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57 ABSTRACT

A memory circuit includes: a bistable circuit (30) that stores
data; nonvolatile elements (MTJ1, MTJ2) that store data
written in the bistable circuit in a nonvolatile manner, and
restore data stored in a nonvolatile manner into the bistable
circuit; and a control unit that stores data written in the
bistable circuit in a nonvolatile manner and cuts off a power
supply to the bistable circuit when the period not to read data
from or write data into the bistable circuit is longer than a
predetermined time period, and does not store data written
in the bistable circuit in a nonvolatile manner and makes the
supply voltage for the bistable circuit lower than a voltage
during the period to read data from or write data into the
bistable circuit when the period not to read or write data is
shorter than the predetermined time period.
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MEMORY CIRCUIT PROVIDED WITH
BISTABLE CIRCUIT AND NON-VOLATILE
ELEMENT

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation application of Interna-
tional Patent Application No. PCT/JP2013/054052, filed on
Feb. 19, 2013, which claims priority to Japanese Patent
Application No. 2012-114989 filed on May 18, 2012, sub-
ject matter of these patent documents is incorporated by
reference herein its entirety.

TECHNICAL FIELD

The present invention relates to memory circuit, and more
particularly, to a memory circuit that provided with bistable
circuit and nonvolatile element, for example.

BACKGROUND ART

In a known memory device, data written in a bistable
circuit of a SRAM (Static Random Access Memory) is
stored into a ferromagnetic tunnel junction element (MTJ) in
a nonvolatile manner, to cut off the power supply to the
bistable circuit. After that, when the bistable circuit is turned
on, the data is restored into the bistable circuit from the MT]J
(see Patent Document 1, for example). Power consumption
can be reduced by using this memory device in a micropro-
cessor, a system-on-chip, a microcontroller, an FPGA (Field
Programmable Gate Array), a CMOS (Complementary
Metal Oxide Semiconductor) logic, or the like.

PRIOR ART DOCUMENT
Patent Document

Patent Document 1: International Publication Pamphlet
WO 2009/028298 A

SUMMARY OF THE INVENTION
Problem to be Solved by the Invention

In the memory circuit disclosed in Patent Document 1,
data in a bistable circuit can be stored into an MTJ in a
nonvolatile manner, and accordingly, the power supply to
the bistable circuit can be cut off. As a result, standby power
consumption can be dramatically reduced. While power is
being supplied, however, power consumption is larger than
that with a conventional SRAM.

The present invention has been made in view of the above
problem, and aims to reduce power consumption.

Means for Solving the Problem

The present invention is a memory circuit that includes: a
bistable circuit that writes data; a nonvolatile element that
stores data written in the bistable circuit in a nonvolatile
manner, and restores data stored in a nonvolatile manner into
the bistable circuit; and a control unit that stores data written
in the bistable circuit into the nonvolatile element in a
nonvolatile manner and cuts off a power supply to the
bistable circuit when a period not to read data from or write
data into the bistable circuit is longer than a predetermined
time period, and does not store data written in the bistable
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circuit into the nonvolatile element in a nonvolatile manner
and makes a supply voltage for the bistable circuit lower
than a voltage during a period to read data from or write data
into the bistable circuit when the period not to read or write
data is shorter than the predetermined time period. Accord-
ing to the present invention, power consumption can be
reduced.

In the above structure, the control unit may determine
whether the period not to read data from or write data into
the bistable circuit is longer than the predetermined time
period. When determining that the period not to read data
from or write data into the bistable circuit is longer than the
predetermined time period, the control unit stores data
written in the bistable circuit into the nonvolatile element in
a nonvolatile manner, and cuts off the power supply to the
bistable circuit. When determining that the period not to read
or write data is shorter than the predetermined time period,
the control unit does not store data written in the bistable
circuit into the nonvolatile element in a nonvolatile manner,
and makes the supply voltage for the bistable circuit lower
than the voltage during the period to read data from or write
data into the bistable circuit.

In the above structure, the predetermined time period may
be equal to or longer than a period during which the amount
of power consumed when the supply voltage for the bistable
circuit during the predetermined time period is lowered
becomes equal to the amount of power consumed when data
is stored and restored into the nonvolatile element.

In the above structure, the predetermined time period may
be equal to or longer than (E,,,.°“+E, cre (A5 -
| P DXV teep)s E..,.. ¢ representing an energy calculated by
subtracting an energy in a case where the supply voltage for
the bistable circuit is lowered during a period to store data
into the volatile element, from an energy for storing data into
the nonvolatile element, E,_,, .°¢ representing an energy
calculated by subtracting an energy in a case where the
supply voltage for the bistable circuit is lowered during a
period to restore data from the nonvolatile element, from an
energy for restoring data from the nonvolatile element, I, »*
representing a current consumed in a case where the supply
voltage for the bistable circuit is lowered, 1,*” representing
a current consumed in a case where the power supply to the
bistable circuit is cut off, V,,,, representing a supply voltage
in a case where the supply voltage for the bistable circuit is
lowered.

In the above structure, the nonvolatile element may have
one end connected to a node in the bistable circuit, and have
the other end connected to a control line.

In the above structure, the nonvolatile element may store
data written in the bistable circuit in a nonvolatile manner by
using a current flowing between the one end and the other
end.

In the above structure, the bistable circuit may include a
first node and a second node, the first node and the second
node being complementary to each other. The nonvolatile
element may include a first nonvolatile element having one
end connected to the first node and the other end connected
to the control line, and a second nonvolatile element having
one end connected to the second node and the other end
connected to the control line.

The above structure may further include: a MOSFET
having the source and the drain connected in series to the
nonvolatile element between the node and the control line;
and a control unit that makes a voltage of the control line
during a period for the bistable circuit to write data higher
than the lowest voltage to be applied to the control line
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during a period to store data written in the bistable circuit
into the nonvolatile element in a nonvolatile manner.

In the above structure, the control unit may make the
voltage of the control line during the period for the bistable
circuit to store data higher than a voltage of the control line
during a period to cut off the power supply to the bistable
circuit.

In the above structure, the nonvolatile element may be a
ferromagnetic tunnel junction element.

