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(57) Abstract: Methods and devices for refreshing a dynamic memory device, (e.g., DRAM) to eliminate unnecessary page refresh
operations. A value in a lookup table for the page may indicate whether valid data including all zeros is present in the page. When
the page includes valid data of all zeros, the lookup table value may be set so that refresh, memory read, write and clear accesses of
the page may be inhibited and a valid value may be returned. A second lookup table may contain a second value indicating whether a
page has been accessed by a page read or write during the page refresh interval. A page refresh, by issuing an ACT -PRE command
pair, and a page address may be performed according to the page refresh interval when the second value indicates that page access
has not occurred.
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TITLE
Methods and Systems for Smart Refresh of Dynamic Random Access Memory

BACKGROUND

[0001] A Dynamic Random Access Memory (DRAM) is a memory device
constructed of a collection of cells each made up of a transistor and a capacitor.
DRAM cells are arranged in a matrix with multiple rows and columns of cells.
Each row of cells is referred to as a “page” and the matrix of DRAM cells is
referred to as a “bank.” Multiple banks are combined to form a DRAM device.
DRAM operates to retain information in each cell by storing a charge in the
capacitor and using the transistor as an access switch. The capacitor may either
be charged or discharged corresponding to a stored value of, for example, 1 or 0.
A write to a location of either a “0” or a “1” may be considered a “refresh” in
that the value will be maintained for the duration of the refresh cycle in which
the value was written. For example, if a page is written to, the page may be

considered refreshed for the duration of the refresh cycle.

[0002] Over time, the capacitor eventually “leaks”, or loses its charge, requiring
the DRAM to be periodically refreshed. A value for the capacitor drain time, that
is, the time 1t takes for the capacitor to fully lose a charge, is around 64ms
depending on systematic factors such as temperature and other factors. Sometime
before the discharge time elapses, a refresh should occur to sustain the charge

state of charged cells.

[0003] Refresh may be accomplished by performing a refresh command (REF)
provided by the DRAM manufacturer and may be periodically issued by, for
example, the memory controller on a System-on-Chip (SoC) within which the
DRAM is embedded or to which the DRAM is coupled. The REF command
does not require the address of the page. Instead, when the REF command is
issued, the address for refresh is computed internally within the DRAM based on

the operation of internal logic. During a typical refresh associated with the REF
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command, a single page in the entire DRAM is refreshed (per bank refresh), or
one page in every bank in the DRAM is refreshed (all bank refresh). During the
REF refresh operation, or any refresh operation, the bank containing the page
undergoing refresh is unavailable for access. For an all bank refresh, the entire

DRAM becomes unavailable.

[0004] Unavailability of the DRAM during refresh negatively impacts DRAM
access performance. Rather than iteratively refreshing all the pages at the same
time, which would result in a refresh of the entire DRAM and complete
unavailability for access, the refresh command is applied over the 64ms period to
different sections of the DRAM. Accordingly, for a refresh of an entire DRAM
on a page by page basis, each page is refreshed within the 64ms and only one
page, or one page in all banks, is unavailable at one time. By spreading out the
refresh command in the above described manner, more refresh commands are
issued. The page refresh interval becomes 3.9us or 7.8us, depending on the
density and architecture of the memory. For example for a DRAM with 8K
(8192, or 2'%) pages, the page refresh interval may be calculated as: trgpr =
64ms/8192 = 7.8us. A conventional DRAM has internal logic that tracks the
page(s) that are to be refreshed next. Internal logic in the device may be
configured to iterate through all of the pages in a sequential manner. The
memory controller may issue the REF command every tggp; as defined by the
DRAM manufacturer. To reduce the impact of REF on DRAM performance,
DRAM vendors may internally refresh two or more pages at a time. The
conventional REF command provided by DRAM vendors is not configured to
accept an address associated with a page location or multiple addresses for
multiple locations. Therefore, a system designer has little flexibility to control
aspects of the DRAM refresh operation. As a result, potential efficiency gains
that would be achievable if DRAM refresh was controllable are not able to be

realized.
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SUMMARY

[0005] Various aspects provide methods and devices for reading, writing and
refreshing a dynamic memory device (e.g., DRAM) that tracks the memory

status of pages in a small table that may be used to eliminate some read, clear
(i.e., write zeros) and refresh operations when the page includes no data or all

ZCT0S8.

[0006] An aspect method may include setting a first value in a first lookup table
associated with a page of memory cells in the dynamic memory device to
indicate when the page includes valid data of all zeros, and controlling page
refreshes performed according to a page refresh interval so as to inhibit refresh
of pages of memory cells whose associated first value in the first lookup table
indicates that the page includes valid data of all zeros. In a further aspect, access
to the page of memory cells associated with a read request may be inhibited
when a first value in the lookup table indicates that the page of memory cells
includes valid data of all zeros, and one or more zeros may be returned in
response to the read request without accessing the page. In a further aspect,
access to a page of memory cells associated with a write request may be
inhibited when a first value in the lookup table indicates that the page of memory
cells includes valid data of all zeros and the write value includes one or more
zeros to be written to the page, in which case an indication of a successful write
operation may be returned in response to the write request without conducting
the write operation. In a further aspect, access to the page associated with a clear
request may be inhibited when a first value in the lookup table indicates that the
page of memory cells includes valid data of all zeros, in which case an indication
of a successful clear operation may be returned in response to the clear request

without conducting the clear operation.

[0007] In a further aspect, a second value for the page of memory cells may be
set in a second lookup table to indicate that an access has occurred on the page,

and the performance of page refreshes according to the page refresh interval may
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be controlled so as to inhibit refreshing pages of memory cells whose associated
second value indicates that a read or write access has occurred and whose
associated first value in the first lookup table indicates that the page includes
valid data at least some of which is not zero. In a further aspect, the first lookup
table may be cleared at a startup of a system containing the memory device, and
the second lookup table may be cleared at an end of the refresh interval. In a
further aspect, controlling page refreshes performed according to the page
refresh interval may include issuing an activate (ACT)-precharge (PRE)
command pair including a page address for pages of memory cells whose
associated first value indicates that valid data that is not all zeros is present in the
page of memory cells and whose associated second value indicates that a read or
write access has not occurred. Alternatively, or in addition, the page refresh may
be controlled such that a refresh (REF) command may be issued for the memory

device when a number of pages in the memory device to be refreshed exceeds a
threshold.

[0008] In another aspect, a number of pages of the dynamic memory device may
be determined that contain valid data that is not all zeros using values in the first
lookup table, and the page refresh interval may be adjusted based on a
temperature of the dynamic memory device and the number of pages of the
dynamic memory device that contain valid data that is not all zeros. In a further
aspect, a number of pages of the dynamic memory device to be refreshed may be
determined using values in the second lookup table, and the page refresh interval
may be adjusted based on a temperature of the dynamic memory device, the
number of pages of the dynamic memory device that contain valid data that is
not all zeros, and the number of pages of the dynamic memory device to be
refreshed. In a further aspect, a command queue associated with the dynamic
memory device may be monitored to determine when an activate (ACT)
command associated with the page is present in the command queue, and page
refreshes performed according to the page refresh interval may be controlled so

as to inhibit the refresh of pages of memory cells (1) with an active command
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present in the command queue (i1) whose associated second value indicates that a
read or write access has not occurred on the page, and (i11) whose associated first
value indicates that the page includes valid data at least some of which is not

ZC10.

