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(57) ABSTRACT

An integrated circuit includes: a resistive memory having an
array of resistive memory cells; a memory controller that
controls operation of the resistive memory in accordance with
external commands from an external device; and a memory
scheduler coupled to the resistive memory and to the memory
controller. The memory scheduler schedules internal mainte-
nance operations within the resistive memory in response to
trigger conditions indicated by at least one sensor signal or
external command. The operation of the memory scheduler
and performance of the internal maintenance operations are
transparent to the external device and, optionally, transparent
to the memory controller.

10

EXTERNAL SENSOR/COMMAND
(TEMPERATURE, POWER ON/OFF...)

(21) Appl. No.: 12/202,581
(22) Filed: Sep. 2, 2008
130
. CPU
n }
| |
L—{' MEMORY CONTROLLER | !
| E
I I
I i
|
l ! }
| SCHEDULER | !
i (STATE MACHINE) |~
| I |
100 !
L MEMORY
(PCRAM, CBRAM, MRAM, ...)

Kingston Technology Company, Inc., et al. EX1055

Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614

1of19



US 2010/0058018 A1

Mar. 4,2010 Sheet1 of 8

Patent Application Publication

(" ‘WVYN ‘WYYED ‘WYHDd)
AOWIN

(*440/NO YIMOd ‘TYNLYYIdWIL)
ANVHIW0)/40SNIS TYNYILXT

431NAIHIS

|
m
“
"
m
r (INIHDVW 3LVLS)
|
]
I

Kingston Technology Company, Inc., et al. EX1055

Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614

20f19



Patent Application Publication Mar. 4,2010 Sheet 2 of 8 US 2010/0058018 A1

EXTERNAL SENSOR/COMMAND
(TEMPERATURE, POWER ON/OFF...)

= ~
fmm———————— ————————n (&>
I ! o
’ 8 =
o e o= :
: L e : =
— ]
I — > = 1 §
1 Q — O T |-
| = g | > A
= ! = R ! %z
a. } = o =< 1
o | o = i = =
< | o
: % I =co
- | =
| = , =
I i =
| | ~—
I I
L J
=
o o> ]
- = —

Kingston Technology Company, Inc., et al. EX1055
Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614
30f19



US 2010/0058018 A1

icati Mar. 4,2010 Sheet 3 of 8

Patent Application Publication
M

-
|
(™ WVEN “WYHED ‘WvYDd) m
— NOKIH |
001 1 |
st | | dn | aovay !
MOYNYN| | N¥T) | /Asg |
R
(INHOVH 3L31S) i
o:: YTINAIHDS m
. B N N |
1l NMOQ/dN
¥AMOd
| \TIONING) hWOKSH
( nd)

Kingston Technology Company, Inc., et al. EX1055

Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614

4 0f 19



Patent Application Publication

420

410

OPERATION TO IMPROVE

BIST, BISR

SIGNAL MARGIN
(NARROW DISTRIBUTION

FUNCTIONS)

Mar. 4,2010 Sheet 4 of 8

430

440

OTHER TASKS

>

2 /35

a. -
S
=2
a. o=
m“;
f—

= \22

=)

o=

[~

REDUNDANCY ACTIVATION
eFUSES, PCRAM FUSED...

US 2010/0058018 A1

F1G.4

Kingston Technology Company, Inc., et al. EX1055
Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614

50f 19



US 2010/0058018 A1

Mar. 4,2010 Sheet 5 of 8

Patent Application Publication

)99l
05§
0Ls b )
NUETTY 35104

LISNAY | | sva)  (ssva) 135 K1ddV
(1v4) Hys<  STYS> (1)
ys> Sy§ <

v HLIM av3Y $1¥S HLIM Qv3Y

09§ K 7

¥ hcem

—
0€s

434409 NI ITVA J4OLS
ANV TVS ¥VINO3Y
HLIM 119 QV3Y

)

—

IVEYY KHOHIN
o6 140 13505 5300

[

—~ *“d/NMOQ YIMOd

015 |'Y30914L TYNYILKA ‘IA0M 3101) LHvLS

49914

LELELERLEVM uOn e

Hys | STvS

[MRLE!

13A31 39YH0LS w0 alu

s | s

Kingston Technology Company, Inc., et al. EX1055

Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614

6 of 19



US 2010/0058018 A1

Mar. 4,2010 Sheet 6 of 8

Patent Application Publication

Lig

J9°911

JNIVYIdNIL

JEMEL J

0%9

NOLLV¥340 ,HS34434,
N ) | AN IS [

0€9

Ll

(" |3unLvy3dwaL avay
009 [

““d/NMOQ ¥IMOd
¢ | ‘4399141 TYNY3LX3 ‘300K 3101) LuYLS
019 )

(3HIVAY SI LIWN "dW3L NIYIY¥D

/| V41 118 YOSNIS F4NLYYdNIL L3S -
009

49014
TIA91 19VYOLS 0 ulu
_ i
| |
{ |
| i
| i
_ |
“ " #
_ [ ]
vs | SvS
Vs
Y90l
LELELERLL[UN O alu
- T
|
|
|
“
|
| #
| Y
1ys | STS
v

Kingston Technology Company, Inc., et al. EX1055

Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614

7 of 19



US 2010/0058018 A1

Mar. 4,2010 Sheet 7 of 8

Patent Application Publication

. 119 YIINA0D ID1)
IO ] /a0 0
0bL 13538

|

0¢L

NOILYY3d0 HST41Y,
/d NVI1D 1¥V1S

LIWIT $Q330X3 ¥3INNOD 3124 41 135 119

s -119 ¥3INNOJ 3124 V3Y
0uL i

" “d/NMOQ ¥IMOd
\ "¥399141 TYN¥3LX3 ‘IQ0W 101) 1YVLS

0L A

110A3 NOILYY3d0 HIVI HLIM |

(| 43INN0D TTOND INIWIWONI |
00L

a9
13A31 3OYYOLS w0 ula
- T
| |
| I
| |
! |
.
| #
I | ]
vs | S
VS
VLIl
13A91 IDVHOLS i ulu
#
|

s

Kingston Technology Company, Inc., et al. EX1055

Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614

8 of 19



Patent Application Publication Mar. 4,2010 Sheet 8 of 8 US 2010/0058018 A1

800
|

810

o~

FIG.8

FAILING
ARRAY/SUB-ARRAY

OBSERVED

DETERMINED BY SCHEDULER
!
BIST

START (IDLE MODE, EXTERNAL TRIGGER,
POWER DOWN/UP, ... AS
YES/CeLe I

Y

ACTIVATE REDUNDANCY/
MARK AS BAD CELLS
\830

Kingston Technology Company, Inc., et al. EX1055
Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614
90f 19



US 2010/0058018 Al

MEMORY SCHEDULER FOR MANAGING
INTERNAL MEMORY OPERATIONS

BACKGROUND

[0001] Typically, reliability of data stored in memory
devices is influenced by degradation of the storage levels used
within memory cells to define different logical states (e.g.,
voltage levels, resistance levels, etc.). Such storage levels
tend to degrade over time (e.g., due to leakage currents) or
with temperature. To address this problem, DRAMs have
internal refresh operations which guarantee via sense and
write back operations that the stored information remains in
each respective memory cell. For new non-volatile memory
technologies such as phase change memory, conductive
bridge memory, magnetic memory, and memories based on
resistive switching in Transition Metal Oxide materials such
as TiOx, NiOx, etc. (so called TMO memories), similar deg-
radation mechanisms on various time scales have been
observed as well.

[0002] Currently, products with high reliability are
designed with additional bits and an error correction code
(ECC) algorithm, which allow for detection and/or repair of
failing memory cells. The memory cells required to store
these additional bits lead to additional chip size and, more-
over, give rise to delays in timings of operations due to the
need to perform the ECC calculations. Of course, the storage
levels in the memory cells containing these special bits tend to
degenerate like the storage levels in the other memory cells in
the memory array.

