are designed to obtain the sensing error rate of 0.0001%. The
delay, which is measured with a FO4 load, is the worse one of
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Fig. 9. Comparison of
delay and sensing current between the retention
flip-flop in [17] and the proposed retention flip-flop when the channel lengths
are used to achieve sensing error rate of 0.0001% in Fig. 7.

the delay from the rising edge of
to the positive edge of
and the delay from the rising edge of
to the negative edge
of . The sensing current is measured as follows. In Fig. 4, the
steady-state sensing current is estimated using the load curve.
However, a short peak current occurs as a transient response
due to the rush current immediately after
is enabled, the
coupling effect between
and
, and the transition
current according to the feedback effect. The peak current is
defined as the sensing current [17]. Since the read disturbance
is directly influenced by the magnitude of the sensing current,
the worst read disturbance case can be expected by using the
peak current. Since the sensing current direction is the same as
the high-to-low writing current direction for both
and
in the sensing circuit of the previous retention flip-flop
and the high-to-low (low-to-high) writing current direction for
in the sensing circuit of the proposed retention
flip-flop, the read disturbance occurs only for the high resistance
MTJ in the sensing circuit of the previous retention flip-flop and
only when data “0” is stored in the sensing circuit of the proposed retention flip-flop. Thus, sensing current is measured in
those cases in which the read disturbance can occur.
The previous retention flip-flop has the trade-off between the
delay and sensing current, as shown in Fig. 8. On the
other hand, the tradeoff is not shown in the proposed retention flip-flop since the
delay does not change with the
channel length of the sensing circuit. Unlike the previous retention flip-flop, the sensing current of the proposed retention
flip-flop increases with the channel length of the sensing circuit when the channel length is greater than 90 nm. It is because
that coupling effect between
and
causes a dominant
peak current. On the other hand, the steady-state sensing current
reduces steadily with the channel length. Simulation results in
Fig. 9 reveal that the
delay of the proposed retention
flip-flop is 39.03% to 48.65% less than that of the previous retention flip-flop. Such enhancement is a result of the optimized
design realized by separating MTJs from the latch circuit. The
sensing current of the proposed retention flip-flop is 67.53% to
74.56% less than that of the previous retention flip-flop due to
the positive feedback and stack structure.

Fig. 10. Comparison of sensing delay and area between the retention flip-flop
in [17] and the proposed retention flip-flop.

Fig. 11. Comparison of sensing delay between the retention flip-flop in [17]
and the proposed retention flip-flop when the channel lengths are used to achieve
sensing error rate of 0.0001% in Fig. 7.

C. Sensing Delay Simulation and Area Estimation
Fig. 10 shows the sensing delay and area according to the
channel length of the sensing circuit, and Fig. 11 shows the
sensing delay in case that both sensing circuits of the previous
and proposed retention flip-flops are designed to obtain the
sensing error rate of 0.0001%. Because the sensing delay for
data “1” is much slower than that for data “0” in the proposed
retention flip-flop, the sensing delay for data “1” is compared.
The previous and proposed retention flip-flops are drawn using
the design rule of the industry-compatible 45-nm process
technology. The area of the proposed retention flip-flop is
1.06% larger than that of the previous retention flip-flop. Such
an increment is caused by the larger sensing circuit. However,
this area penalty is not significant considering the performance
enhancement.
Simulation results in Fig. 11 show that the sensing delay of
the proposed retention flip-flop is 98.83% to 225.93% longer
than that of the previous retention flip-flop. The main reasons
are 0 V initial voltage and feedback effect. However, the longer
sensing delay, which is a few nanoseconds, is not a problem
because it is much shorter than the wake-up time of the SoC,
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Fig. 13. Comparison of layout size between the previous retention flip-flop and
the proposed retention flip-flop.
Fig. 12. Comparison of write current degradation between the retention
flip-flop in [17] and the proposed retention flip-flop. The sizes of pMOS and
nMOS in the write circuit in [17] are 8 and 4 m, respectively, and those of
pMOS and nMOS in the proposed write circuit is 1.6 and 0.8 m, respectively.