[0009] Further aspects include a computing device including a memory and a
processor coupled to the memory that is configured with processor-executable
instructions to perform operations of the methods described above. Further
aspects include a computing device including a memory and means for

performing functions of the methods described above.

[0010] Further aspects include non-transitory processor-readable or computer-
readable storage media having stored thereon processor-executable instructions
configured to cause a processor to perform operations of the methods described

above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The accompanying drawings, which are incorporated herein and
constitute part of this specification, illustrate exemplary aspects of the invention,
and together with the general description given above and the detailed

description given below, serve to explain the features of the invention.

[0012] FIG. 1A i1s a block diagram illustrating an exemplary system with a

Dynamic Random Access Memory (DRAM) module in various aspects.

[0013] FIG. 1B is a diagram illustrating exemplary portions of a DRAM module

in various aspects.

[0014] FIG. 1C is a diagram illustrating exemplary cells of a DRAM module in

various aspects.

[0015] FIG. 2A 1s a diagram illustrating an exemplary command decoder and

other portions of a DRAM module in various aspects.
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[0016] FIG. 2B is a timing diagram illustrating exemplary timing signal

waveforms in one or more aspects.

[0017] FIG. 3A is a diagram illustrating an exemplary command decoder and

other portions of a DRAM module in one or more additional aspects.

[0018] FIG. 3A is a graph illustrating an exemplary power rail ripple switching

waveform and switching waveform in various aspects.

[0019] FIG. 3B is a timing diagram illustrating exemplary timing signal

waveforms in one or more additional aspects.

[0020] FIG. 3C is a graph illustrating exemplary energy savings associated with

refresh in various aspects.

[0021] FIG. 3D is a graph illustrating exemplary time savings associated with

refresh in various aspects

[0022] FIG. 4 1s a process flow diagram illustrating an aspect method for DRAM
page refresh.

[0023] FIG. 5A i1s a process flow diagram illustrating another aspect method for
DRAM page refresh.

[0024] FIG. 5B is a process flow diagram illustrating another aspect method for
DRAM page refresh.

[0025] FIG. 6 is a component block diagram of an exemplary mobile device

suitable for implementation of various aspects.

[0026] FIG. 7 is a component block diagram of an exemplary mobile computing

device suitable for implementation of various aspects.

DETAILED DESCRIPTION

[0027] The various aspects will be described in detail with reference to the

accompanying drawings. Wherever possible, the same reference numbers will
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be used throughout the drawings to refer to the same or like parts. References
made to particular examples and implementations are for illustrative purposes,

and are not intended to limit the scope of the invention or the claims.

[0028] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any implementation described herein as “exemplary”
1s not necessarily to be construed as preferred or advantageous over other

implementations.

[0029] The term “computing device” is used herein to refer to any one or all of
cellular telephones, smart phones, personal or mobile multi-media players,
personal data assistants (PDA’s), laptop computers, desktop computers, tablet
computers, smart books, palm-top computers, wireless electronic mail receivers,
multimedia Internet enabled cellular telephones, televisions, smart TVs, smart
TV set-top buddy boxes, integrated smart TVs, streaming media players, smart
cable boxes, set-top boxes, digital video recorders (DVR), digital media players,
and similar personal electronic devices which include a programmable processor

and memory.

[0030] The various aspects described herein address and overcome the
drawbacks of present DRAM refresh methods in that a memory controller,
controller, processor, or other control device or logic, such as may be part of an
exemplary SoC in which a DRAM 1n accordance with aspects may be
implemented, may take control of DRAM refreshes and other operations
associated with a DRAM. The various aspects may enable bypassing or
inhibiting redundant and unnecessary DRAM refreshes as well as and other
features that may improve performance and reduce power consumption of a
memory device such as a DRAM device. An SoC, memory, system controller,
or control device may be provided with information related to how the DRAM
was accessed, the pages that were refreshed and the pages that contain valid data,
an information associated with when a particular page needs to be refreshed. By

integrating logic associated with various aspects into a DRAM memory
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controller, performance may be further enhanced, for example, by staggering or
parallelizing the refresh command. Logic configured to handle DRAM refreshes
may be sophisticated and may intelligently handle refreshes, and other tasks such
as memory access, based on various information, control procedures or logic,
providing added advantages over conventional DRAM refresh approaches that
rely on refreshing an entire DRAM device. In various aspects, a DRAM may be
refreshed sequentially on a page by page basis as needed, or refreshed selectively
by proceeding in accordance with an exemplary lookup table that may provide
information so that pages may be refreshed (or not) based on recent accesses and
information content, and additional memory control may be implemented.
Further, the refresh may be performed with a sequence of DRAM commands,
namely activate (ACT) followed by precharge (PRE). Both the ACT and PRE
commands require the address of the page being refreshed. The ACT and PRE
commands can be combined with a page address to selectively refresh those

pages that have not been accessed during the refresh interval.

[0031] A series of diagrams illustrating various aspects are shown in FIGs. 1A-
1C. In FIG. 1A, a simplified block diagram of a typical computing system 100
or portion of a system, includes a SoC 110 and a dynamic random access
memory device, such as memory 120, which may be coupled to a bus 101
through bus connections 111 and 112 respectively. As shown in FIG. 1B, a
memory 120 may be provided with a typical DRAM memory 130, a memory
controller 140 and a memory cell array 150. The DRAM memory 130 may be
further provided with, for example, a sense amplifier 134, a column address
decoder 135, and a row address decoder 136. During operations “rows” or pages
may be selected for access by providing the appropriate address to the row
address decoder 136, which may then gain access to the memory cell array 150
through a bus connection 131. To access a specific cell within a row, a column
may be selected for access by providing the appropriate column address to the
column address decoder 135 which may be coupled to the sense amplifier 134

through a bus connection 133. The sense amplifier 134 may in turn be coupled
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to the memory cell array 150 through a bus connection 132. When reading the
memory contents, the sense amplifier 134 may provide a signal indicating the
charge value of the selected cell and, hence, the data value stored in the cell.
While the above configuration and attendant description are illustrative of basic
aspects of a typical DRAM device, other configurations are possible. Further,

the various aspects may be implementing in a variety of memory configurations.