[0003] Memory devices with build in self repair (BISR)
operations have been proposed; however, this capability has
the disadvantage of requiring greater redundancy overhead in
order to avoid a gradual decrease of memory capacity.
[0004] It would be desirable to provide memory devices
based on emerging memory technologies that reliably main-
tain storage levels over time while minimizing the overhead,
delays, and chip size associated with ECC calculations and
frequent refresh operations, which can be readily substituted
for memory devices that employ current memory technolo-
gies such as DRAM and Flash architectures.

SUMMARY

[0005] Described herein is an integrated circuit that
includes: a resistive memory having an array of resistive
memory cells; amemory controller that controls operation of
the resistive memory in accordance with external commands
from an external device; and a memory scheduler coupled to
the resistive memory and to the memory controller. The
memory scheduler schedules internal maintenance opera-
tions within the resistive memory in response to trigger con-
ditions indicated by at least one sensor signal or external
command. The operation of the memory scheduler and per-
formance of the internal maintenance operations are transpar-
ent to the external device and may also be transparent to the
memory controller.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The accompanying drawings are included to pro-
vide a further understanding of embodiments and are incor-
porated in and constitute a part of this specification. The
drawings illustrate embodiments and together with the
description serve to explain principles of embodiments. Other
embodiments and many of the intended advantages of
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embodiments will be readily appreciated as they become
better understood by reference to the following detailed
description. The elements of the drawings are not necessarily
to scale relative to each other. Like reference numerals des-
ignate corresponding similar parts.

[0007] FIG. 1 is a conceptual block diagram illustrating an
embodiment of a memory system including a memory sched-
uler for initiation and control of internal maintenance opera-
tions in a memory.

[0008] FIG. 2 is a conceptual block diagram illustrating
another embodiment of a memory system including a
memory scheduler for scheduling internal maintenance
operations in a memory.

[0009] FIG.3 is a block diagram illustrating specific signals
exchanged among a memory controller, a memory scheduler,
and a memory for triggering internal maintenance operations
within the memory.

[0010] FIG. 4 is a state diagram illustrating examples of
internal maintenance operations that can be performed in
response to certain signals or conditions.

[0011] FIGS. 5A-5C illustrate operations performed to
improve (narrow) the distribution of signal levels within the
memory cells of a memory.

[0012] FIGS. 6A-6C illustrate operations performed to
clean up the distribution of signal levels in response to an
elevated temperature condition.

[0013] FIGS. 7A-7C illustrate operations performed to
clean up the distribution of signal levels in response to a
number of operation cycles being exceeded.

[0014] FIG. 8 is a flow diagram illustrating operations per-
formed to carry out a built-in self test (BIST) or built-in self
repair in response to certain conditions.

DETAILED DESCRIPTION

[0015] The concepts of the invention will be described in
greater detail in the context of illustrative, non-limiting
embodiments with reference to the accompanying drawings.
It is to be understood that other embodiments may be utilized
and structural or logical changes may be made without
departing from the scope of the present invention. The fol-
lowing detailed description, therefore, is not to be taken in a
limiting sense, and the scope of the present invention is
defined by the appended claims. It is to be understood that the
features of the various embodiments described herein may be
combined with each other, unless specifically noted other-
wise.

[0016] Emerging memory technologies such as resistive
memory (e.g., resistive random access memories such as
phase change random access memory (PCRAM), conductive
bridge random access memory (CBRAM), and magnetic ran-
dom access memory (MRAM)) offer certain advantages over
DRAM, Flash and other conventional types of memory
devices in terms of switching speeds, size, power consump-
tion, and non-volatility. To optimize performance and reli-
ability of such memories, internal maintenance operations
can be performed to ensure that data storage levels are within
acceptable ranges and that memory cells are operating prop-
erly.

[0017] The system described herein includes a memory
scheduler for a memory device, which evaluates sensor sig-
nals and external commands for operating the memory device
to intelligently schedule internal maintenance operations for
the memory device, such as maintenance operations suitable
in memories based on emerging technologies. While ensuring
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reliable and efficient operation of the memory device, these
internal maintenance operations do not directly impact opera-
tion of the memory device as viewed from an external con-
troller, CPU, or host device. For example, the external sched-
uling of read and write operations and the timing and response
of the memory device to read and write commands are not
affected by the scheduling of internal maintenance opera-
tions. Thus, external commands designed to operate and
access the memory device are used to trigger internal main-
tenance operations that are “transparent” to or “hidden” from
the external system issuing the commands (i.e., the external
system does not need to be aware of or informed of the timing
or occurrence of internal maintenance operations and does
not need to know that certain commands or combinations of
commands and/or conditions trigger these operations).

[0018] As used herein, the term “transparent” refers to the
fact that the memory scheduler and its operations are entirely
hidden from or unknown to any external device which uses
the memory, including the host device, its CPU supplying
commands to the memory controller, and optionally the
memory controller itself (e.g., where the memory controller is
not integrated into the memory or the memory scheduler).
This means that, from a signaling standpoint, external devices
do not need to know of the existence of the memory scheduler,
and the external commands supplied to control the memory
are not intended to control the memory scheduler or to trigger
the internal maintenance operations managed by the memory
scheduler. External devices are entirely unaware of the opera-
tion of the memory scheduler, the scheduling performed, and
the execution, status, and completion of the internal mainte-
nance operations. Another aspect of being transparent or hid-
den is that the memory scheduler does not report scheduling,
execution, status, or completion of internal maintenance
operations to the external device. The memory scheduler and
the internal maintenance operations are also transparent or
hidden in the sense that the internal maintenance operations
are scheduled such that the interactions of the memory with
the memory controller and external CPU or host device (e.g.,
the timing of memory operations and responses of the
memory) are not affected by the internal maintenance opera-
tions. Thus, for example, unlike the memory scheduler
described herein, a conventional memory controller is not
transparent to an external device such as a CPU, since CPU
commands are designed to instruct the memory controller,
and the memory controller’s operations are evident to the
CPU in that the memory controller and/or the memory sup-
plies output signals to the CPU in response to command
signals (e.g., output read data, status information, etc.).

[0019] The memory scheduler essentially operates as a
state machine that receives incoming commands and detects
external activities/signals such as battery charging in mobile
devices, idle status, hibernation modes, temperature, power
off or power on routines, etc., and depending on the present
state and incoming signals, triggers internal activities like
built in self test (BIST), build in self repair (BISR), and
read/write cleanup operations in order to narrow distribution
functions (voltage levels, resistance levels, etc.) that may
have broadened over time. By intelligent scheduling of inter-
nal (on chip) activities (during idle modes or battery charging,
etc.), the distribution of the stored levels can be narrowed,
which improves the sensing signal (improved signal margin),
which in turn leads to higher storage reliability. Periods of
battery charging in mobile devices are particularly attractive
for these operations, since power consumption plays a greatly
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reduced role during charging and memory activity is typically
low or the device is off. By implementing these internal
maintenance operations, the reliability of the memory cells
can be improved, and the use of additional bits for ECC
operations may no longer be necessary. These techniques
may also extend memory lifetime. As previously explained,
the internal maintenance operations can be hidden activities,
meaning the performance of the memory in terms of timing
and interaction with a memory controller or host device is not
negatively influenced.

[0020] The memory scheduler can be resident on amemory
chip or can be on a separate chip or processor (e.g., part of a
separate memory controller) or integrated into an interface
between a memory controller and a memory chip. Regardless
of the particular arrangement, the memory scheduler can be
considered an “internal” scheduler in the sense that the host
device, processor, or CPU that is using the memory device to
store and retrieve data is not directly involved with or aware of
the memory scheduler or the internal activities being sched-
uled. The host device, and possibly the memory controller,
can be considered “external” in that they interact with the
memory device via a set of external commands that control
operation of the memory device, but are not involved with and
do not attempt to control certain types of internal mainte-
nance operations. Nevertheless, the memory scheduler is
capable of using certain external commands or signals to
trigger scheduling of internal maintenance operations that
improve performance and reliability in emerging technology
memory devices.