which generally takes from several hundred nanoseconds to several microseconds [24], [25]. The longer sensing delay may increase the probability of the read disturbance because the critical
current decreases with the sensing delay. However, the sensing
delay and critical current have a logarithmic dependency. Approximately
times the sensing delay is required to obtain
about 65% reduction in the critical current [10]. Compared to
the retention flip-flop in [17], the proposed retention flip-flop
has 32.47% of the sensing current but 3.26 times the sensing
delay in the worst case. Thus, the longer sensing delay does not
cause the read disturbance problem. Since the critical current
of the P-MTJ has been reported to be around 30 A [12], the
sensing current should be lower than 20 A not to cause the
read disturbance with considering variations. Since the worst
sensing current of the proposed sensing circuit is 13.31 A that
is 44.37% of the critical current of the P-MTJ. Thus, the proposed sensing circuit is applicable to the P-MTJ. The longer
sensing delay also increases the energy consumption. HSPICE
simulation results show that the sensing energy consumption of
the proposed retention flip-flop (170.9 fJ) is larger than that of
the previous retention flip-flop (13.8 fJ). However, the retention flip-flop performs the sensing operation only once during
the wake-up. Thus, the portion of the sensing energy among the
overall energy consumption of the retention flip-flop is negligible.
D. Write Current Simulation
Fig. 12 shows the current through the MTJ and the current
provided by the write circuit. As mentioned in Section II, the
write circuit suggested in [15] is used for comparison. In Fig. 12,
means the current through the MTJ and
means the current provided by the write circuit when the state
of the connected MTJ is “0(1)”. In the previous scheme,
is reduced by 17.1% to 32.5% compared to
and thus,
the write current degradation occurs. On the other hand, the
proposed scheme does not cause this problem. Meanwhile, as
shown in Fig. 12, the write current through
and
in the previous write circuit can be reached to 160 A only at

TABLE III
PERFORMANCE SUMMARY AND COMPARISON

Lengths of the transistors in the sensing circuit except for
and
that are used for setting initial condition are 90 nm, and those of the
other transistors are 45 nm.
Lengths of the transistors in the sensing circuit except for
and
that are used for setting initial condition are 180 nm, and those of the
other transistors are 45 nm.
delay, sensing delay, and set-up time are measured at SS corner/1.0
V/125 C.
Sensing current and sensing energy consumption are measured at FF
corner/1.2 V/ 45 C.
Leakage power is measured at FF corner/1.2 V/125 C.
Set-up time of the conventional D Flip-flop is 75.0 ps.

best corner (FF/1.2 V/ 45 C) with the very large nMOS width
of 4 m. On the other hand, the proposed write circuit guarantees the required write current if the nMOS width is 0.8 m.
E. Layout and Simulation Summary
Fig. 13 shows the layouts of the previous and proposed retention flip-flops. The layout of the previous retention flip-flop
is drawn when the nMOS width of the write driver is 4 m to
achieve the critical current at least at the best corner (FF/1.2
V/ 45 C), whereas that of the proposed retention flip-flop is
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drawn when nMOS width of the write driver is 0.8 m. The
size of the previous write driver is much larger than that of the
proposed write driver. Thus, even though the proposed sensing
circuit uses more transistors than the proposed sensing circuit,
the area of the proposed retention flip-flop is only 1.06% larger
than that of the previous retention flip-flop.
Table III presents the performance summary for the proposed
and previous structures with the channel length to achieve the
sensing error rate 0.0001%. As shown in Table III, the leakage
power in the active mode of the proposed retention flip-flop is
smaller than that of the previous retention flip-flop. The reason is
as follows. Even though the proposed sensing circuit is designed
with shorter channel length than the previous sensing circuit, the
former’s leakage power is almost same as the latter’s leakage
power due to the stack effect. The leakage power difference in
the active mode occurs in the write circuit. The proposed write
circuit has smaller size than the previous write circuit, and thus
the proposed write circuit consumes less power. On the other
hand, both the previous and proposed retention flip-flops do not
consume power in the standby mode since the zero
is used
in the standby mode. The set-up time of the proposed retention
flip-flop is the same as that of the conventional D flip-flop. Although
and
are added in the D flip-flop core
of the proposed retention flip-flop, a main signal path which decides the set-up time of the proposed retention flip-flop (from
to
via
,
, and
) is hardly affected by
and
. On the other hand, the setup
time of the previous retention flip-flop is 10% larger than that
of the conventional D-flip flop because of the low current in
the slave latch and the large parasitic capacitances induced by
the added inverters (
and
dummy) compared to the
conventional D flip-flop.
V. CONCLUSION
Because the MTJ has a nonvolatile property, if the zero
is
used in the standby mode, the zero standby leakage current can
be achieved using an MTJ-based retention flip-flop. Previous
retention flip-flops cannot achieve the fast
delay, low
sensing current, and high process variation tolerance simultaneously. They also have problems of the high read disturbance
probability and insufficient write current. The proposed retention flip-flop achieves the fast
delay. It also achieves
the low sensing current and high process variation tolerance by
using the positive feedback and the transistor stacking design.
Simulation results show a 41.58% enhanced
delay and
a 67.53% enhanced sensing current at the cost of a 1.06% area
overhead. Since the sensing current is significantly reduced, the
proposed retention flip-flop is applicable to the perpendicular
MTJ. The large sensing delay of the proposed retention flip-flop
does not cause any problems because it is much smaller than the
wake-up time.
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