[0032] The memory controller 140 may operate independently with embedded
processing capability, such as control logic or other control circuits or modules,
or may be a standard controller that is coupled to a processor or other logic (not
shown) that may be configured to control aspects of memory refresh of the
memory cell array 150 and may be provided with or have access to a memory for
storage of various information. The memory controller 140 may be coupled to
the bus 101 through a bus connection 121 and may additionally provide
bidirectional data and control signals to and from the memory 130 and
components thereof, over the bus lines 141 and 142. A temperature of the
system or device may be provided by a temperature sensor 122, or the
temperature may be provided as data over the bus connection 121. The memory
120 may, alternatively or in addition to the control provided by the memory
controller 140, be controlled by a system processor (not shown) over the bus
connection 121, either by a processor embedded in SoC 110 or otherwise
coupled to the bus connection 121 or the bus 101. For ease of description, the
term “bus” as referred to herein may mean a data bus, control bus, data line,
control line, signal line or other line, which may be uni- or bi-directional and
may be under the additional control of bus interface devices as would be
expected. The lines that may comprise an exemplary bus may also be special
purpose such as a sense or power line, analog signal line, clock line, or other
high speed or low speed data lines, or other lines. While a memory controller is
described herein, in alternative aspects, the memory device itself may be
modified to incorporate control logic within elements, add additional logic or

other circuits or modules, such that the aspects described herein may be
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implemented as a memory device configured to accept page addresses in
connection with refresh commands and to inhibit refresh or access to pages as

further described herein.

[0033] The memory cell array 150, as shown in FIG. 1C, may be made up of an
array of memory cells 151 each including a transistor 152 and a capacitor 153
that holds a voltage level that corresponds to the state of data storage of the cell.
For example, a low voltage charge on the capacitor 153 may correspond to a “0”
while a relatively high voltage charge may correspond to a “1.” To access the
state of charge of the capacitor 153, a word line (WL) 154 and bit line (BL) 155
may be activated for a particular cell. For example, by addressing the
appropriate row to activate the WL 154, the gate of the transistor 152 may be
activated and, by addressing the appropriate column and, thus, the corresponding
one of the BL. 155, a charge on the capacitor 153, representing the data value
stored at the cell location, may be detected for a read operation. For a write
operation, addressing the WL 154 and the BL 155 may allow a charge to be
applied to the cell. However, as noted above, the charge on the capacitor 153
may diminish over a relatively short period of time, and thus may require
periodic refresh within the page refresh interval appropriate for the particular
memory device and conditions. A typical page refresh interval may be from
around 45ms to 65ms, but may be more or less depending on the device and
other factors such as temperature and process variations. Since different devices
under different conditions may have different page refresh intervals, information
regarding a present temperature, device type, and device type characteristics may
be determined and stored so that adjustments to the page refresh interval may be

made during operation.

[0034] Further, the number of pages to be refreshed may be factored into the
refresh interval adjustment. As the refresh interval is shortened to compensate
for temperature increases, more power is consumed by the memory as more
refreshes are conducted per minute. Therefore, power efficiency of the memory

can be increase by maintaining the refresh interval to be as long as practicable

10



WO 2014/186229 PCT/US2014/037525

while refreshing all memory pages containing data. Temperature-based refresh
calculations must account for both the time interval at which a memory cell must
be refreshed and for the time required to refresh all pages in the memory. By
factoring the number of pages containing some non-zero data into the
temperature-based adjustment of the refresh interval, unnecessary lengthening of
the refresh interval may be avoided since only the non-zero pages require
refreshing. For example, if the number of non-zero pages is relatively small, the
amount of time required to refresh all non-zero pages may be short enough that a
full memory refresh can be accomplished within the single cell refresh time
without changing the memory refresh rate. The temperature and number of
pages requiring refresh may be monitored during the operation of the device and

adjustments may be made dynamically as the factors change.

[0035] In order to conduct operations on a memory module, such as memory cell
array 150, a series of commands may be used as in exemplary scenario 200
illustrated in FIG. 2A. A command decoder 210 may be coupled to the row
address decoder 136 and to a bus through the bus connection 213. The command
decoder 210 may be part of the memory controller 140 or may be otherwise
embodied within a device, DRAM device, or other memory device, such as
memory 120. A refresh command, such as a REF command 212 may be
received over the bus connection 213 to refresh the DRAM. The REF command
may cause a page address to be incremented in block 211. A group of
commands 220 may be generated within the command decoder 210 associated
with the page address by a signal or series of signals 214 and may include the
page address 221, an activate (ACT) command signal 222 and a precharge (PRE)
command signal 223, which may be used in connection with the row address
decoder 136 and the column address decoder 135 through connection 241, to
select a page for refresh corresponding to the page address 221. The appropriate
word line associated with bus connection 131 may be activated to select the page
156, and the contents of page 156 may be sensed and latched within the sense

amplifier 134 using the bit line bus, such as bus connection 132, whereupon the

11
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contents may be written back to page 156 to complete the refresh operation. In
various aspects, the page address, rather than being simply incremented may be
selected based on the state of refresh or other factors to be described in greater

detail hereinafter.

[0036] Various timing signals associated with conducting the above described
refresh operations are shown in FIG. 2B. A clock signal 230 may be provided,
for example, at an illustrative clock rate of 1GHz. The period 231 of the clock
signal 230 in the present example, may be Ins. An exemplary refresh operation
such as a refresh for PAGEOQ of an exemplary DRAM would have a duration
Tphuration 234 of around 100ns during which the DRAM would be unavailable
for access. In an exemplary worst-case scenario, refresh of the DRAM may be
required through all of the pages in sequence such as from PAGEO through
PAGEn by applying the signals REFpsgro 233, REFpagr; 235 and REFpsgE, 236.
Given a page refresh interval Trgr 232 the interval 237 may represent an
approximation of the relative time during which the DRAM would be available
for access, e.g. after the page has been refreshed including other page refreshes
during respective page refresh intervals. The page refresh interval Tgrer 232 may
be set according to the particular characteristics of the device and other factors
such as temperature and process variation, and may be started and stopped on a
per page basis. The page refresh interval Tyrpr 232 may also be determined from
the lookup tables using the number of pages needing to be refreshed as a look up
parameter. In particular, if temperature considerations would indicate that the
page refresh interval Trer 232 for a page should be shorter, but the page need not
be refreshed, then the page refresh interval Tgrgr 232 for the page may be
maintained. The temperature factor may change when the page finally requires a
refresh and may require an adjustment to a different value. However, a general
consideration regarding the refresh interval may be that the unavailability of the
DRAM for relatively long periods of time may be undesirable if access to stored

information may be needed immediately by the system.

12
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[0037] In an aspect illustrated in FIG. 3A, a refresh command REF may be
substituted with a selectively generated ACT — PRE command pair with a page
address in exemplary scenario 300. An incoming signal or command 313, which
may be generated within an exemplary memory controller, by a system
processor, or other control device, may be received in block 312. Block 312, in
some aspects may represent, for example a command queue for the exemplary
memory controller. The incoming signal or command 313 may contain a page
address for the page to be refreshed. The block 312 may generate a signal or
series of signals 314 resulting in a group of commands 320. The group of
commands 320 may include a page address 321, an activate (ACT) signal or
command and a precharge (PRE) signal or command. The group of commands
320 may be input to the row address decoder 136 such that a selected word line
of bus connection 131 and a corresponding page 156 may be individually
accessed for refresh. Thus, when a particular page has been identified as
requiring refresh, the above described configuration may advantageously allow
only the selected page to be refreshed. For example, if a majority of pages within
the memory do not require refresh, a power savings may be realized and the
memory may continue to be available for access to the information contained
therein. In an alternative aspect, a DRAM device may be modified to include the
ability to process a refresh command that includes a page address or address
range for selective or intelligent refreshing in accordance with the aspects

described herein.