[0021] The internal memory scheduler can be designed to
take advantage of benefits provided by emerging memory
technologies to enable such memories to enter markets where
typical applications are based on the use of memory devices
with established technologies, in order to take advantage of
benefits of emerging technologies in these contexts. For
example, PCRAM has very fast switching speeds that are
comparable to DRAM, but with the advantage of non-vola-
tility. Nevertheless, stable storage levels in resistive memory
devices may require some maintenance to ensure sufficient
signal-to-noise ratios for reliable retention/reading of stored
data, particularly with multi-bit/level memory cells. By intel-
ligently scheduling such maintenance tasks within a memory
device in a manner that is transparent to an external controller
or host device (e.g., during periods typically used for DRAM
refresh operations or during idle times), emerging memory
technologies can be used as drop-in replacements for conven-
tional memories without requiring modification of the host
device or system.

[0022] FIG. 1 is a block diagram of a system employing a
memory scheduler 110 for controlling internal maintenance
operations of a memory 100 according to an embodiment of
the invention. Memory 100 provides storage of data for a host
device and may include an array of memory cells each of
which is capable of being configured in at least two states
which represent information (e.g., a first logical state that
represents a binary “1” and a second logical state that repre-
sents a binary “0”).

[0023] Memory 100 can employ an emerging memory
technology such as resistive memory technology (e.g., a
resistive random access memory). For example, each
memory cell in the array can include a resistance changing
storage element accessible by a word line and bit line and a
selection device such as a transistor or diode-like structure.
By way of a non-limiting example, the resistance changing
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storage elements of the memory cells can be phase change
storage elements that comprises a phase change material that
may be made up of a variety of materials. Generally, chalco-
genide alloys that contain one or more elements from Group
VI of the periodic table are useful as such materials. In one
embodiment, the phase change material is made up of a
chalcogenide compound material, such as GeSbTe, SbTe,
GeTe, or AgInSbTe. In another embodiment, the phase
change material is chalcogen free, such as GeSb, GaSb, InSb,
or GeGalnSb. In other embodiments, the phase change mate-
rial can be made of any suitable material including one or
more of the elements Ge, Sb, Te, Ga, As, In, Se, C, and S.
Other resistance changing materials that can be used include
aresistive thin film of a resistance-reversible material such as
colossal magnet resistive thin film (e.g., PCMO thin film
(Pr, ,Cr, sM00s,)), oxidation films having a Perovskite struc-
ture (e.g., Nb,Os, TiO,, TaO4, NiO), or oxidation film such as
SrTi0;:Cr. However, it will be appreciated that the invention
is not limited to any particular material or classes of materials,
and virtually any substance capable of being configured in
plural resistance states can be employed. Moreover, other
types of resistive memories such as MRAM, TMO and
CBRAM technologies can be employed.

[0024] As indicated by the dashed line enclosing memory
100 and memory scheduler 110, memory scheduler 110 may
be resident on the same integrated circuit device as memory
100, such as on a memory chip. A memory controller 120
serves as an interface between a CPU 130 of the host device
and memory 100 and receives commands for operating
memory 100. For example, memory controller 120 may
receive from CPU 130, over suitable buses, a write access
command along with write data to be stored and a memory
address indicating a location where the data is to be stored.
Memory controller 120 interprets the write command and
controls a write circuit to store the data in memory 100 at the
designated address. Similarly, in response to a read access
command, memory controller 120 controls sense circuits to
read the states of memory cells designated by a specified
memory address and supplies the read data to CPU 130 viaan
output bus. Memory controller 120 also receives and acts
upon other external commands typically included in a com-
mand set for controlling a memory device, such as power
up/down commands, idle/active mode commands, mode reg-
ister set, etc.

[0025] In a conventional architecture, a host device’s CPU
and, in turn, the memory controller demand that the memory
perform certain activities and interact with the memory using
a set of commands. However, considering the intricacy of the
internal architecture and internal operations of memory
devices, the level of intelligence provided by the interface
between the host system and its memory devices is relatively
crude. In the simplest hardwired case, a 32-bit or 64-bit bus is
employed, for example. According to the scheme described
herein, the memory scheduler within a memory (or between
the memory and external devices) can increase reliability,
increase sense amplifier signal-to-noise ratios, and decrease
power consumption without changing the activity or timing
performance of the memory as seen from the external system
or host device. The internal memory scheduler provides a
build-in logic that uses incoming information from sensors
and/or external signals to perform intelligent scheduling of
hidden tasks and operations in a coordinated manner that is
transparent to the external system that employs the memory.
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[0026] The host device represented in FIG. 1 by CPU 130
can be any of a wide variety of devices including but not
limited to a computer (e.g., desktop, laptop, handheld), por-
table electronic device (e.g., cellular phone, personal digital
assistant (PDA), MP3 player, video player, digital camera), or
any other suitable device that uses memory.

[0027] Memory scheduler 110 receives at least certain
commands supplied by memory controller 120 to memory
100 and uses these commands, along with sensor signals or
observations of conditions, to determine whether there is an
opportunity to perform internal maintenance operations
within memory 100. As suggested by the signal flow arrange-
ment shown in FIG. 1, signals from memory controller 120
can be passed through memory scheduler 110 to memory 100,
allowing scheduler 110 to receive and evaluate any signals
that may be relevant to scheduling of internal maintenance
operations before relaying signals to memory 100. Option-
ally, memory scheduler 110 can be configured to receive only
those signals or commands from memory controller 120
which may be relevant to internal scheduling of maintenance
operations and other signals from memory controller 120
could be routed directly to memory 100. In general, the inven-
tion is not limited to any particular signal routing or bus
architecture, provided memory scheduler 110 receives the
information required to perform internal scheduling of main-
tenance tasks.

[0028] Optionally, as indicated by the dashed line enclos-
ing memory 100, memory scheduler 110, and memory con-
troller 120, all of these components can be resident on a
common integrated circuit device such as a memory chip or a
memory module, such as a dual in-line memory module
(DIMM) card that includes a plurality of memory chips con-
trolled by a separate memory controller. According to another
option, memory controller 120 may be external to a memory
chip containing memory device 100 and memory scheduler
110. Consider, for example, a DIMM with eight memory
chips. One option would be to have eight schedulers, one on
each memory chip, and one memory controller on the DIMM
for controlling all eight memory chips. Another option would
be to have one scheduler on the DIMM, which serves all
memory chips, or two schedulers that serve four memory
chips each. In general, memory device 100 is not limited to
any particular architecture or application, and can be config-
ured to suit the requirements of the host device. Thus, the
invention is not limited to configurations in which the
memory scheduler 110 or memory controller 120 is arranged
on the same chip or module as memory 100.

[0029] Memory scheduler 110 and memory controller 120
can each include a microprocessor, microcontroller, state
machine, or other suitable logic circuitry for controlling the
operation of memory 100. In general, memory schedule 110
and memory controller 120 can be implemented in any com-
bination of hardware and/or software and are not limited to
any particular architecture. According to one option, memory
scheduler 110 can be integrated into memory controller 120
or more closely coupled to memory controller 120, as illus-
trated in FIG. 2 with a dashed box around memory scheduler
110 and memory controller 120. FIG. 2 also illustrates that
other interconnections or bus arrangements are possible.
Here, memory controller 120 directly interacts with memory
100, while memory scheduler 110 receives or interprets
required signals from memory controller 120 and supplies
internal control signals to memory 100 for initiating internal
maintenance tasks.
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[0030] Regardless of the particular architecture, the opera-
tions, decisions, and scheduling performed by memory
scheduler 110 as well as the internal maintenance operations
performed within memory 100 in response to commands
from memory scheduler 110 are “invisible” or transparent to
any circuitry beyond an external interface to memory 100. For
example, in the configuration shown in FIG. 1, CPU 130
would be considered an external device that commands
memory 100 to operate in a certain manner but is not “aware”
of the activities of scheduler 110 or the internal maintenance
operations. Depending on the architecture of a particular
memory device or system, memory controller 120 can also be
an external device or external circuitry in the sense that
memory controller 120 also would not be aware of the activi-
ties of scheduler 110 or of the internal maintenance opera-
tions.