The present invention is a memory circuit that includes: a
bistable circuit that writes stores data; a nonvolatile element
that stores data written in the bistable circuit in a nonvolatile
manner and restores data written in a nonvolatile manner
into the bistable circuit by changing a resistance value with
a current flowing between one end and the other end, the
nonvolatile element having the one end connected to a node
in the bistable circuit and the other end connected to a
control line; an FET that has the source and the drain
connected in series to the nonvolatile element between the
node and the control line; and a control unit that makes a
voltage to be applied to the gate of the FET during a period
to restore data stored in the nonvolatile element in a non-
volatile manner into the bistable circuit lower than a supply
voltage to be applied to the bistable circuit during a period
to write data into and read data from the bistable circuit in
a volatile manner. According to the present invention, power
consumption can be reduced.

In the above structure, the control unit may make a
voltage to be applied to the gate during a period to store data
written in the bistable circuit into the nonvolatile element in
a nonvolatile manner lower than the supply voltage.

In the above structure, the control unit may make the
highest voltage to be applied to the control line during a
period to store data written in the bistable circuit into the
nonvolatile element in a nonvolatile manner lower than the
supply voltage.

Effects of the Invention

According to the present invention, power consumption
can be reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1C are diagrams showing an example of a
ferromagnetic tunnel junction element, and FIG. 1B is a
diagram showing the current-voltage characteristics of the
ferromagnetic tunnel junction element 40;

FIG. 2 is a circuit diagram of a memory cell;

FIG. 3 is a timing chart showing control of the memory
cell;

FIGS. 4A and 4B are circuit diagrams showing other
examples of memory cells;

FIGS. 5A and 5B are block diagrams showing a memory
circuit and a memory cell according to a first embodiment;

FIG. 6 is a timing chart showing the voltages of a power
supply and a control line;

FIG. 7 is a diagram showing the results of simulations
performed to simulate leakage currents from memory cells
relative to a power supply;

FIG. 8 is a schematic diagram showing a comparison
between a shut-down state and a sleep state in terms of
current consumption in the memory circuit according to the
first embodiment;

FIG. 9 is a schematic diagram showing a comparison
between the memory circuit according to the first embodi-
ment and a 6T-SRAM in terms of current consumption;
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FIG. 10 is a flowchart showing control by the control unit;

FIG. 11 is a timing chart showing simulations performed
to simulate the voltages of a control line CTRL and a switch
line SR during a store period, and currents 11 and 12 flowing
in ferromagnetic tunnel junction elements MTJ1 and MTJ2
during the store period;

FIGS. 12A and 12B are diagrams each showing simula-
tions performed to simulate characteristics of a bistable
circuit during the store period;

FIG. 13 is a timing chart showing simulations performed
to simulate the voltages of a power supply Vsupply and the
switch line SR during a restore period, and currents 11 and
12 flowing in the ferromagnetic tunnel junction elements
MTIJ1 and MTJ2 during the restore period; and

FIGS. 14A through 14C are diagrams each showing
simulations performed to simulate changes in potential at
nodes Q and QB during the restore period.

MODES FOR CARRYING OUT THE
EMBODIMENTS

First, a ferromagnetic tunnel junction element is described
as a nonvolatile element. FIG. 1A is a diagram showing an
example of a ferromagnetic tunnel junction element. The
ferromagnetic tunnel junction element 40 includes a ferro-
magnetic electrode free layer 42, a ferromagnetic electrode
pinned layer 46, and a tunnel insulator 44 interposed
between the ferromagnetic electrode free layer 42 and the
ferromagnetic electrode pinned layer 46. The ferromagnetic
electrode free layer 42 and the ferromagnetic electrode
pinned layer 46 are made of a ferromagnetic metal, a
half-metallic ferromagnet, or a ferromagnetic semiconduc-
tor. The ferromagnetic electrode free layer 42 has a variable
magnetization direction. On the other hand, the ferromag-
netic electrode pinned layer 46 has a pinned magnetization
direction. A state where the magnetization directions of the
ferromagnetic electrode free layer 42 and the ferromagnetic
electrode pinned layer 46 are parallel to each other is
referred to as a parallel magnetization, and a state where the
magnetization directions are antiparallel to each other is
referred to as an antiparallel magnetization.

FIG. 1B is a diagram showing the current-voltage char-
acteristics of the ferromagnetic tunnel junction element 40.
As shown in FIG. 1A, a voltage that is applied to the
ferromagnetic electrode free layer 42 with respect to the
ferromagnetic electrode pinned layer 46 is defined as a
voltage V, and a current flowing from the ferromagnetic
electrode free layer 42 to the ferromagnetic electrode pinned
layer 46 is defined as a current I. Symbols in the ferromag-
netic tunnel junction element 40 at this point are defined as
shown in FIG. 1C. As shown in FIG. 1B, the resistance Rp
of the ferromagnetic tunnel junction element 40 in a parallel
magnetization state is lower than the resistance Rap of the
ferromagnetic tunnel junction element 40 in an antiparallel
magnetization state. In general, Rp and Rap are functions of
voltages applied to ferromagnetic tunnel junctions, but will
be hereinafter regarded as resistances that have approxi-
mately constant resistance values. The following discussion
applies even to cases where Rp and Rap are not constant
resistances.

In an antiparallel magnetization state, when the voltage V
to be applied to the ferromagnetic tunnel junction element
40 becomes higher, the current I increases at the rate
equivalent to the reciprocal of the resistance Rap (A in FIG.
1B). When the current I exceeds a threshold current 1, the
magnetization direction of the ferromagnetic electrode free
layer 42 is reversed due to the majority-spin electrons of the
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ferromagnetic electrode pinned layer 46 injected from the
ferromagnetic electrode pinned layer 46 into the ferromag-
netic electrode free layer 42, and a parallel magnetization
state appears (B in FIG. 1B). As a result, the resistance of the
ferromagnetic tunnel junction element 40 becomes Rp. In a
parallel magnetization state, when the current I flows (C in
FIG. 1B) and exceeds the threshold current I, in the
negative direction, the minority-spin electrons of the ferro-
magnetic electrode free layer 42 among the electrons to be
injected from the ferromagnetic electrode free layer 42 into
the ferromagnetic electrode pinned layer 46 are reflected by
the ferromagnetic electrode pinned layer 46. As a result, the
magnetization direction of the ferromagnetic electrode free
layer 42 is reversed, and an antiparallel magnetization state
appears (D in FIG. 1B).