[0038] Various timing signals associated with the modified refresh operation of
FIG. 3A are illustrated in FIG. 3B. In an aspect, a modified refresh command
REFpagem 333 may be issued including a page address for PAGEm indicating the
specific page for which a refresh is being requested. The duration Tpyrarion 334
of the refresh command, when selectively issued, may result in fewer refresh
commands being issued during a given page refresh interval based on, for
example, the refresh requirement in terms of the number of pages requiring

refresh as a percentage of the total number of pages. A refresh command in an

13
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aspect may include an activate signal ACTpagrm 335 and a precharge signal
PREpagem 336 that may be issued along with the address of the page
PAGEmppr (not shown). In this manner, control over the refresh process may
be overtaken by a memory controller, processor, or other control device or logic
to improve the speed and selectively of page refreshes and to improve energy
efficiency. In the illustrated aspect, the interval 337 may represent the time
during which the memory device may be available and may represent an increase
over the availability resulting from the use of conventional methods under

certain circumstances.

[0039] As shown in the graph of FIG. 3C, energy savings may be realized by
implementing the various aspects, particularly for DRAMSs that require relatively
little refresh as a percentage of DRAM size. A conventional DRAM refresh
approach may require an energy level 340 slightly less than 200 micro joules for
a DRAM refresh regardless of the refresh requirement percentage. Up to
something slightly under a 40% refresh requirement 341, for example, significant
benefits in terms of energy savings may be realized in various aspects. For
example, for a 20% refresh requirement percentage, the energy required in
various aspects will be roughly half of the energy required for conventional
refresh approaches. The significance of energy savings may be to prolong
battery life and to prevent unnecessary battery drain during other critical
operations such as operation of a radio transceiver on a mobile
telecommunication device. As further shown in the graph of FIG. 3D, time
savings may also be realized in various aspects. A conventional DRAM refresh
approach requires a time 350 of around 1ms for a DRAM refresh regardless of
the refresh requirement percentage. Up to, for example, something slightly under
a 40% refresh requirement 351, significant benefits in terms of time savings may
be realized in various aspects. For example, again, for a 20% refresh requirement
percentage, the time required in various aspects will be roughly half of the time
required for conventional refresh approaches. The significance of time savings

may be to reduce the amount of time during which the DRAM is unavailable for
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access and may also have a collateral effect on energy savings based on the
reduced amount of time during which the DRAM is being accessed. For
conditions under which a significant percentage ot the DRAM requires refresh,
such as over between around 20% to around 40% or more, an intelligent memory
controller in aspects, may decide to use the conventional refresh mechanisms,
such as using a conventional REF command for the DRAM instead of the
ACT+PRE command pair plus page address. Thus, the memory controller may
determine a threshold, such as the number or percentage of pages of the DRAM
requiring refresh, and base the application of intelligent refresh on whether the
number or percentage exceeds the threshold. The exact point at which a decision
may be made to switch from intelligent refresh to conventional refresh methods
may be pre-configured, or may be based on information collected or on
calculations performed during operation. In an alternative aspect, a command
queue associated with an exemplary memory controller may be examined to
determine whether any ACT commands are pending in the command queue for a
particular page and are likely to be executed during the refresh interval. If such
commands are found, then a decision can be made whether to inhibit refresh for

that page during the present refresh interval.

[0040] In an aspect, method 400 in FIG. 4, illustrating a method of refreshing a
memory device, such as a page refresh of a page of memory cells in a dynamic
memory device containing one or more pages for example, page refreshes may
be controlled based on tracking page accesses. While the method 400 may be
illustrative of a refresh procedure for a particular page, the method may be
applied for all pages in a similar manner. In block 401, a time for page refresh
interval Trgr; may be started for a page of index “J” or if looping, the page
refresh interval may be reset. The page refresh interval Trgr; may also be
adjusted if necessary in block 401, taking into account factors such as the
temperature and number of pages requiring refresh. Resetting or adjusting the
page refresh interval Trgp; may be performed in block 401 at startup and at the

end of each refresh interval for each page. In block 402a, a first value in a first
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lookup table, such as a value in a lookup table (LUT-R), may be cleared, such as
further shown in connection with a lookup table in block 402b. Clearing the
lookup table involves setting or resetting the value to, for example, a zero or
other logic value appropriate for the initial logic condition at the beginning of the
page refresh interval. In determination block 403, a controller may determine
whether the DRAM is operating according to normal operation. In the present
disclosure, “normal” operation may refer to operation of the DRAM during the
page refresh interval Trpp;. During the page refresh interval pages may be
accessed for read and write as normal, and, for example, when the end of the
page refresh interval is reached, the refresh operation may be performed.
Individual page refresh interval timers or a main timer reference may be running
simultaneously so that aspects associated with refresh for each page may be

individually tracked and handled.

[0041] When the DRAM is operating according to normal operation (e.g.,
determination block 403 = “YES”), for a page access to page PAGEj=I (e.g. the
present index is 1), the corresponding location in the lookup table 404b may be
set to 1 in block 404a, indicating that access to the page PAGEj=1 has occurred
and refresh is not required. The process may cycle between block 404a and
determination block 403 during the page refresh interval for page PAGE;=1.
When the DRAM is not operating according to normal operation (e.g.,
determination block 403 = “NQO”), it may be indicative of the end of the page
refresh interval Tgrgp; for page PAGEj=1 in block 407. For other pages, block
401, block 402a, determination block 403 and other blocks may be repeated with
an incremented index and processing conducted for individual pages as
illustrated in block 405a and 406. For example, when the DRAM is operating
according to normal operation for a new page (e.g., determination block 403 =
“YES”), for a page access to page PAGE;=2 (e.g. the present index is now 2), in
block 405a, the corresponding location in the lookup table 405b may be set to
one, indicating that access to the page PAGEj=2 has occurred and refresh is not

required. Determining whether a page access has occurred for a give page may
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involve, for example, a processor, controller, or other logic in accordance with an
instruction or operation of logic setting the appropriate bit in the lookup table to
a value of “1” for example upon accessing or in connection with one or a series
of other instructions that control the access to the given page or a location within

the page.

[0042] When the page refresh interval has ended for a page in block 407, the
lookup table may be checked to determine if refresh may be required for PAGE;
in block 408a. If access to PAGE;j has not occurred, the lookup table value will
remain zero indicating that a refresh may be required. For example, assuming
that the present page index is 3, the lookup table 408b shows that access to
PAGE;=3 has not occurred, and thus the page may require a refresh.
Accordingly, in block 409, a refresh command sequence comprising an ACT —
PRE command pair including the page address for PAGE;=3 may be issued or
otherwise generated and sent to the memory. Issuing the ACT-PRE command
pair may involve sending signals to a memory controller, or other processor or
controller, that is responsible for command processing, or may involve the
application of signals associated with the ACT and PRE commands directly to
the memory command decoder. The group of procedure blocks including block
407, block 408a and block 409 may comprise refresh processing 410 that occurs
every page refresh interval or cycle for each page. During refresh processing
410, the page refresh interval may be reset and restarted or adjusted if necessary
in block 401. The entire process starting from block 401, may be repeated for all
indexes up to index “n” until all pages have either been accessed or refreshed.
The process may cycle continuously thereafter during operation of the device or

system.