[0031] Note that, in FIGS. 1 and 2, the lines extending
between memory 100, memory scheduler 110, and memory
controller 120 have arrows at both ends, suggesting signals
traveling in both directions. However, it should be clarified
that where memory controller 120 is “external,” any signals
supplied to the external memory controller from memory
scheduler 110 are essentially pass-through signals originat-
ing from memory 100. Since memory scheduler 110 and its
operations are transparent to external devices that operate or
control memory 100, memory scheduler 110 does not supply
any signals back to an external memory controller that relate
to scheduling, execution, or status of internal maintenance
operations (i.e., from the perspective of the external memory
controller and host system, the memory scheduler does not
exist). Likewise, while certain commands from memory con-
troller 120 for controlling memory 100 are used by memory
scheduler 110 to scheduler or trigger certain internal mainte-
nance operations, since memory scheduler is “transparent,”
neither CPU 130 nor memory controller 120 issues com-
mands or signals intended to control or instruct memory
scheduler 110.

[0032] Referring again to FIG. 1, in addition to receiving
commands from memory controller 120, memory scheduler
110 may also receive external commands or external sensor
signals from external sources other than memory controller
120. For example, a temperature sensor may provide a signal
indicating the temperature in the vicinity of (or within)
memory 100 or may received a power on/off signal or a
battery charging indication from a source other than through
the interface with memory controller 120. The depiction in
FIG. 1 of these signals as “external” is conceptual to indicate
that sources of information may be provided to memory
scheduler 110 other than through memory controller 120.
Note, for example, that a temperature sensor providing
“external” temperature data could actually be resident on or
within memory 100 rather than physically external. Further,
power on/off signals or battery charging signals optionally
could be received through the interface with memory control-
ler 120. Regardless of the particular type or origin of these
additional external commands or sensor signals, they can be
used by memory scheduler 110 along with commands from
memory controller 120 to schedule internal maintenance
operations.

[0033] FIG. 3 provides a more detail diagram of certain
signals supplied between memory controller 120, memory
scheduler 110, and memory 100 for enabling scheduling of
certain internal maintenance operations. The thicker lines
extending between memory controller 120, memory sched-
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uler 110, and memory 100 represent the collection of signals
passed between these circuits, while specific signals involved
in triggering certain internal maintenance operations are
separately shown in FIG. 3 for purposes of illustration. In
particular, standard signals such as Power Up/Down and Idle
are supplied by memory controller 120. These signals are
received and interpreted by memory scheduler 110 to sched-
ule internal tasks. Based on operating conditions determined
from these signals (and possibly other external signals),
memory scheduler 110 can initiate internal maintenance tasks
such as “narrow levels” and “clean up” via internal com-
mands sent to memory 100, as described below in greater
detailed. Memory 100 can inform memory scheduler 110 of
the status of tasks (e.g., completed or ongoing) via a busy/
ready signal.

[0034] FIG. 3 illustrates that the concept that signals typi-
cally used in established memory technologies for opera-
tional purposes (idle, power up/down, etc.) can also be inter-
preted by an internal memory scheduler of an emerging
technology memory and used for the additional purpose of
triggering the scheduling of internal tasks, thereby taking
advantage of capabilities and characteristics of emerging
technologies that allow modifications and activities to be
performed at suitable times that will not disrupt use of the
memory by an external device. As explained below in specific
examples, certain combinations of signals (e.g., an idle state
and battery charging) can indicate acceptable conditions for
performing certain tasks and can be used to trigger scheduling
of those tasks.

[0035] FIG. 4 is a state diagram illustrating a number of
internal maintenance operations that can be initiated by the
memory scheduler under certain conditions indicated by one
or a combination of external commands and sensor signals.
State 400 shown in the center of F1G. 4 represents one or more
initial states from which the memory can transition to a state
in which an internal maintenance operation is being per-
formed. Thus, state 400 could be one of a number of states the
memory would be in if there were no memory scheduler
scheduling internal maintenance operations, i.e., one of the
states the memory controller could put the memory in, such as
idle, power up, power down, sleep mode, nap mode, etc. From
initial state 400, the scheduler can trigger a number of differ-
ent activities, each with a certain priority (e.g., priorities V, W,
X,Y, and Z as shown in FIG. 4). The various priorities can be
set and modified by the memory scheduler. Optionally, the
memory scheduler can operate as an arbiter which uses the
task priorities to schedule internal maintenance operations in
a sequence that reflects the importance or necessity of certain
tasks or the elapsed time since a task was last performed. For
example, if a temperature sensor indicates an elevated tem-
perature, the priority of the task of cleaning up storage levels
affected by higher temperatures can be increased so that this
task is performed sooner that it otherwise would be. Accord-
ing to one option, the priority of a particular task may increase
over time to ensure that each task is eventually carried out,
and the priority of the task can be reset to a lower value once
the task is completed.

[0036] A variety of trigger conditions or combinations of
conditions can be used by the memory scheduler to determine
that circumstances are appropriate to carry out certain tasks
(internal maintenance operations). Examples of signals or
conditions that may be used to trigger internal maintenance
operations include, but are not limited to: idle mode, standby
mode, nap mode, power down mode, input/output (I/O) inac-
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tivity for a certain period of time (e.g., 100 ms), a power up
sequence, a power down sequence, a sleep mode request, an
operating system or CPU signal, a battery charging condition,
or a user-initiated signal. These criteria can be advanta-
geously combined to indicate favorable conditions for per-
forming internal maintenance operations, e.g., battery charg-
ing and I/O inactivity.

[0037] Optionally, the memory controller can interrupt or
turn off an internal maintenance operation that is not yet
completed based on certain operating states or conditions
occurring (e.g., low battery, power saving mode, etc.). Such
states or conditions can be conveyed to the memory scheduler
via receipt of an external command or signal originating from
the host system or CPU or by a user command, for example.
[0038] Referring again to FIG. 4, from initial state 400, the
memory scheduler can, in response to certain trigger condi-
tions, transition the memory to a state 410 in which an internal
maintenance operation is performed for improving signal
margins experienced during read operations, by narrowing
the distribution of stored signal levels present in the memory
cells of the memory array. Resistive memories such as
PCRAM, CBRAM, TMO, and MRAM utilize the resistance
value of a memory element to store one or more bits of data.
For example, a memory element programmed to have a high
resistance value may represent a logical “0” data bit value,
and a memory element programmed to have a low resistance
value may represent a logical “1” data bit value. Of course,
this convention is arbitrary and the opposite convention could
be used (i.e., high resistance="1"; low resistance="0"). Typi-
cally, the resistance value of the memory element is switched
electrically by applying a voltage pulse or a current pulse to
the memory element.

[0039] Phase change memory is one type of resistive
memory which uses a phase change material in the resistive
memory element. The phase change material exhibits at least
two different states. The states of the phase change material
may be referred to as the amorphous state and the crystalline
state, where the amorphous state involves a more disordered
atomic structure and the crystalline state involves a more
ordered lattice. The amorphous state usually exhibits higher
resistance than the crystalline state. The amount of crystalline
material coexisting with amorphous material in the phase
change material of one of the phase change memory elements
thereby defines two or more states for storing data within a
memory cell based on different electrical resistance levels. In
a phase change random access memory (PCRAM), a phase
change memory cell can be “reset” to a high-resistance amor-
phous state by heating the phase change material and then
quenching the material. To “set” the phase change memory
cell to a lower-resistance crystalline state, the material is
heated and then slowly cooled down. These phase changes
may be induced reversibly such that a memory cell can be
written to many times without degradation.