The method of reversing the magnetization direction of
the ferromagnetic electrode free layer 42 by changing the
magnetization direction through spin-polarized charge injec-
tion is called a spin-injection magnetization switching
method. The spin-injection magnetization switching method
has a higher possibility of reducing the power consumption
required to change a magnetization direction than a method
of changing a magnetization direction by generating a
magnetic field. Also, unlike the method of changing a
magnetization direction by generating a magnetic field, the
spin-injection magnetization switching method does not
have the problem of leakage magnetic fields. Accordingly,
the spin-injection magnetization switching method is hardly
affected by disturbances that cause inadvertent writing or
erasing in cells other than selected cells, and is suitable for
large-scale integration.

Next, an example of a memory cell that includes a bistable
circuit and ferromagnetic tunnel junction elements is
described. FIG. 2 is a circuit diagram of the memory cell. As
shown in FIG. 2, the memory cell 100 includes a first
inverter circuit 10, a second inverter circuit 20, and ferro-
magnetic tunnel junction elements MTJ1 and MTJ2. The
first inverter circuit 10 and the second inverter circuit 20 are
connected in a ring-like manner, to form a bistable circuit 30.
The first inverter circuit 10 includes an n-MOSFET (Metal
Oxide Semiconductor Field Effect Transistor) m2 and a
p-MOSFET ml. The second inverter circuit 20 includes an
n-MOSFET m4 and a p-MOSFET m3.

The nodes to which the first inverter circuit 10 and the
second inverter circuit 20 are connected are nodes Q and
QB. The node Q and the node QB are complementary to
each other, and the bistable circuit 30 is put into a stable state
when the node Q and the node QB are at a high level and a
low level, respectively, or when the node Q and the node QB
are at a low level and a high level, respectively. The bistable
circuit 30 is capable of storing data when in a stable state.

The nodes Q and QB are connected to input/output lines
D and DB via MOSFETs m5 and m6, respectively. The gates
of the MOSFETs m5 and mé6 are connected to a word line
WL. The MOSFETs m1 through mé form a 6-MOSFET
SRAM.

An FET m7 and the ferromagnetic tunnel junction ele-
ment MTJ1 are connected between the node QQ and a control
line CTRL, and an FET m8 and the ferromagnetic tunnel
junction element MTJ2 are connected between the node QB
and the control line CTRL. One of the source and the drain
of each of the FETs m7 and m8 is connected to the node
Q/QB, and the other one of the source and the drain is
connected to the ferromagnetic tunnel junction element
MTIJ1/MTIJ2. The gates of the FETs m7 and m8 are con-
nected to a switch line SR. Each of the FETs m7 and m8 may
be connected between the ferromagnetic tunnel junction
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6
element MTJ1/MTJ2 and the control line CTRL. That is, the
source and the drain of each of the FETs m7 and m8 should
be connected in series to the ferromagnetic tunnel junction
element MTJ1/MTIJ2 between the nodes Q/QB and the
control line CTRL. Alternatively, the FETs m7 and m8 may
not be provided.

Data is written into and read from the bistable circuit 30
in the same manner as with a conventional SRAM. Specifi-
cally, the word line WL is set at a high level to put the FETs
m5 and mé6 into a conduction state, and data in the input/
output lines D and DB is written into the bistable circuit 30.
The input/output lines D and DB are put into an equipoten-
tial floating state, and the word line WL is set at a high level
to put the FETs m5 and m6 into a conduction state. In this
manner, data in the bistable circuit 30 can be read into the
input/output lines D and DB. Data is held in the bistable
circuit 30 by putting the FETs m5 and m6 into a cut-off state.
When data writing, reading, or holding is performed in the
bistable circuit 30, it is preferable to set the switch line SR
at a low level, and put the FETs m7 and m8 into a cut-off
state. As a result, the current flowing between the nodes Q
and QB and the control line CTRL can be reduced, and
power consumption can be lowered.

FIG. 3 is a timing chart illustrating control of the memory
cell. The shaded region indicates a region in which it is not
clear whether the level is high or low. As shown in FIG. 3,
a supply voltage Vsupply is supplied, and the control line
CTRL and the switch line SR are at a low level in initial
condition. Data is written into the bistable circuit 30 by
setting the word line WL at a high level and setting the
input/output lines D and DB at a high and low level,
respectively, or at a low and high level, respectively. Data is
stored from the bistable circuit 30 into the ferromagnetic
tunnel junction elements MTIJ1 and MTJ2 by setting the
switch line SR and the control line CTRL at a high level
during a time period T1, and setting the switch line SR and
the control line CTRL at a high level and low level,
respectively during a time period T2.

When the nodes Q and QB are at a high level and a low
level, respectively, the ferromagnetic tunnel junction ele-
ments MTJ1 and MTJ2 have a high resistance and a low
resistance, respectively, at the end of T2. When the nodes Q
and QB are at a low level and a high level, respectively, the
ferromagnetic tunnel junction elements MTJ1 and MTJ2
have a low resistance and a high resistance, respectively, at
the end of T2. In this manner, data in the bistable circuit 30
is stored into the ferromagnetic tunnel junction elements
MTJ1 and MTJ2.

After that, the supply voltage Vsupply is set at 0 V, to put
the memory cell into a shut-down state. As any current does
not flow in the memory cell at this point, power consumption
can be lowered. Data is restored into the bistable circuit 30
from the ferromagnetic tunnel junction elements MTJ1 and
MT]J 2 by raising the supply voltage Vsupply from 0 V while
maintaining the control line CTRL at a low level and the
switch line SR at a high level during a time period T3.

When the ferromagnetic tunnel junction elements MTJ1
and MTJ2 have a high resistance and a low resistance,
respectively, the nodes Q and QB are at a high level and a
low level, respectively, at the end of T3. When the ferro-
magnetic tunnel junction elements MTJ1 and MTJ2 have a
low resistance and a high resistance, respectively, the nodes
Q and QB are at a low level and a high level, respectively,
at the end of T3. In this manner, data stored in the ferro-
magnetic tunnel junction elements MTJ1 and MTJ2 in a
nonvolatile manner is restored into the bistable circuit.
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Data is read from the bistable circuit 30 by setting the
word line WL at a high level.