[0043] An aspect method 500 for providing additional functionality is shown in
FIG. 5A. Additional functionality may be provided by way of a two bit per page
lookup table containing a first value and a second value for each page in the
memory device. In addition to tracking page accesses as described herein above,

the present aspect allows an exemplary memory controller, or other control
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device or logic, to track whether valid data may be present in the relevant
memory page. Upon a startup of a system (e.g. initialization or boot), in block
501, the second value in a second lookup table (LUT-D) may be cleared in block
502a. The value in the first lookup table (LUT-R) may also be cleared and an
index initialized or incremented and a page refresh interval timer started or reset
in block 502b. The page refresh interval Trgr may also be adjusted if necessary
in block 502b, taking into account factors such as the temperature and number of
pages requiring refresh. An example of the state of the lookup tables in block
502c shows that all values are zero at this stage in processing. In determination
block 503 a controller may determine whether the DRAM is operating according
to normal operation. When the DRAM is operating according to normal
operation (e.g. determination block 503 = “YES”), for a page access to PAGEj =
1 (e.g., the present index is 1) for a write operation, or when a write operation
was previously performed and the page has not been cleared, the corresponding
location in the second lookup table may be set to a value of 1 in block 504a,
indicating that valid data may be present in PAGEj=1. The page access to PAGE;
= 1 may also cause the corresponding location in first lookup table to be to be set
to a value of 1 in block 504b, to indicate that, based on the access, the page does
not require a refresh. An example of the state of the lookup tables in block 504c¢
shows that both of the corresponding values for PAGEj=1 are set to a value of 1

indicating that the page has been accessed and contains valid data.

[0044] When the DRAM is not operating according to normal operation (e.g.
determination block 503 = “NQO”), it may be indicative of the end of the page
refresh interval Trgr; for page PAGEj=1 in block 505. In determination block
5064, a controller may determine whether for the present page the lookup table
values are “0” for the first lookup table and “1” for the second lookup table,
indicating that the page requires refresh and contains valid data. When the values
for the first and second lookup tables are “0” and “1” respectively (e.g.
determination block 506a = “YES”), a refresh command consisting of the above

described ACT — PRE command pair including the page address for the present
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page may be issued in block 507 a. An example of the state of the lookup tables
in block 507b, shows that the corresponding values for PAGEj=I are set to “0”
and “1” respectively indicating that the present page requires a refresh and
contains valid data. When the values for the first and second lookup tables are
not “0” and “1” respectively (e.g. determination block 506a = “NQO”), processing
may return to block 502b, in which the first lookup table may be cleared, the
page index incremented, set or reset as appropriate, and the page refresh interval
timer may be started or reset as appropriate. An example of the state of the
lookup tables in block 506b, shows that both values remain set to a value of “1”

and therefore the refresh may be required.

[0045] For other values of the lookup table bits, different inferences may be
made depending on the state of the bit indicating valid data. For example, after
initialization such as at the system boot or startup, all lookup table value should
be set to a value of “0.” However, after operation begins, a “0” value in the
second lookup table would indicate that the data for the corresponding page is
invalid. A value of “0” in the second lookup table renders any value in the first
lookup table logically meaningless, because it is logically inconsistent (e.g.
mutually exclusive) for a page to have invalid contents, and to have also been
accessed, or to also have not been accessed and to require refresh. A truth table
showing the possible conditions in the two bit per page lookup table or tables is

shown in Table 1.

LUT-R LUT-D Description

0 0 Upon system boot

0 1 Page contains valid data; was not accessed in the present
interval

1 0 Page contains no valid data; was accessed
(undefined/invalid)

1 1 Page contains valid data; was accessed

Table 1
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[0046] Therefore, in an aspect, the undefined or “invalid” condition represented
by a “0” in the second lookup table renders the value of the first lookup table as a
“don’t care” value and the condition may be used to represent an alternative or
additional meaning and provide additional functionality. The new condition may

be shown in Table 2.

LUT-R LUT-D Description

0 0 Upon system boot

0 1 Page contains valid data; was not accessed in the present
interval

X 0 Set LUT-D bit to zero when page contains valid all zero
data

1 1 Page contains valid data; was accessed

Table 2

[0047] In FIG. 5A, during normal DRAM operations (e.g. determination block
503 = “YES”), additional, optional or alternative processing may be conducted
as Alternative B, as shown in FIG. SB. Assuming a page index of 3, a write of a
valid data values of all zeros to PAGEj=3 may result in a value of “0” being
written to the second lookup table in block 508a. An example of the state of the
lookup tables in block 508b, shows that the “0” value in second lookup table
creates a “don't care” condition for the state of the refresh bit in the first lookup
table. Accordingly, regardless of whether the page has not been accessed, and
would ordinarily require a refresh, when valid data consisting of all zeros is
written to the page (e.g. second lookup table value = 0) it may be possible inhibit
or otherwise bypass the refresh for the page because a zero charge value for the
associated page cells may not require a refresh. The all zeros condition may be
further advantageously used to inhibit or otherwise bypass direct access to the

memory contents.

[0048] In determination block 509, for a page PAGE;j=3 in which the second
lookup table value may be set to “0” (e.g., determination block 509 = “YES”),

read access to the page in the memory device may be inhibited in response to
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read requests associated with reading any contents in the page, for example by
referring to the contents of the lookup table and, in particular, the second lookup
table value, or a corresponding single lookup table value. The memory
controller or device may instead inhibit the read access by returning, for example
to the requesting process, module or device, one or more zeros in response to the
read request in block 510 without actually accessing the physical memory

device.

[0049] Similarly, write access to the memory device may be inhibited in response
to a write request associated with writing to cells within the page. The memory
controller or device may instead inhibit the write access by returning an
indication of a successful write operation, e.g. that the write operation was
performed successfully, in block 511. The returned indication may be sent or
otherwise communicated, for example to the process, module or device that
initiated the write request. Also, writing may be inhibited or avoided when
clearing a page of memory, such as during an allocation operation (e.g. C
language functions malloc(), alloc(), realloc(), free() ...). This may be
accomplished, for example, by referring to the contents of the lookup table and,
in particular, the second lookup table value, or a corresponding single lookup
table value. The memory cells need not be specitically written to or cleared for
allocation and the clear may be inhibited by returning an indication of a
successful clear operation, e.g., that the clear operation was performed,
successfully in block 512. The returned indication may be sent or otherwise
communicated, for example to the process, module or device that initiated the
write request. Setting the second lookup table to “0” may also be used to inhibit
a refresh of the page in block 513 because the “all zeros” condition for the page
does not require refresh. In an alternative aspect, a single value may be
maintained for each page that indicates, for example by a “0” condition, that the
page contains all zeros in order to perform the various procedures outlined above

without reference to the refresh condition of the page.
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[0050] Thus, actual access to portions of the memory device may be managed by
the state of the “all zeros” bit condition. Such inhibiting or bypassing of memory
read and write operations in response to access requests for DRAM pages
containing valid data consisting of all zeros, and inhibiting refreshes to such
pages may advantageously improve access time, conserve power and prolong

battery life.