[0040] Whether the storage levels are defined by different
resistance levels or other measurable levels such as voltage
levels, even in non-volatile emerging memory technologies
there may be degradation of the storage levels over time. The
storage levels of individual memory cells may vary from the
ideal values used to represent certain logical states, such that
a distribution of storage level values exists for the memory
cells of an array. This distribution of storage levels may tend
to broaden over time, with the storage levels of some of the
memory cells exceeding a threshold beyond which the signal
margin becomes unreliably small during read operations. An
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internal maintenance operation can be performed to narrow
the storage level distributions within the memory to ensure
adequate signal margin when reading the contents of memory
cells.

[0041] FIG. 5A is a graph illustrating broadened storage
level distributions that may exist prior to performing a “nar-
row levels” internal maintenance operation. The distributions
essentially represent an aggregation ofthe storage levels (e.g.,
voltages or resistances) of the memory cells within the array
or a portion of the array, with the height of the distribution at
any point indicating the number of memory cells having that
storage level. In this example, the storage levels are repre-
sented relative to a sense amplifier level (SAL), which can be
a voltage, resistance, or current within the sense amplifier
circuitry. A storage level below a certain SAL (shown in FIG.
5A with a vertical line between the two distributions) will be
interpreted as logical “1” and a storage level above this SAL
will be interpreted as a logical “0.” To ensure a signal margin
adequate to avoid errors, the storage level for alogical “1” bit
should be below a lower SAL set threshold (SALy), while the
storage level for a logical “0” bit should be above a higher
SAL reset threshold (SALR). The distributions shown in FIG.
5A indicate that at least some of the memory cells have logical
“1” storage levels that are above SAL s and logical “0” storage
levels below SAL,, resulting in an inadequate signal margin
and an increased risk of bit errors during read operations for
some of the memory cells.

[0042] FIG.5Cisa flow chartillustrating a “narrow levels”
operation that can be performed in the memory to produce
acceptable storage level distributions such as those shown in
FIG. 5B. Upon the memory scheduler identifying suitable
trigger condition(s) in operation 510 (e.g., idle mode, power
up/down, battery charging, or other external trigger com-
mands or signals), at least a portion or subset of the memory
array is accessed (operation 520) for performing the internal
maintenance operation. In operation 530, the bit stored in a
memory cell of the memory array subset is read by comparing
the storage level to the regular SAL. If the storage level is
below the SAL value, for example, the bit is read as a logical
“1. If the storage level is above the SAL, the bit is read as a
logical “0.” The value of the read bit is stored in a buffer. Ifthe
read bit is a logical ““1,” in operation 540, the storage level is
compared to the lower SAL threshold (e.g., the read opera-
tion can be repeated with SAL; rather than SAL). If the
storage level is greater than the SAL  threshold, the logical
“1” storage level is too high, and a “set” operation is per-
formed on the memory cell (e.g., by applying a “set” pulse) to
establish a lower storage level in the memory cell (operation
550). If, on the other hand, the storage level is below the SAL ¢
threshold, the storage level is acceptable, and no set operation
is required.

[0043] If, in operation 530, the bit is read as a logical “0,” in
operation 560, the storage level is compared to the higher
SAL, threshold (e.g., the read operation can be repeated with
SALj rather than SAL). If the storage level is less than the
SAL, threshold, the logical “0” storage level is too low, and a
“reset” operation is performed on the memory cell (e.g., by
applying a “reset” pulse) to establish a higher storage level in
the memory cell (operation 570). If, on the other hand, the
storage level is above the SAL, threshold, the storage level is
acceptable, and no reset operation is required.

[0044] Once the storage level of a memory cell has been
evaluated and, if necessary, has been “set” or “reset” to estab-
lish an acceptable storage level, in operation 580 a determi-
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nation is made as to whether any other memory cells require
evaluation in the portion or subset of the memory on which
the “narrow levels” operation is being performed. If so, the
process is repeated for each memory cell until all the memory
cells in the subset have been evaluated. While FIG. 5C shows
this process as being performed on a bit-by-bit (i.e., cell-by-
cell) basis for purposes of illustrating the concept, it will be
appreciated that the process can be performed in parallel on
the stored bits of any number of memory cells, such that
reading, evaluating, and correcting of multiple memory cells
can be performed at the same time (e.g., all the cells con-
nected to a particular word line can be accessed at once so that
anumber of bit lines are evaluated simultaneously). Once the
“narrow levels” operation has been completed, the improved
distributions of storage levels are more closely clustered
around the ideal storage level values for representing the
logical states, resulting in greater signal margins during read
operations and a greatly reduced risk of bit errors, as shown in
FIG. 5B.

[0045] A similar type of internal maintenance operation
can be triggered by a high temperature condition detected by
a suitably placed temperature sensor which supplies a tem-
perature signal to the memory scheduler. With emerging
memory technologies such as PCRAM, high temperature
conditions can cause a storage element in a high-resistance
amorphous state (a “reset” logical “0” state) to gradually
become more crystalline, resulting in a decreased resistance
of the storage element. With high temperature in this type of
PCRAM, only one of the two states is prone to degradation
(the high resistance “reset” state), because the phase change
material may crystallize over time, whereas the crystalline
state is thermodynamically more stable and will not degrade.
Consequently, the internal maintenance operation performed
in response to an elevated temperature condition may involve
“cleaning up” the storage level distribution of memory cells
storing only one of the two logical states, in this case the high
resistance “reset” state.

[0046] FIG. 6A illustrates storage level distributions for
“0” and “1” bits stored in a memory exposed to elevated
temperatures. Note that the distribution of the storage levels
of the memory cells with “1” bits remains acceptably below
the SAL; threshold, whereas the distribution of the storage
levels of the memory cells with “0” bits is broadened such that
the storage levels of at least some of the memory cells are
below the SALj threshold, resulting in potentially insuffi-
cient signal margin.

[0047] FIG. 6C is a flow chart illustrating the triggering and
carrying out of an internal “clean up” operation that can be
performed in the memory to restore storage level distributions
to acceptable levels such as those shown in FIG. 6B. It will be
appreciated that the operations shown in FIG. 6C are only one
example of how this process can be performed in order to
illustrate the concept, and other schemes can be used to carry
out the “clean up” task. In operation 600, an elevated tem-
perature condition causes a temperature sensor bit to be set to
provide an indication to the memory scheduler. Upon the
memory scheduler identifying suitable trigger condition(s) in
operation 610 (e.g., idle mode, power up/down, battery charg-
ing, or other external trigger commands or signals), the
memory scheduler can read the temperature bit (operation
620). If the temperature bit has been set (e.g., to a logical “1”
state) in response to an elevated temperature condition, the
memory scheduler commands the clean up or “refresh”
operation to be performed. On the other hand, if the tempera-
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ture bit indicates a normal temperature condition (e.g., a
logical “0” state), no clean up operation is scheduled.
[0048] Note that any of a variety of mechanisms can be
used for identifying elevated temperature conditions and trig-
gering of the clean up task. For example, rather than the
memory scheduler checking a temperature sensor bit after
other trigger conditions have been met, the temperature sen-
sor can send a signal to the memory scheduler when an
elevated temperature condition exists. Another option is for
the temperature sensor to send temperature readings to the
memory scheduler and have the memory scheduler determine
from the readings whether the exposure to elevated tempera-
tures is sufficient to require a “clean up” operation.

[0049] The “clean up” operation 630 can be performed in a
number of different ways. For example, the operation can be
carried out in a manner similar to the “narrow levels” process
shown in FIG. 5C. In particular, the storage level of each
memory cell is read with the regular SAL and determined to
be alogical “0” or “1.” If the bit is read as a logical “0,” a reset
pulse is applied to the memory cell if the storage level is less
than the SAL, threshold, and no action is taken if the storage
level is above the SAL  threshold.