FIGS. 4A and 4B are diagrams showing other examples of
memory cells. As shown in FIG. 4A, a resistor R1 can be
used in place of the ferromagnetic tunnel junction element
MT]J2. As shown in FIG. 4B, the node QB and the control
line CTRL are not connected to each other. As shown in
FIGS. 4A and 4B, the ferromagnetic tunnel junction element
may be connected only between one of the nodes Q and QB
and the control line CTRL. The FET m7 may be connected
between the ferromagnetic tunnel junction element MTJ1
and the control line CTRL in each case. Alternatively, the
FET m7 may not be provided. In each of the embodiments
described below, the memory cell 100 shown in FIG. 2 will
be described as an example, but either of the memory cells
shown in FIGS. 4A and 4B may be used instead. Although
ferromagnetic tunnel junction elements will be described as
an example of nonvolatile elements, some other nonvolatile
elements such as resistive switching memory elements,
phase-change memory elements, or ferroelectric memory
elements may be used instead.

First Embodiment

FIGS. 5A and 5B are block diagrams showing a memory
circuit and a memory cell according to a first embodiment.
As shown in FIG. 5A, a memory circuit 103 includes a
memory area 77, a column decoder 71, a column driver 72,
a row decoder 73, a row driver 74, and a control unit 85. In
the memory area 77, memory cells 75 are arranged in a
matrix fashion. The column decoder 71 and the row decoder
73 select a column and a row in accordance with an address
signal. The column driver 72 applies a voltage or the like to
the input/output lines D and DB of a selected column and the
control line CTRL. The row driver 74 applies a voltage or
the like to the word line WL of a selected row, the switch line
SR, and the control line CTRL. The control unit 85 applies
a voltage or the like to the input/output lines D and DB, the
word line WL, the switch line SR, and the control line CTRL
of'a memory cell 75, via the column decoder 71, the column
driver 72, the row decoder 73, and the row driver 74. When
the column driver 72 applies a voltage to a control line, the
control line is connected to each corresponding memory
cell. As shown in FIG. 5B, the memory cells 75 are the same
as the memory cell 100 shown in FIG. 2, for example.

When the row driver 74 applies a voltage to a control line
CTRL, the control line CTRL is connected to the memory
cells 75 arranged in one row. When the column driver 72
applies a voltage to a control line CTRL, the control line
CTRL is connected to the memory cells 75 arranged in a
column, for example.

FIG. 6 is a timing chart showing the voltages of a power
supply and a control line. As shown in FIG. 6, the time
period during which data is held in the bistable circuit 30 is
formed with a sleep period and a normal period. The normal
period is the time period during which data in the bistable
circuit 30 is read and rewritten in a volatile manner. The
sleep period is the time period during which data in the
bistable circuit 30 is only held, and is not read and rewritten.
During the sleep period, the supply voltage Vsupply to be
supplied to the bistable circuit 30 is made lower than that
during the normal period so that data can be held. For
example, Vsupply during the normal period is set at 1.1 'V,
and Vsupply during the sleep period is set at 0.9 V. With this
arrangement, power consumption can be lowered.

If the voltage of the control line CTRL during the sleep
period and the normal period is 0 V (a low-level voltage),

10

15

20

25

30

35

40

45

50

55

60

65

8

power consumption increases due to leakage current from
the MOSFETs m7 and m8. Therefore, the voltage of the
control line CTRL is made higher than 0 V. Accordingly,
leakage current from the MOSFETs m7 and m8 can be
reduced, and power consumption can be lowered.

During the store period, the voltage of the control line
CTRL is set at 0 V, and thereafter, is set at 1.1 V. During the
shut-down period, both the supply voltage Vsupply and the
control line CTRL are set at 0 V.

FIG. 7 is a diagram illustrating simulations performed to
simulate leakage currents from memory cells with respect to
a power supply. The dotted line indicates the leakage current
of'a 6-transistor SRAM (6T-SRAM) cell that is the same as
the one shown in FIG. 5B, except that the MOSFETs m7 and
m8, and the ferromagnetic tunnel junction elements MTJ1
and MTIJ2 are not provided. The dashed line indicates the
leakage current in a case where the voltage of the control
line CTRL is set at 0 V, and the solid line indicates the
leakage current in a case where the voltage of the control
line CTRL is set at 0.1 V. As shown in FIG. 7, power
consumption by a memory cell can be lowered by control-
ling the voltage of the control line CTRL.

FIG. 8 is a schematic diagram showing a comparison
between a shut-down state and a sleep state in terms of
current consumption in the memory circuit according to the
first embodiment. FIG. 9 is a schematic diagram showing a
comparison between the memory circuit according to the
first embodiment and a 6T-SRAM in terms of current
consumption. The solid line in FIG. 8 indicates the current
consumption in each time period in the memory circuit 103.
The dashed line in FIG. 8 indicates the current consumption
in a case where the memory cell 75 is not shut down but is
put into a sleep state. In FIG. 9, the solid line indicates the
current consumption in each time period in the memory
circuit 103. The dashed line indicates the current consump-
tion by a memory circuit using 6T-SRAM cells. The dotted
line indicates the current consumption in the normal period
in a memory circuit using 6T-SRAM cells.

The length of the sleep period is represented by T,,,,, the
current in a 6T-SRAM is represented by I, .”, and the current
in the first embodiment is represented by I, . The length
of the normal period is represented by T, the current in the
6T-SRAM is represented by I,”, and the current in the first
embodiment is represented by I,™”. The length of the store
period is represented by T, and the current is represented by
1,7 The length of the shut-down period is represented by
Top, and the current in first embodiment is represented by
I,°". The length of the restore period is represented by T,,,,
and the current in first embodiment is represented by I, ;.
The total length of the sleep period and the normal period is
represented by T_... The length from the sleep period to the
restore period is represented by T,

As shown in FIG. 9, in the sleep period and the regular
period, leakage current flows in the MOSFETs m7 and m8,
and therefore, the power consumption by the memory circuit
103 of the first embodiment is larger than that by the
6T-SRAM. In the store period and the restore period, current
flows in the ferromagnetic tunnel junction elements MTJ1
and MTJ2, and therefore, the power consumption in the first
embodiment becomes larger. In the shut-down period, a very
small amount of leakage current flows in the memory circuit
103 of the first embodiment, but the power consumption
becomes sufficiently smaller. Since the 6T-SRAM cannot be
shut down, total of the store period, the shut-down period,
and the restore period form the sleep period.