[0051] The various aspects described herein may be implemented in any of a
variety of mobile computing devices (e.g., smartphones, feature phones, etc.), an
example of which is illustrated in FIG. 6. For example, the mobile computing
device 600 may include a processor 601 coupled to internal memory 602. The
internal memory 602 may be volatile or non-volatile memory, and may also be
secure and/or encrypted memory, or unsecure and/or unencrypted memory, or
any combination thereof. The processor 601 may also be coupled to a touch
screen display 606, such as a resistive-sensing touch screen, capacitive-sensing
touch screen infrared sensing touch screen, etc. However, the display of the
mobile computing device 600 need not have touch screen capability. The mobile
computing device 600 may have one or more short-range radio signal
transceivers 618 (e.g., Peanut, Bluetooth®, Zigbee®, RF radio) and antenna 608
for sending and receiving wireless signals as described herein. The transceiver
618 and antenna 608 may be used with the above-mentioned circuitry to
implement the various wireless transmission protocol stacks/interfaces. The
mobile computing device 600 may include a cellular network wireless modem
chip 620 that enables communication via a cellular network. The mobile
computing device 600 may also include physical buttons 612a and 612b for

receiving user inputs.

[0052] Other forms of computing devices, including personal computers and
laptop computers, may be used to implement the various aspects. Such
computing devices typically include the components illustrated in FIG. 7 which
illustrates an example laptop computer device 700. Many laptop computers

include a touch pad touch surface 714 that serves as the computer’s pointing
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device, and thus may receive drag, scroll, and flick gestures similar to those
implemented on mobile computing devices equipped with a touch screen display
and described above. Such a laptop computer 700 generally includes a processor
701 coupled to volatile internal memory 702 and a large capacity nonvolatile
memory, such as a disk drive 706. The laptop computer 700 may also include a
compact disc (CD) and/or DVD drive 708 coupled to the processor 701. The
laptop computer device 700 may also include a number of connector ports 710
coupled to the processor 701 for establishing data connections or receiving
external memory devices, such as a network connection circuit for coupling the
processor 701 to a network. The laptop computer device 700 may have one or
more short-range radio signal transceivers 718 (e.g., Peanut®, Bluetooth®,
Zigbee®, RF radio) and antennas 720 for sending and receiving wireless signals
as described herein. The transceivers 718 and antennas 720 may be used with
the above-mentioned circuitry to implement the various wireless transmission
protocol stacks/interfaces. In a laptop or notebook configuration, the computer
housing includes the touch pad 714, the keyboard 712, and the display 716 all
coupled to the processor 701. Other configurations of the computing device may
include a computer mouse or trackball coupled to the processor (e.g., via a USB
input) as are well known, which may also be used in conjunction with the

various aspects.

[0053] The processors 601 and 701 may be any programmable microprocessor,
microcomputer or multiple processor chip or chips that may be configured by
software instructions (applications) to perform a variety of functions, including
the functions of the various aspects described above. In the various devices,
multiple processors may be provided, such as one processor dedicated to wireless
communication functions and one processor dedicated to running other
applications. Typically, software applications may be stored in the internal
memory 602 and 702 before they are accessed and loaded into the processors

601 and 701. The processors 601 and 701 may include internal memory

sufficient to store the application software instructions. In many devices the
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internal memory may be a volatile or nonvolatile memory, such as flash memory,
or a mixture of both. For the purposes of this description, a general reference to
memory refers to memory accessible by the processors 601 and 701 including
internal memory or removable memory plugged into the various devices and

memory within the processors 601 and 701.

[0054] While reference is made in the description and in the claims to two lookup
tables (i.e., a first lookup table and a second lookup table), such references
encompass both two separate lookup tables and a single combined lookup table
with two columns or fields. Thus, the first and second lookup tables may be
implemented as a single data structure that associates memory page numbers or
address ranges with a first value that indicates whether the page includes valid
data and a second value that indicates whether the page has been accessed (i.e.,
by a read or write operation) or otherwise does not require refresh. Thus,
references to first and second lookup tables in the claims are not intended to limit

the scope of the claims to two separate tables.

[0055] The foregoing method descriptions and the process flow diagrams are
provided merely as illustrative examples and are not intended to require or imply
that the steps of the various aspects must be performed in the order presented.

As will be appreciated by one of skill in the art the order of steps in the foregoing
aspects may be performed in any order. Words such as “thereafter,” “then,”
“next,” etc. are not intended to limit the order of the steps; these words are
simply used to guide the reader through the description of the methods. Further,
any reference to claim elements in the singular, for example, using the articles

113 99 ¢¢

a,” “an” or “the” 1s not to be construed as limiting the element to the singular.

[0056] The various illustrative logical blocks, modules, circuits, and algorithm
steps described in connection with the aspects disclosed herein may be
implemented as electronic hardware, computer software, or combinations of
both. To clearly illustrate this interchangeability of hardware and software,

various illustrative components, blocks, modules, circuits, and steps have been
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described above generally in terms of their functionality. Whether such
functionality is implemented as hardware or software depends upon the
particular application and design constraints imposed on the overall system.
Skilled artisans may implement the described functionality in varying ways for
each particular application, but such implementation decisions should not be

interpreted as causing a departure from the scope of the present invention.

[0057] The hardware used to implement the various illustrative logics, logical
blocks, modules, and circuits described in connection with the aspects disclosed
herein may be implemented or performed with a general purpose processor, a
digital signal processor (DSP), an application specific integrated circuit (ASIC),
a field programmable gate array (FPGA) or other programmable logic device,
discrete gate or transistor logic, discrete hardware components, or any
combination thereof designed to perform the functions described herein. A
general-purpose processor may be a microprocessor, but, in the alternative, the
processor may be any conventional processor, controller, microcontroller, or
state machine. A processor may also be implemented as a combination of
computing devices, e.g., a combination of a DSP and a microprocessor, a
plurality of microprocessors, one or more microprocessors in conjunction with a
DSP core, or any other such configuration. Alternatively, some steps or methods

may be performed by circuitry that is specific to a given function.