[0050] Unlike the process shown in FIG. 5C, however, in
the example of the distribution shown in FIG. 6 A, where only
the logical “0” distribution degrades, if a bit is determined to
be a logical “1” by reading the bit with the regular SAL, no
further action is required in operation 630, since only the
logical “0” distribution requires improvement. Of course, in
certain types of memories it is possible that both the logical
“0” and the logical “1” distributions degrade in the presence
of elevated temperatures, in which case in operation 630 of
FIG. 6C both “0” bits and “1” bits would be evaluated and
corrected as necessary in the manner shown in FIG. 5C.
[0051] Another option for performing the “clean up” opera-
tion 630 in FIG. 6C is to read the bit stored in each memory
cell and perform a reset operation on any memory cell storing
a logical “0” bit. This approach essentially assumes that the
elevated temperature condition will have degraded the logical
“0” storage level in each of the memory cells to some degree
and avoids the step of reading the storage level of the “0” bits
with an SAL, value before deciding whether to apply a reset
pulse. In other words, a reset pulse is automatically applied to
the memory cells storing “0” bits without determining the
extent to which the storage levels of particular cells have
degraded. This approach is more analogous to the “refresh”
operation typically performed in a volatile memory such as a
DRAM, where memory cell capacitors storing a charge are
automatically recharged during a refresh operation irrespec-
tive of the charge level prior to the refresh operation. The
“refresh” operation described here is unlike a typical DRAM
refresh operation in that the operation need not necessarily be
performed frequently or periodically. Again, in the example
in FIG. 6A, only the memory cells storing logical “0” bits
need to be “cleaned up” or “refreshed”; however, in certain
types of memories in which both logical states degrade with
temperature, it may be appropriate to apply reset pulses to
each of the memory cells storing logical “0” bits as well as set
pulses to each of the memory cells storing logical “1” bits.
[0052] In the implementation shown in FIG. 6C, once the
“clean up” operation is completed, the temperature sensor bit
can be reset (operation 640), so that the “clean up” operation
will not be performed again until another elevated tempera-
ture condition is detected. As previously noted, in other
implementations, a temperature sensor bit need not be used,
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and the temperature sensor can send a high-temperature indi-
cation signal or temperature data to the memory scheduler,
and the memory scheduler can schedule “clean up” opera-
tions as required in accordance with the priority scheme and
availability of suitable conditions (e.g., idle, battery charging,
etc.).

[0053] Asshown in FIG. 6B, once the “clean up” operation
has been completed, the improved distribution of “0” bit
storage levels is more closely clustered around the ideal stor-
age level value, resulting in greater signal margins during
read operations and a greatly reduced risk of bit errors. In this
example, the distribution of “1” bit storage levels remains
unchanged; however, as previously explained, it is also pos-
sible to “clean up” both the “0” and “1” distributions, which
would be desirable if the storage levels of both “0” and “1”
bits tend to degrade from high-temperature conditions.
[0054] Another possible source of storage level degrada-
tion in memories based on emerging technologies is the
repeated accessing or activation of memory cells. After a high
number of cycles, the distribution of storage levels might be
broadened to the point that the storage levels of at least some
memory cells will produce insufficient signal margin during
read operations, as shown in FIG. 7A. Here again, depending
upon the particular type of emerging technology involved, the
memory may be prone to degradation of storage levels of both
“0” and “1” bits due to a high number of cycles, resulting in
the broadening of both the “0” and “1” bit storage level
distributions as shown in the example in FIG. 7A. In other
cases, a high number of cycles may cause a greater degrada-
tion in storage levels of one of the logical states than in
another logical state (e.g., like the effect shown in FIG. 6A).
[0055] FIG.7C s aflow chart illustrating the triggering and
carrying out of an internal “clean up” operation that can be
performed in the memory to restore storage level distributions
to acceptable levels, such as those shown in FIG. 7B, in
response to a high number of memory cycles. It will be
appreciated that the operations shown in FIG. 7C are only one
example of how this process can be performed in order to
illustrate the concept, and other schemes can be used to carry
out this “clean up” task. In operation 700, a cycle counter is
incremented each time an operation occurs within the
memory or a portion of the memory. For example, a cycle
counter may be associated with the memory cells connected
to a particular bit line or word line or group or bank of bit lines
or word lines, and counts the number of operations (accesses
and/or activations) involving these memory cells. If the cycle
counter exceeds a predetermined value, a cycle counter bit
can be set to indicate that the acceptable number of cycles has
been exceeded. For example, the cycle counter bit could be
the highest value bit in a register being incremented.

[0056] Upon the memory scheduler identifying suitable
trigger condition(s) in operation 710 (e.g., idle mode, power
up/down, battery charging, or other external trigger com-
mands or signals), the memory scheduler can read the cycle
counter bit (operation 720). If the cycle counter bit has been
set (e.g., to a logical “1” state), the memory scheduler com-
mands the clean up operation to be performed. On the other
hand, if the cycle counter bit is not set (e.g., a logical “0”
state), no clean up operation is scheduled.

[0057] Note that any of a variety of mechanisms can be
used to trigger a clean up operation in response to a cycle
count exceeding a desired value. For example, rather than the
memory scheduler checking a cycle counter bit after other
trigger conditions have been met, a signal can be sent to

Mar. 4, 2010

memory scheduler when the cycle count exceeds a certain
value. Another option is for a cycle counter to send the cycle
count to the memory scheduler and have the memory sched-
uler determine from the cycle count whether the cycle count
exceeds a limit which triggers a “clean up” operation.
[0058] The“cleanup” operation 730 performed inresponse
to an excess cycle count can be performed in any of the variety
of ways the “clean up” operation is performed in response to
an elevated temperature condition described above in connec-
tion with the “clean up” operation 630 in FIG. 6C. In particu-
lar, if both the “0” bit and the “1” bit storage level distributions
require cleaning up, the bit value stored in each memory cell
is determined, and a set pulse is applied to each memory cell
storing a “1” bit and a reset pulse is applied to each memory
cell storing a “0” bit. Another option, as described above, is to
apply a set pulse to only those memory cells whose “1” bit
storage levels exceed the SAL threshold and to apply a reset
pulse to only those memory cells whose “0” bit storage levels
are below the SAL threshold (see FIG. 5C). If a high cycle
count affects only one of the storage level distributions (e.g.,
justthe logical “0” storage level distribution or just the logical
“1” storage level distribution), then either of these “clean up”
schemes can be applied just to the memory cells storing the
bits in the logical state affected.

[0059] In the implementation shown in FIG. 7C, once the
“clean up” operation is completed, the cycle counter can be
reset (operation 740) and the cycle counter bit indicating an
excess cycle count can be reset, so that the “clean up” opera-
tion will not be performed again until the cycle count is
incremented from zero to the threshold indicating an excess
number of cycles. As previously noted, in other implementa-
tions, a cycle counter bit need not be used, and the cycle
counter can send a signal or a count to the memory scheduler,
and the memory scheduler can schedule “clean up” opera-
tions as required in accordance with the priority scheme and
availability of suitable conditions (e.g., idle, battery charging,
etc.).

[0060] As shown in FIG. 7B, once the “clean up” operation
has been completed, the improved distributions of the storage
levels are more closely clustered around the ideal storage
level values, resulting in greater signal margins during read
operations and a greatly reduced risk of bit errors. In this
example, the distributions of both the “0” bit and the “1” bit
storage levels are cleaned up and narrowed; however, as pre-
viously explained, it is also possible to “cleanup” just the “0”
bit distribution or just the “1” bit distribution, which would be
desirable if the storage levels of only one of the logical states
tended to degrade from high cycle counts.

[0061] Theinternal maintenance tasks described in connec-
tion with FIGS. 5A-7C illustrate that a variety of operations
can be performed to improve or narrow distribution functions
of storage levels as represented by state 410 in FIG. 4 and that
these operations can be triggered by a number of different
external conditions (e.g., passage of time, elevated tempera-
ture, a cycle count exceeding a threshold, etc.). While the
foregoing examples illustrate internal maintenance opera-
tions in the context of binary memory cells, it will be appre-
ciated that the invention is not limited to memory devices with
binary memory cells and is equally applicable to resistive
memories with three or more resistance levels representing
distinct logical states.