FIG. 10 is a flowchart showing the control by the control
unit. FIG. 10 shows the control to be performed in a case
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where there is a non-access period during which data is not
read from or written into the bistable circuit 30. The control
unit 85 acquires the non-access period (step S10). The
non-access period is acquired from a CPU (Central Process-
ing Unit) or the like that controls the memory circuit 103, for
example. The control unit 85 determines whether the non-
access period is longer than a predetermined time period TO
(step S12). If the determination result indicates “Yes”, the
control unit 85 stores data in the bistable circuit 30 into the
ferromagnetic tunnel junction elements MTJ1 and MTJ2
(step S14). After that, the control unit 85 performs shutting-
down by cutting off the supply voltage Vsupply (step S16).
The control unit 85 determines whether to perform restoring
(step S18). If the non-access period has passed, or where a
signal to access the memory cell 75 is acquired from the
CPU or the like, for example, the control unit 85 determines
to perform restoring. If the determination result indicates
“Yes”, the control unit 85 restores the data stored in the
ferromagnetic tunnel junction elements MTJ1 and MTJ2
into the bistable circuit 30 (step S20). After that, the opera-
tion comes to an end. If the determination result indicates
“No”, the operation returns to step S18.

If the determination result of step S12 indicates “No”, the
control unit 85 lowers the supply voltage Vsupply for the
bistable circuit 30, to put the memory cell 75 into a sleep
state (step S22). The control unit 85 determines whether to
put the bistable circuit 30 back into a normal state (step S18).
In a case where the non-access period has passed, or where
a signal to access the memory cell 75 is acquired from the
CPU or the like, for example, the control unit 85 determines
to put the bistable circuit 30 back into a normal state (step
S24). If the determination result indicates “Yes”, the control
unit 85 puts the supply voltage Vsupply for the bistable
circuit 30 back into a normal state, to put the memory cell
75 into a normal state (step S26). The operation then comes
to an end. If the determination result indicates “No”, the
operation returns to step S24.

According to the first embodiment, when the non-access
period is longer than the predetermined time period TO, the
control unit 85 stores data written in the bistable circuit 30
in a nonvolatile manner, and cuts off the power supply to the
bistable circuit 30, as in steps S14 and S16. When the
non-access period is shorter than the predetermined time
period TO, data written in the bistable circuit 30 is not stored
in a nonvolatile manner, but the supply voltage Vsupply for
the bistable circuit 30 is made lower than the voltage to be
used in reading data from or writing data into the bistable
circuit 30, as in step S22. That is, the memory cell 75 is put
into a sleep state. As shown in FIG. 8, current consumption
increases during the store period and restore period. There-
fore, when the non-access period is shorter, total power
consumption can be lowered in a sleep state without shut-
ting-down. When the non-access period is longer, on the
other hand, the total power consumption can be lowered by
shutting-down. Accordingly, power consumption can be
lowered in the first embodiment.

As the predetermined time period TO, a self-compared
break-even period (BET*) can be used. BET*“ is a shut-
down period such that the power consumption in a case
where the memory cell is shut down during the non-access
period becomes equal to the power consumption in a case
where the memory cell is put into a sleep state during the
non-access period. For example, BET*“ is such a time
period that the power consumed when the predetermined
time period TO is the sleep period is equal to the sum of the
power consumed during the period to store data into and
restore data from the ferromagnetic tunnel junction elements
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10
MTIJ1 and MTJ2 and the power consumed by the leakage
current in a case where the memory cell is shut down during
the predetermined time period. To reduce power consump-
tion by the memory circuit 103, the length of the predeter-
mined time period TO is preferably set to a length that is
equal to or longer than the length of BET®C.

The leakage current during the shut-down period is the
current that flows to prevent the supply voltage from becom-
ing 0 V even when the power supply to the bistable circuit
30 is cut off, for example. Other than that, the leakage
current includes the current that flows during the shut-down
period. For example, the supply voltage Vsupply during the
shut-down period is made O V by providing a sleep transistor
between the supply voltage Vsupply and the power supply,
and switching off the sleep transistor. If there is a small
amount of leakage current from the sleep transistor, the
leakage current also flows in the memory cell. Therefore,
there are cases where the leakage current during the shut-
down period cannot be made zero.

If the power consumption due to the leakage current
during the shut-down period is ignorable, BET* can be a
time period during which the power consumption in a case
where a sleep state lasts during the predetermined time
period TO is equal to the power consumption during the
period to store data into and restore data from the ferromag-
netic tunnel junction elements MTJ1 and MTJ2.

In FIG. 8, a region 50 represents a difference between the
current in a storing case and the current in a sleep state. A
region 52 represents a difference between the current in a
restoring case and the current in a sleep state. The energy
equivalent to the region 50 (the energy calculated by sub-
tracting the energy in a case where the memory cell 75 is put
into a sleep state during the store period from the energy for
storing data into the ferromagnetic tunnel junction elements)
is represented by E_, .., and the energy equivalent to the
region 52 (the energy calculated by subtracting the energy in
a case where the memory cell 75 is put into a sleep state
during the restore period from the energy for restoring data
from the ferromagnetic tunnel junction elements) is repre-
sented by E, €. The current consumption during the
sleep period is represented by I, V", the current consump-
tion during the shut-down period is represented by 1,7 the
supply voltage for of the bistable circuit 30 during the sleep
period is represented by V., or V 5, the supply voltage for
the bistable circuit 30 during the shut-down period is rep-
resented by Vo, V.., 0F Vo, and the power supply for the
bistable circuit 30 is represented by V. When the supply
voltage for the bistable circuit 30 during the sleep period and
the shut-down period is V, the period BET*“ can be

sleep>

expressed by Mathematical Formula 1-1.

ESC + ESC

store restore

BETC = sore * [Mathematical Formula 1-1]
s =127 Wsteep

When the supply voltage for the bistable circuit 30 during
the sleep period and the shut-down period is V,, the period
BET®“ can be expressed by Mathematical Formula 1-2.

+ E5¢

restore

ESC

store

BETSC = T [Mathematical Formula 1-2]
s — 1L )Vpp
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When the supply voltages for the bistable circuit 30 during
the sleep period and the shut-down period are V,, , and

Vp, respectively, the period BET*C can be expressed by
Mathematical Formula 1-3.