[0058] In one or more exemplary aspects, the functions described may be
implemented in hardware, software, firmware, or any combination thereof. If
implemented in software, the functions may be stored on or transmitted over as
one or more instructions or code on a computer-readable medium. The
operations of a method or algorithm disclosed herein may be embodied in a
processor-executable software module which may be stored on a non-transitory
computer-readable storage medium. Non-transitory computer-readable storage
media may be any available media that may be accessed by a computer. By way
of example, and not limitation, such non-transitory computer-readable media

may comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage,
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magnetic disk storage or other magnetic storage devices, or any other medium
that may be used to store desired program code in the form of instructions or data
structures and that may be accessed by a computer. Disk and disc, as used
herein, includes compact disc (CD), laser disc, optical disc, digital versatile disc
(DVD), floppy disk, and blu-ray disc where disks usually reproduce data
magnetically, while discs reproduce data optically with lasers. Combinations of
the above should also be included within the scope of non-transitory computer-
readable media. Additionally, the operations of a method or algorithm may
reside as one or any combination or set of codes and/or instructions on a non-
transitory machine readable medium and/or computer-readable medium, which

may be incorporated into a computer program product.

[0059] The preceding description of the disclosed aspects is provided to enable
any person skilled in the art to make or use the present invention. Various
modifications to these aspects will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other aspects without
departing from the spirit or scope of the invention. Thus, the present invention is
not intended to be limited to the aspects shown herein but is to be accorded the
widest scope consistent with the following claims and the principles and novel

features disclosed herein.
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CLAIMS
What is claimed is:

1. A method of refreshing a dynamic memory device, comprising:

setting a first value in a first lookup table associated with a page of
memory cells in the dynamic memory device to indicate when the page includes
valid data of all zeros; and

controlling page refreshes performed according to a page refresh interval
so as to inhibit refresh of pages of memory cells whose associated first value in

the first lookup table indicates that the page includes valid data of all zeros.

2. The method of claim 1, further comprising:

inhibiting access to a page of memory cells associated with a read request
when a first value in the first lookup table indicates that the page of memory
cells includes valid data of all zeros, and

returning one or more zeros in response to the read request.

3. The method of claim 1, further comprising:

inhibiting access to a page of memory cells associated with a write request
when a first value in the first lookup table indicates that the page of memory
cells includes valid data of all zeros and the write value includes one or more
zeros to be written to the page, and

returning an indication of a successful write operation in response to the

write request.

4. The method of claim 1, further comprising:

inhibiting access to a page of memory cells associated with a clear request
when a first value in the first lookup table indicates that the page of memory
cells includes valid data of all zeros, and

returning an indication of a successful clear operation in response to the

clear request.

27



WO 2014/186229 PCT/US2014/037525

5. The method of claim 1, further comprising:
setting a second value in a second lookup table to indicate that a read or
write access has occurred on a corresponding page of memory cells; and
controlling page refreshes performed according to the page refresh
interval so as to inhibit page refresh pages of memory cells whose associated
second value in the second lookup table indicates that the access has occurred
and whose associated first value in the first lookup table indicates that the page

includes valid data at least some of which 1s not zero.

6. The method of claim 5, further comprising:

clearing the first lookup table at a startup of a system containing the
memory device; and

clearing the second lookup table and resetting the page refresh interval at

an end of the refresh interval.

7. The method of claim 5, wherein controlling the page refreshes performed
according to the page refresh interval comprises issuing an activate (ACT)-
precharge (PRE) command pair including a page address for pages of memory
cells whose associated first value indicates that valid data that is not all zeros 1s
present in the page of memory cells and whose associated second value indicates

that a read or write access has not occurred.

8. The method of claim 5, wherein controlling the page refreshes performed
according to the page refresh interval comprises issuing a refresh (REF)
command for the memory device when a number of pages in the memory device

exceeds a threshold.

9. The method of claim 1, wherein the dynamic memory device includes a

dynamic random access memory device.
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10. The method of claim 1, further comprising:
determining a number of pages of the dynamic memory device that
contain valid data that is not all zeros using values in the first lookup table; and
adjusting the page refresh interval based on a temperature of the dynamic
memory device and the number of pages of the dynamic memory device that

contain valid data that is not all zeros.

11. The method of claim 5, further comprising:

determining a number of pages of the dynamic memory device that
contain valid data that is not all zeros using values in the first lookup table;

determining a number of pages of the dynamic memory device to be
refreshed using values in the second lookup table; and

adjusting the page refresh interval based on a temperature of the dynamic
memory device, the number of pages of the dynamic memory device that contain
valid data that is not all zeros, and the number of pages of the dynamic memory

device to be refreshed.

12. The method of claim 1, further comprising:

monitoring a command queue associated with the dynamic memory
device to determine when an activate (ACT) command associated with the page
is present in the command queue; and

controlling page refreshes performed according to the page refresh
interval so as to inhibit refresh of pages of memory cells (i) with an active
command present in the command queue (i1) whose associated second value
indicates that a read or write access has not occurred on the page, and (iii) whose
associated first value indicates that the page includes valid data at least some of

which is not zero.

13. A computing device, comprising:
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a dynamic memory; and
a processor coupled to the dynamic memory and configured with
processor-executable instructions to perform operations comprising:

setting a first value in a first lookup table associated with a page of
memory cells in the dynamic memory to indicate when the page includes
valid data of all zeros; and

controlling page refreshes performed according to a page refresh
interval so as to inhibit refresh of pages of memory cells whose associated
first value in the first lookup table indicates that the page includes valid

data of all zeros.

14. The computing device of claim 13, wherein the processor is configured with
processor-executable instructions to perform operations further comprising:

inhibiting access to a page of memory cells associated with a read request
when a first value in the first lookup table indicates that the page of memory
cells includes valid data of all zeros, and

returning one or more zeros in response to the read request.

15. The computing device of claim 13, wherein the processor is configured with
processor-executable instructions to perform operations further comprising:
inhibiting access to a page of memory cells associated with a write request
when a first value in the first lookup table indicates that the page of memory
cells includes valid data of all zeros and the write value includes one or more
zeros to be written to the page, and
returning an indication of a successful write operation in response to the

write request.

16. The computing device of claim 13, wherein the processor is configured with

processor-executable instructions to perform operations further comprising:
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inhibiting access to a page of memory cells associated with a clear request
when a first value in the first lookup table indicates that the page of memory
cells includes valid data of all zeros, and

returning an indication of a successful clear operation in response to the

clear request.

17. The computing device of claim 13, wherein the processor is configured with
processor-executable instructions to perform operations further comprising:
setting a second value in a second lookup table to indicate that a read or
write access has occurred on a corresponding page of memory cells; and
controlling page refreshes performed according to the page refresh
interval so as to inhibit page refresh pages of memory cells whose associated
second value in the second lookup table indicates that a read or write access has
occurred and whose associated first value in the first lookup table indicates that

the page includes valid data at least some of which is not zero.

18. The computing device of claim 17, wherein the processor is configured with
processor-executable instructions to perform operations further comprising;:

clearing the first lookup table at a startup of a system containing the
dynamic memory; and

clearing the second lookup table at an end of the refresh interval.