[0062] Build-in self test (BIST) and build-in self repair
(BISR) are other internal maintenance operations that can be
performed within the memory, as represented by state 420 in
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FIG. 4. Typically, a BIST operation involves an internal pat-
tern generator that generates a test pattern which is clocked
into the word lines and bit lines of the memory array. After a
certain period of time, an internal read signal is sent and a read
operation is performed. The read data is compared to the
expected data (the original pattern) in order to try to identify
failures of memory cells. BISR operations are performed to
repair failed memory cells identified in a previous BIST
operation or by other testing. The BISR process typically
involves using fuses (e.g., electrical fuses) to activate redun-
dant cells or remapping some addresses (e.g., by making
changes in an address multiplexer), which would not be vis-
ible to external devices.

[0063] FIG. 8 is a flow diagram illustrating a BIST/BISR
operation that can be performed in response to trigger condi-
tions determined by a memory scheduler. In particular, in
operation 800, the memory scheduler identifies trigger con-
ditions indicating suitable circumstances for performing a
BIST/BISR operation. The trigger conditions can be, for
example, idle mode, power up/down, battery charging, or
other external trigger commands or signals or combinations
thereof. As with the “narrow levels” and “clean up” opera-
tions previously described, the BIST/BISR operation can be
performed after events such as a certain number of cycles
since the last test, a certain number of operating hours since
the last test, a certain number of elapsed hours since the last
test, excess temperature conditions, etc.

[0064] If the trigger conditions are met, a BIST operation
810 is performed to identify defective memory cells. In deci-
sion block 820, if a failing cell is observed in the memory
array (or sub-array) being tested, in operation 830, the cell is
either marked as a defective cell or a redundant cell is acti-
vated to replace the defective cell, depending on whether a
BISR operation is being performed immediately after the
BIST operation (activation) or only the BIST operation is
currently being performed (marking). Depending on the par-
ticular configuration or architecture or the type of defect
detected, cells can be replaced in groups (e.g., all of the cells
associated with a particular word line) or individually. Refer-
ring again to FIG. 4, in the case where testing such as BIST is
performed as a separate operation from repair operations, the
internal maintenance tasks associated with repairing defec-
tive memory cells (redundancy activation tasks) can be sepa-
rately scheduled by the memory scheduler, as indicated by
state 440.

[0065] As previously noted, a BIST operation can be used
to identify or “mark” defective memory cells in the memory
array. A BISR operation can be used to “repair” defects,
essentially by replacing defective memory cells with redun-
dant cells via remapping. One advantage of emerging resis-
tive memory technologies over conventional DRAM tech-
nologies is that the number of redundant cells on a DRAM is
typically limited by the area consumption and not just the area
of cells but the area of optical fuses that need to be blown to
activate the redundant cells. These fuses need to be accessed
by an optical laser, and the number of redundant cells is
typically limited to about 30,000 to 40,000 cells per chip,
which takes up a very large area on a DRAM chip. Resistive
memory technologies do not require fuses, and spare memory
cells can be activated in blocks. Specifically, because resistive
memory cells such as those of a PCRAM device are non-
volatile, a memory cell itself can be used as a fuse (this is
suggested by the reference to “PCRAM fused” in operation
440 in FIG. 4). The absence of bulky fuses makes it much
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easier to build more redundancy into resistive memories than
into conventional DRAM memories.

[0066] Another internal maintenance task, shown in opera-
tional state 450 in FIG. 4, is “refresh cycles.” As previously
noted, non-volatile resistive memories do not require periodic
refreshing of storage cells in the manner required by volatile
memories such as DRAM devices. However, it may be ben-
eficial to occasionally “clean up” storage levels for a variety
of reasons, such as those discussed above, and the clean up
operation may be carried out in a manner somewhat analo-
gous to a refresh operation. For example, the storage state
(logical value) of each memory cell is determined and then a
write operation is performed to rewrite the logical value to the
memory cell to ensure that the storage level is within an
acceptable range.

[0067] Refresh cycles can be used in other contexts with
resistive memory devices. In particular, to save time and
power required for memory accesses, it is possible to program
resistance changing memory cells into DRAM-like states
(e.g., a partially non-volatile state) which are held for a lim-
ited period of time, rather than programming the memory
cells into pure non-volatile states. The memory cell’s reten-
tion time will not be milliseconds like a DRAM memory
cells, but perhaps only days or weeks. In this case, weaker or
briefer write pulses are used to store information in memory
cells, resulting in a partially non-volatile state with less-than-
ideal storage levels having a wide distribution.

[0068] Such a storage technique is particularly useful with
a resistive memory device used in a mobile context to save
time and power in writing. There is a tradeoff between the
degree of write retention and the operational speed and power
required for the write operation. During periods of mobility
and use, it is desirable to reduce power consumption to a
minimum, so only “weak” zeros and ones are written into the
memory cells during active use of the mobile device, with the
disadvantage that retention is a few weeks instead of several
years. However, the host mobile device must be charged
frequently (e.g., each week). When the mobile device is being
charged (or during an idle or power down mode), the memory
scheduler can take advantage of available power and idle time
to “refresh” the memory by re-writing “stronger” ones and
zeros at recharging time. The resulting memory cells are then
in a fully non-volatile state with a “cleaned up” distribution of
levels that is stable over time, making it easier for sense
amplifiers to more reliably detect the states of the memory
cells in a read operation once the device is activated.

[0069] Aswill beappreciated from the foregoing examples,
at least some of the trigger conditions used by the memory
scheduler to trigger an internal maintenance operation may
include the combination of both an operating state of the
resistive memory indicated by an external command and an
operating condition of the resistive memory. For example, the
operating state can be one or more of: an idle or standby
mode, a reduced power mode (e.g., sleep mode, nap mode,
hibernation mode, etc.), a battery charging mode, a power up
sequence or mode, a power down sequence or mode, and a
certain period of I/O inactivity. The operating condition can
be one or more of: a time (elapsed time or operating time)
since the particular internal maintenance operation was last
performed, a number of operations or cycles since the internal
maintenance operation was last performed, an operating tem-
perature, and other conditions indicated by a sensor.

[0070] Referring again to FIG. 4, any of a variety of other
internal maintenance operations can be scheduled by the
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memory scheduler, as represented by the operational state
430 labeled “other tasks.” One such task can be a prefetch
operation, which avoids slow memory accesses during read
operations. Basically, data which is expect to be read is
fetched in a large block from memory cells of the main
memory array into a memory that can be accessed more
rapidly, such as an SRAM. In the case of a series of related or
predictable read accesses, after the initial access, subsequent
accesses are made from the faster SRAM rather than directly
from the slower storage medium of the main memory array,
thereby increasing the overall speed of data retrieval. Such a
prefetch scheme may be advantageous in certain contexts
with resistive memory devices.

[0071] Other internal maintenance tasks can be user initi-
ated. For example, a command can be sent that instructs the
scheduler to perform certain tasks, such as defragmenting the
memory. The memory scheduler could nevertheless combine
such a user-initiated request with other criteria (e.g., idle
mode, charging mode, etc.) in determining when to carry out
the user-initiated task.

[0072] An advantage of a resistive memory device with a
memory scheduler for scheduling hidden internal mainte-
nance tasks can be realized in instances where an application
or a host device is operating with a timeline that permits
DRAM or Flash activities such as refresh or erase. Such
timelines provide extra periods of time that are not required
by resistive memory devices, during which internal mainte-
nance tasks can be scheduled. More generally, if the memory
is intrinsically faster at performing a task (or does not require
a task) that an established application calls for, then the
memory scheduler can make use of the resulting idle time to
perform internal tasks.