ESC, + ESC

'store restore
NV )
11 Viteep — 17 Vsp

BETSC = [Mathematical Formula 1-3]

In FIG. 9, the energy calculated by subtracting the energy
during the time period corresponding to the sleep state of the
6T-SRAM from the necessary energy for storing is repre-
sented by E,, ., and the energy calculated by subtracting the
energy during the time period corresponding to the sleep
state of the 6T-SRAM from the necessary energy for restor-
ing is represented by E,_ ;... The duty ratio during the sleep
period is represented by ry..,=(Tyee,/Tor.)- When m =
(ILNV_IL V)/ (ILSV_ILSD)s T]LSNV:(ILSNV_ILSV)/ (ILSV_ILSD)s
and the supply voltage for the bistable circuit 30 during the
sleep period and the shut-down period is V., the break-

even period BET relative to that of the 6T-SRAM can be
expressed by Mathematical Formula 2-1.

Esiore + Erestore

(s = 1P WVeteep

BET = [Mathematical Formula 2-1]

v Vob

NV
MLs Vsteep Texe + 1L

(1 = Foteep) Texe
Steep

When n,M=(1""-1,)/(0,s"-1,°7), =117
(1,s"-1,°), the supply voltage for the bistable circuit 30
during the sleep period and the shut-down period is V,, the
break-even period BET can be expressed by Mathematical
Formula 2-2.

Esiore + Evestore

(Ifs = 12°)WVop

BET = [Mathematical Formula 2-2]

NV NV
NLs FsteepTexe + 1L (L = Fsteep ) Texe

When nLNV:(ILNV_IL ) (ILSVVSZeep/V DD_ILSD Vsr/Vor):
nLSNV:(ILSNV_ILSV)/ (ILSV_ILSD Vso/ Vszeep)s and the supply
voltages for the bistable circuit 30 during the sleep period
and the shut-down period are V., and V;,, respectively,

the break-even period BET can be expressed by Mathemati-
cal Formula 2-3.

Etore + Erestore
v )
115 Vsieep = 17" Vsp

BET = [Mathematical Formula 2- 3]

Ny NV
1S FsteepTexe + 1L (L = Fsteep Texe

As described above, when the memory circuit according
to the first embodiment is compared with a 6T-SRAM in
terms of power consumption, a greater power saving effect
than that of the 6T-SRAM can be achieved with the time
period BET or longer.

In the first embodiment, an example case where the
ferromagnetic tunnel junction elements MTJ1 and MTJ2 are
connected between the bistable circuit 30 and the control
line CTRL has been described. However, some other circuit
structure may be used, as long as data can be stored into a
nonvolatile element such as a ferromagnetic tunnel junction

10

15

20

25

30

35

40

45

50

55

60

65

12

element in a nonvolatile manner. For example, a ferromag-
netic tunnel junction element may be provided between one
of the nodes Q and QB in the bistable circuit 30 and the
control line CTRL, as shown in FIGS. 4A and 4B.

In the case of a nonvolatile element that stores data
written in the bistable circuit 30 in a nonvolatile manner by
using a current flowing between both ends as in a ferromag-
netic tunnel junction element, the current consumption dur-
ing the store period is large. Therefore, it is preferable to
determine whether to shut down the memory cell based on
a comparison between the non-access period and the pre-
determined time period.

As shown in FIG. 7, the control unit 85 performs control
so that the voltage of the control line CTRL during the
period for the bistable circuit 30 to store data (the sleep
period and the normal period) becomes higher than the
lowest voltage to be applied to the control line CTRL during
the period to store the data written in the bistable circuit 30
into a nonvolatile element in a nonvolatile manner (the store
period). In this manner, power consumption by the memory
cell 75 can be lowered.

Also, as shown in FIG. 7, the control unit 85 performs
control so that the voltage of the control line CTRL during
the period for the bistable circuit 30 to store data becomes
higher than the voltage of the control line CTRL during the
period to cut off the power supply to the bistable circuit 30
(the shut-down period). In this manner, power consumption
by the memory cell can be lowered.

Second Embodiment

The structure of a memory circuit of a second embodi-
ment is the same as that of the first embodiment illustrated
in FIG. 5, and therefore, explanation thereof is not repeated
herein. FIG. 11 is a timing chart illustrating simulations
performed to simulate the voltages of the control line CTRL
and the switch line SR during the store period, and the
currents 11 and 12 flowing in the ferromagnetic tunnel
junction elements MTJ1 and MTJ2 during the store period.
The simulations were performed in cases where the ferro-
magnetic tunnel junction element MTJ1 was switched from
a low resistance to a high resistance, and the ferromagnetic
tunnel junction element MTJ2 was switched from a high
resistance to a low resistance. The dotted lines indicate a
case where the voltages of the control line CTRL and the
switch line SR were 1.1 V (VDD), the dashed lines indicate
a case where the voltages of the control line CTRL and the
switch line SR were 1.1 V and 0.7 V, respectively, and the
solid lines indicate a case where the voltages of the control
line CTRL and the switch line SR were 0.4 V and 0.7 V,
respectively.

The currents I1 and 12 are positive currents when flowing
from the bistable circuit 30 to the control line CTRL. A
current Ic is the current with which the resistance of each
ferromagnetic tunnel junction element changes. That is,
when the absolute values of the currents 11 and 12 are greater
than the current Ic, the resistance of each ferromagnetic
tunnel junction element changes.

Even if the voltage of the switch line SR is set at 0.7 V and
the current 11 flowing in the MOSFET m7 is made lower
when the control line CTRL is at 0 V, the ferromagnetic
tunnel junction element MTI1 switches from a low resis-
tance to a high resistance as long as the absolute value of the
current I1 is greater than Ic. Even if the voltage of the switch
line SR is set at 0.7 V and the absolute value of the current
12 flowing in the MOSFET m8 is made lower when a
positive voltage is applied to the control line CTRL, the
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ferromagnetic tunnel junction element MTJ2 switches from
a high resistance to a low resistance as long as the absolute
value of 12 is greater than the absolute value of Ic. Further-
more, even if the voltage of the control line CTRL is set at
0.4 V, the ferromagnetic tunnel junction element MTJ2
switches from a high resistance to a low resistance. As
described above, the voltages of the switch line SR and the
control line CTRL are made lower, so that power consump-
tion can be lowered, and storing can be performed.

The absolute value of the current 12 is greater than that of
the current I1, because the source of the MOSFET m7 is
connected to the control line CTRL via a resistor (a ferro-
magnetic tunnel junction element) while the source of the
MOSFET m8 is connected to the node QB.

FIGS. 12A and 12B are diagrams each illustrating simu-
lations performed to simulate characteristics of the bistable
circuit during the store period. FIGS. 12A and 12B show the
voltage of the node QB relative to the node Q when current
is flowing in the ferromagnetic tunnel junction elements
during the store period. The arrows indicate the scanning
directions in the simulations. In FIG. 12A, the dotted lines,
the dashed lines, and the solid lines indicate cases where the
voltage of the switch line SR is 1.1 V, 0.85 V, and 0.7 V,
respectively, when the ferromagnetic tunnel junction ele-
ment MTJ1 is switched from a low resistance to a high
resistance (or when the control line is at 0 V in FIG. 11). As
shown in FIG. 12A, as the voltage of the switch line SR
becomes lower, the noise margin of the bistable circuit 30
becomes wider.

In FIG. 12B, the solid lines, the dashed line, and the
dotted lines indicate cases where the voltages of the switch
line SR and the control line CTRL are 1.1 V and 0.65V, 0.85
Vand 0.5 V, and 0.7 V and 0.4 V, respectively, when the
ferromagnetic tunnel junction element MTJ2 is switched
from a high resistance to a low resistance (or when the
control line is at a positive voltage in FIG. 11). As shown in
FIG. 12B, as the voltages of the switch line SR and the
control line CTRL become lower, the noise margin of the
bistable circuit 30 becomes wider.

Third Embodiment

The structure of a memory circuit of a third embodiment
is the same as that of the first embodiment illustrated in
FIGS. 5A and 5B, and therefore, explanation thereof is not
repeated herein. FIG. 13 is a timing chart illustrating simu-
lations performed to simulate the supply voltage Vsupply
and the voltage of the switch line SR during the restore
period, and the currents 11 and 12 flowing in the ferromag-
netic tunnel junction elements MTJ1 and MTJ2 during the
restore period. The simulations were performed in cases
where the ferromagnetic tunnel junction element MTJ1 had
a high resistance, and the ferromagnetic tunnel junction
element MTJ2 had a low resistance. The dotted lines indi-
cate a case where the voltage of the switch line SR was 1.1
V (VDD), and the solid lines indicate a case where the
voltage of the switch line SR was 0.7 V. When the supply
voltage Vsupply is rising, the solid line indicates a lower
value than the dotted line in each of the cases with the
currents I1 and 12. Accordingly, power consumption can be
lowered.

FIGS. 14A through 14C are diagrams each illustrating
simulations performed to simulate changes in potential at the
nodes Q and QB during the restore period. In the diagrams,
the ferromagnetic tunnel junction elements MTI1 and MTJ2
have a high resistance and a low resistance, respectively, and
the voltage of the switch line SR is 1.1V, 0.85 V, and 0.7 V.
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FIGS. 14A through 14C correspond to cases where the
increase rate of the supply voltage when the supply voltage
Vsupply during the restore period is ramped up is 0.011 V/n
sec, 0.11 V/n sec, and 1.1 V/n sec, respectively. At any of the
increase rates, when the voltage of the switch line SR is 0.7
V, the voltage of the node QB does not become higher, and
the voltage VQ of the node Q is restored at a high level. As
described above, data is restored into the bistable circuit 30
in a more stable manner when the voltage of the switch line
SR is low.

According to the second and third embodiments, the
control unit 85 performs control so that the voltage to be
applied to the gates of the MOSFETs m7 and m8 during the
period to store data written in the bistable circuit 30 into a
nonvolatile element in a nonvolatile manner (the store
period) or during the period to restore data stored in a
nonvolatile element in a nonvolatile manner into the bistable
circuit 30 (the restore period) becomes lower than the supply
voltage Vsupply to be applied to the bistable circuit 30
during the period to write data into and read data from the
bistable circuit 30 in a volatile manner (the normal period).
In this manner, power consumption can be lowered, and the
bistable circuit 30 can be maintained in a stable state.
Further, the bistable circuit 30 can also be maintained in a
stable state by increasing the rate at which the supply voltage
increases.

As in the third embodiment, the control unit 85 performs
control so that the highest voltage to be applied to the control
line CTRL during the store period becomes lower than the
supply voltage Vsupply. In this manner, power consumption
can be lowered, and the bistable circuit 30 can be maintained
in a stable state.

Although preferred embodiments of the present invention
have been described so far, the present invention is not
limited to those particular embodiments, and various
changes and modifications may be made to them within the
scope of the invention claimed herein.

DESCRIPTION OF REFERENCE NUMERALS

10, 20 inverter

30 bistable circuit

85 control unit

MTI1, MTJ2 ferromagnetic tunnel junction element

The invention claimed is:

1. A memory circuit comprising:

a bistable circuit configured to write data;

a nonvolatile element configured to store data written in
the bistable circuit in a nonvolatile manner, and restore
data stored in a nonvolatile manner into the bistable
circuit; and

a control unit configured to store data written in the
bistable circuit into the nonvolatile element in a non-
volatile manner and cut off a power supply to the
bistable circuit when it is determined that a period not
to read data from or write data into the bistable circuit
is longer than a predetermined time period, and store no
data written in the bistable circuit into the nonvolatile
element in a nonvolatile manner and make a supply
voltage for the bistable circuit lower than a voltage
during a period to read data from or write data into the
bistable circuit when it is determined that the period not
to read or write data is shorter than the predetermined
time period.
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2. The memory circuit according to claim 1, wherein

the control unit determines whether the period not to read
data from or write data into the bistable circuit is longer
than the predetermined time period,

when determining that the period not to read data from or
write data into the bistable circuit is longer than the
predetermined time period, the control unit stores data
written in the bistable circuit into the nonvolatile ele-
ment in a nonvolatile manner, and cuts off the power
supply to the bistable circuit, and

when determining that the period not to read or write data
is shorter than the predetermined time period, the
control unit does not store data written in the bistable
circuit into the nonvolatile element in a nonvolatile
manner, and makes the supply voltage for the bistable
circuit lower than the voltage during the period to read
data from or write data into the bistable circuit.