[0073] For example, Flash memories are relatively slow at
performing erase operations (on the order of milliseconds). If
a much faster PCRAM device is used in a Flash application,
there is a very substantial timing margin during which inter-
nal maintenance operations can be performed (e.g., clean up,
BIST, prefetch of data, etc.). Likewise, DRAM operation
typically requires refresh cycles. During these cycles, the
DRAM cannot react to operation requests. If a resistive
memory such as a PCRAM device is used in a DRAM appli-
cation, there is a certain timing margin during which internal
maintenance operations can be performed. In other words, the
time that would otherwise be used to perform frequent
DRAM refresh operations is not required by the PCRAM
device, leaving additional time to perform the aforemen-
tioned internal maintenance operations. Thus, the memory
scheduler aids in permitting devices based on emerging
memory technologies such as resistive memory to be substi-
tuted for conventional types of memories such as DRAM and
Flash memories (e.g., as a drop-in replacement) without
modifying the specifications or operating requirements of a
host device in which the memory is used. However, it will be
appreciated that the invention is not limited to scenarios in
which the memory is used as a drop-in replacement.

[0074] Although specific embodiments have been illus-
trated and described herein, it will be appreciated by those of
ordinary skill in the art that a variety of alternate and/or
equivalent implementations may be substituted for the spe-
cific embodiments shown and described without departing
from the scope of the present invention. This application is
intended to cover any adaptations or variations of the specific
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embodiments discussed herein. Therefore, it is intended that
this invention be limited only by the claims and the equiva-
lents thereof.

What is claimed is:

1. An integrated circuit, comprising:

a resistive memory comprising an array of resistive
memory cells;

a memory controller configured to control operation of the
resistive memory in accordance with external com-
mands from an external device; and

a memory scheduler coupled to the resistive memory and
the memory controller and configured to schedule inter-
nal maintenance operations within the resistive memory
in response to trigger conditions indicated by at least one
sensor signal or external command, wherein operation
of the memory scheduler and the internal maintenance
operations are transparent to the external device.

2. The integrated circuit of claim 1, wherein the memory
scheduler requires at least some of the trigger conditions to
include a combination of at least one operating state of the
resistive memory and at least one operating condition of the
resistive memory.

3. The integrated circuit of claim 2, wherein the at least one
operating state includes at least one of: an idle mode, a
standby mode, a reduced power mode, a battery charging
mode, a power up sequence, a power down sequence, and a
period of input/output inactivity.

4. The integrated circuit of claim 2, wherein the at least one
operating condition includes at least one of: a time since an
internal maintenance operation was last performed, a number
of operations or cycles since the internal maintenance opera-
tion was last performed, an operating temperature, and a
condition indicated by sensor.

5. The integrated circuit of claim 1, wherein one of the
trigger conditions includes the combination of a battery
charging state and input/output inactivity.

6. The integrated circuit of claim 1, wherein the internal
maintenance operations include at least one of: an operation
to narrow a distribution of storage levels of the resistive
memory cells; aresistive memory refresh operation; a built-in
selftest (BIST) operation; a build-in self repair (BISR) opera-
tion; and a prefetch of read data.

7. The integrated circuit of claim 6, wherein the operation
to narrow the distribution of storage levels is performed only
on the resistive memory cells storing a certain logical state.

8. The integrated circuit of claim 6, wherein the operation
to narrow the distribution of storage levels is performed only
on the resistive memory cells whose storage levels fall outside
a specified range.

9. The integrated circuit of claim 6, wherein the operation
to narrow the distribution of storage levels is performed in
response to a signal from a temperature sensor.

10. The integrated circuit of claim 1, wherein operation of
the memory scheduler and the internal maintenance operation
are transparent to the memory controller.

11. The integrated circuit of claim 1, wherein the resistive
memory comprises at least one of: a phase change memory
device; a conductive bridge memory device,a TMO memory,
and a magnetic memory device.

12. A resistive memory device, comprising:

a resistive memory comprising an array of memory cells,

each of the memory cells including a resistance chang-
ing storage element, the resistive memory being control-
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lable by a memory controller in accordance with exter-
nal commands from an external device; and

a memory scheduler configured to schedule internal main-
tenance operations within the resistive memory in
response to trigger conditions indicated by at least one
sensor signal or external command, wherein operation
of the memory scheduler and the internal maintenance
operations are transparent to the external device and to
the memory controller.

13. The resistive memory device of claim 12, wherein the
resistive memory device comprises a phase change memory
(PCRAM) device.

14. A system, comprising:

a host;

a resistive memory comprising an array of resistive

memory cells;

a memory controller configured to control operation of the
resistive memory in accordance with external com-
mands from the host; and

a memory scheduler coupled to the resistive memory and
the memory controller and configured to schedule inter-
nal maintenance operations within the resistive memory
in response to trigger conditions indicated by at least one
sensor signal or external command, wherein operation
of the memory scheduler and the internal maintenance
operations are transparent to the host.

15. The system of claim 14, wherein the memory scheduler

and memory are contained in a memory chip.

16. The system of claim 14, wherein the resistive memory,
the memory scheduler, and the memory controller are dis-
posed on a memory module.

17. A method of scheduling internal maintenance opera-
tions in a resistive memory, the method comprising:

receiving at a memory scheduler at least one sensor signal
or external command indicative of an operating state of
the resistive memory or an operating condition;

scheduling internal maintenance operations within the
resistive memory in response to trigger conditions deter-
mined by the memory scheduler from the at least one
sensor signal or external command, wherein operation
of the memory scheduler and the internal maintenance
operations are transparent to external devices.

18. The method of claim 17, wherein scheduling the inter-
nal maintenance operations includes requiring at least some
of the trigger conditions to include a combination of at least
one operating state of the resistive memory and at least one
operating condition of the resistive memory.

19. The method of claim 18, wherein the at least one
operating state includes at least one of: an idle mode, a
standby mode, a reduced power mode, a battery charging
mode, a power up sequence, a power down sequence, and a
period of input/output inactivity.

20. The method of claim 18, wherein the at least one
operating condition includes at least one of: a time since an
internal maintenance operation was last performed, a number
of operations or cycles since the internal maintenance opera-
tion was last performed, an operating temperature, and a
condition indicated by sensor.
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21. The method of claim 17, wherein one of the trigger
conditions includes the combination of a battery charging
state and input/output inactivity.

22. A method of performing an internal maintenance
operation in a resistive memory to improve a distribution of
storage levels of memory cells of the resistive memory, the
method comprising:

triggering the internal maintenance operation in response

to at least one sensor signal or external command indica-
tive of an operating state of the resistive memory or an
operating condition;

for each of a plurality of the memory cells:

performing a first read operation with a first threshold to
determine a logical state of a memory cell;

performing a second read operation with a second
threshold that is dependent on the logical state deter-
mined from the first read operation to determine
whether a resistance level of the memory cell is unac-
ceptable; and

performing a write operation to improve a resistance
level of the memory cell in response to the second
read operation indicating an unacceptable resistance
level, the write operation being dependent on the logi-
cal state determined from the first read operation.

23. A method of performing an internal maintenance
operation in a resistive memory to improve a distribution of
storage levels of memory cells of the resistive memory, the
method comprising:

triggering the internal maintenance operation in response

to at least one sensor signal or external command indica-
tive of an operating state of the resistive memory or an
operating condition;

for each of a plurality of the memory cells:

performing a read operation to determine a resistance
state of a memory cell, wherein a first resistance state
is susceptible to degradation; and

performing a write operation to improve a resistance
level of the memory cell in response to the read opera-
tion indicating that the memory cell is in the first
resistance state.

24. The method of claim 23, wherein no write operation is
performed in response to the read operation indicating that
the memory cell is in a resistance state other than the first
resistance state.

25. The method of claim 23, wherein a second resistance
state of the memory cell is susceptible to degradation, the
method further comprising:

performing a write operation to improve a resistance level

of the memory cell in response to the read operation
indicating that the memory cell is in the second resis-
tance state.

26. The method of claim 23, wherein the internal mainte-
nance operation is triggered in response to a temperature
exceeding a threshold.
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