3. The memory circuit according to claim 1, wherein the
nonvolatile element has one end connected to a node in the
bistable circuit, and has the other end connected to a control
line.

4. The memory circuit according to claim 3, wherein the
nonvolatile element stores data written in the bistable circuit
in a nonvolatile manner by using a current flowing between
the one end and the other end.

5. The memory circuit according to any one of claim 3,
wherein the predetermined time period is equal to or longer
than (EstoreSC+E SC/ ((ILSNV_ILSD)XVSZeep)S

E... C representing an energy calculated by subtracting

an energy in a case where the supply voltage for the
bistable circuit is lowered during a period to store data
into the nonvolatile element, from an energy for storing

data into the nonvolatile element,

restore

E, eiore © representing an energy calculated by subtracting
an energy in a case where the supply voltage for the
bistable circuit is lowered during a period to restore
data from the nonvolatile element, from an energy for

restoring data from the nonvolatile element,

I, /" representing a current consumed in a case where the
supply voltage for the bistable circuit is lowered,

1,°" representing a current consumed in a case where the
power supply to the bistable circuit is cut off,

Vieep TePresenting a supply voltage in a case where the

supply voltage for the bistable circuit is lowered.

6. The memory circuit according to claim 1, further
comprising:
a MOSFET having a source and a drain connected in
series to the nonvolatile element between the node and
the control line; and

a control unit configured to make a voltage of the control
line during a period for the bistable circuit to store data
higher than the lowest voltage to be applied to the
control line during a period to store data written in the
bistable circuit into the nonvolatile element in a non-
volatile manner.

7. The memory circuit according to claim 6, wherein the
control unit makes the voltage of the control line during the
period for the bistable circuit to store data higher than a
voltage of the control line during a period to cut off the
power supply to the bistable circuit.

8. The memory circuit according to claim 1, wherein the
nonvolatile element is a ferromagnetic tunnel junction ele-
ment.
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9. A memory circuit comprising:

a bistable circuit configured to write data;

a nonvolatile element configured to store data written in
the bistable circuit in a nonvolatile manner, and restore
data stored in a nonvolatile manner into the bistable
circuit; and

a control unit configured to store data written in the
bistable circuit into the nonvolatile element in a non-
volatile manner and cut off a power supply to the
bistable circuit when a period not to read data from or
write data into the bistable circuit is longer than a
predetermined time period, and store no data written in
the bistable circuit into the nonvolatile element in a
nonvolatile manner and make a supply voltage for the
bistable circuit lower than a voltage during a period to
read data from or write data into the bistable circuit
when the period not to read or write data is shorter than
the predetermined time period,

wherein the predetermined time period is equal to or
longer than a period during which an amount of energy
consumed when the supply voltage for the bistable
circuit during the predetermined time period is lowered
becomes equal to an amount of energy consumed when
data is stored and restored into the nonvolatile element.

10. The memory circuit according to claim 9,

wherein the predetermined time period is equal to or
longer than (EstoreSC+ErestoreSC/ ((ILSNV_ILSD)XVSZeep)S

ore. C Tepresenting an energy calculated by subtracting

an energy in a case where the supply voltage for the
bistable circuit is lowered during a period to store data
into the nonvolatile element, from an energy for storing
data into the nonvolatile element,

osrore C TEpresenting an energy calculated by subtracting

an energy in a case where the supply voltage for the
bistable circuit is lowered during a period to restore
data from the nonvolatile element, from an energy for
restoring data from the nonvolatile element,

1, representing a current consumed in a case where the
supply voltage for the bistable circuit is lowered,

1,5% representing a current consumed in a case where the
power supply to the bistable circuit is cut off,

Vzeep Tepresenting a supply voltage in a case where the

supply voltage for the bistable circuit is lowered.

11. A memory circuit comprising:

a bistable circuit configured to write data;

a nonvolatile element configured to store data written in
the bistable circuit in a nonvolatile manner and restore
data stored in a nonvolatile manner into the bistable
circuit by changing a resistance value with a current
flowing between one end and the other end, the non-
volatile element having the one end connected to a
node in the bistable circuit and the other end connected
to a control line;

an FET having a source and a drain connected in series to
the nonvolatile element between the node and the
control line; and

a control unit configured to make a highest voltage to be
applied to a gate of the FET during a period to restore
data stored in the nonvolatile element in a nonvolatile
manner into the bistable circuit lower than a voltage of
anode being at a high level in the bistable circuit during
a period to write data into and read data from the
bistable circuit in a volatile manner.

12. The memory circuit according to claim 11, wherein

E

65 the control unit makes a highest voltage to be applied to the

gate during a period to store data written in the bistable
circuit into the nonvolatile element in a nonvolatile manner
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lower than the voltage of the node being at the high level in
the bistable circuit during the period to write data into and
read data from the bistable circuit in a volatile manner.

13. The memory circuit according to claim 11, wherein
the control unit makes the highest voltage to be applied to
the control line during a period to store data written in the
bistable circuit into the nonvolatile element in a nonvolatile
manner lower than the voltage of the node being at the high
level in the bistable circuit during the period to write data
into and read data from the bistable circuit in a volatile
manner.

14. The memory circuit according to any one of claim 2,
wherein the predetermined time period is equal to or longer
than (EstoreSC+ErestoreSC/ ((ILSNV_ILSD)XVSZeep)S

E,,... ~ representing an energy calculated by subtracting

an energy in a case where the supply voltage for the
bistable circuit is lowered during a period to store data
into the nonvolatile element, from an energy for storing
data into the nonvolatile element,
esrore C TEpresenting an energy calculated by subtracting
an energy in a case where the supply voltage for the

E
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bistable circuit is lowered during a period to restore
data from the nonvolatile element, from an energy for
restoring data from the nonvolatile element,

1, representing a current consumed in a case where the
supply voltage for the bistable circuit is lowered,

1,%” representing a current consumed in a case where the
power supply to the bistable circuit is cut off,

Ve Tepresenting a supply voltage in a case where the

supply voltage for the bistable circuit is lowered.

15. The memory circuit according to claim 9, wherein

the bistable circuit includes a first node and a second
node, the first node and the second node being comple-
mentary to each other, and

the nonvolatile element includes a first nonvolatile ele-
ment having one end connected to the first node and the
other end connected to the control line, and a second
nonvolatile element having one end connected to the
second node and the other end connected to the control
line.