19. The computing device of claim 17, wherein the processor is configured with
processor-executable instructions to perform operations such that controlling the
page refreshes performed according to the page refresh interval comprises
issuing an activate (ACT)-precharge (PRE) command pair including a page
address for pages of memory cells whose associated first value indicates that
valid data that is not all zeros is present in the page of memory cells and whose

associated second value indicates that a read or write access has not occurred.
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20. The computing device of claim 17, wherein the processor is configured with
processor-executable instructions to perform operations such that controlling the
page refreshes performed according to the page refresh interval comprises
issuing a refresh (REF) command for the dynamic memory when a number of

pages in the dynamic memory exceeds a threshold.

21. The computing device of claim 13, wherein the dynamic memory includes a

dynamic random access dynamic memory.

22. The computing device of claim 13, wherein the processor is configured with
processor-executable instructions to perform operations further comprising:
determining a number of pages of the dynamic memory that contain valid
data that is not all zeros using values in the first lookup table; and
adjusting the page refresh interval based on a temperature of the dynamic
memory and the number of pages of the dynamic memory that contain valid data

that is not all zeros.

23. The computing device of claim 17, wherein the processor is configured with
processor-executable instructions to perform operations further comprising:

determining a number of pages of the dynamic memory that contain valid
data that is not all zeros using values in the first lookup table;

determining a number of pages of the dynamic memory to be refreshed
using values in the second lookup table; and

adjusting the page refresh interval based on a temperature of the dynamic
memory, the number of pages of the dynamic memory that contain valid data
that is not all zeros, and the number of pages of the dynamic memory to be

refreshed.

24. The computing device of claim 13, wherein the processor is configured with

processor-executable instructions to perform operations further comprising:
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monitoring a command queue associated with the dynamic memory to
determine when an activate (ACT) command associated with the page is present
in the command queue; and

controlling page refreshes performed according to the page refresh
interval so as to inhibit refresh of pages of memory cells (i) with an active
command present in the command queue (i1) whose associated second value
indicates that a read or write access has not occurred on the page, and (iii) whose
associated first value indicates that the page includes valid data at least some of

which is not zero.

25. A computing device, comprising:

means for setting a first value in a first lookup table associated with a
page of memory cells in a dynamic memory to indicate when the page includes
valid data of all zeros; and

means for controlling page refreshes performed according to a page
refresh interval so as to inhibit refresh of pages of memory cells whose
associated first value in the first lookup table indicates that the page includes

valid data of all zeros.

26. The computing device of claim 25, further comprising:

means for inhibiting access to a page of memory cells associated with a
read request when a first value in the first lookup table indicates that the page of
memory cells includes valid data of all zeros, and

means for returning one or more zeros in response to the read request.

27. The computing device of claim 25, further comprising:

means for inhibiting access to a page of memory cells associated with a
write request when a first value in the first lookup table indicates that the page of
memory cells includes valid data of all zeros and the write value includes one or

more zeros to be written to the page, and
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means for returning an indication of a successful write operation in

response to the write request.

28. The computing device of claim 25, further comprising:

means for inhibiting access to a page of memory cells associated with a
clear request when a first value in the first lookup table indicates that the page of
memory cells includes valid data of all zeros, and

means for returning an indication of a successful clear operation in

response to the clear request.

29. The computing device of claim 25, further comprising:

means for setting a second value in a second lookup table to indicate that
a read or write access has occurred on a corresponding page of memory cells;
and

means for controlling page refreshes performed according to the page
refresh interval so as to inhibit page refresh pages of memory cells whose
associated second value in the second lookup table indicates that a read or write
access has occurred and whose associated first value in the first lookup table

indicates that the page includes valid data at least some of which is not zero.

30. The computing device of claim 29, further comprising:

means for clearing the first lookup table at a startup of a system
containing the dynamic memory; and

means for clearing the second lookup table at an end of the refresh

interval.

31. The computing device of claim 29, wherein means for controlling the page
refreshes performed according to the page refresh interval comprises means for
issuing an activate (ACT)-precharge (PRE) command pair including a page

address for pages of memory cells whose associated first value indicates that
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valid data that is not all zeros is present in the page of memory cells and whose

associated second value indicates that a read or write access has not occurred.

32. The computing device of claim 29, wherein means for controlling the page
refreshes performed according to the page refresh interval comprises means for
issuing a refresh (REF) command for the dynamic memory when a number of

pages in the dynamic memory exceeds a threshold.

33. The computing device of claim 25, wherein the dynamic memory includes a

dynamic random access dynamic memory.

34. The computing device of claim 25, further comprising:
means for determining a number of pages of the dynamic memory that
contain valid data that is not all zeros using values in the first lookup table; and
means for adjusting the page refresh interval based on a temperature of
the dynamic memory and the number of pages of the dynamic memory that

contain valid data that is not all zeros.

35. The computing device of claim 29, further comprising:

means for determining a number of pages of the dynamic memory that
contain valid data that is not all zeros using values in the first lookup table;

means for determining a number of pages of the dynamic memory to be
refreshed using values in the second lookup table; and

means for adjusting the page refresh interval based on a temperature of
the dynamic memory, the number of pages of the dynamic memory that contain
valid data that is not all zeros, and the number of pages of the dynamic memory

to be refreshed.

36. The computing device of claim 25, further comprising:
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means for monitoring a command queue associated with the dynamic
memory to determine when an activate (ACT) command associated with the
page is present in the command queue; and

means for controlling page refreshes performed according to the page
refresh interval so as to inhibit refresh of pages of memory cells (1) with an
active command present in the command queue (i1) whose associated second
value indicates that a read or write access has not occurred on the page, and (ii1)
whose associated first value indicates that the page includes valid data at least

some of which is not zero.

37. A non-transitory computer readable storage medium having stored thereon
processor-executable software instructions configured to cause a processor to
perform operations comprising:

setting a first value in a first lookup table associated with a page of
memory cells in a dynamic memory device to indicate when the page includes
valid data of all zeros; and

controlling page refreshes performed according to a page refresh interval
so as to inhibit refresh of pages of memory cells whose associated first value in

the first lookup table indicates that the page includes valid data of all zeros.

38. The non-transitory computer-readable storage medium of claim 37, wherein
the stored processor-executable instructions are configured to cause the
processor to perform operations further comprising:

inhibiting access to the page associated with a read request when the first
value indicates that page includes valid data of all zeros, and

returning one or more zeros in response to the read request.

39. The non-transitory computer-readable storage medium of claim 37, wherein
the stored processor-executable instructions are configured to cause the

processor to perform operations further comprising:
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inhibiting access to a page of memory cells associated with a read request
when a first value in the first lookup table indicates that the page of memory
cells includes valid data of all zeros, and

returning one or more zeros in response to the read request.

40. The non-transitory computer-readable storage medium of claim 37, wherein
the stored processor-executable instructions are configured to cause the
processor to perform operations further comprising:

inhibiting access to a page of memory cells associated with a write request
when a first value in the first lookup table indicates that the page of memory
cells includes valid data of all zeros and the write value includes one or more
zeros to be written to the page, and

returning an indication of a successful write operation in response to the

write request.

41. The non-transitory computer-readable storage medium of claim 37, wherein
the stored processor-executable instructions are configured to cause the
processor to perform operations further comprising:

setting a second value in a second lookup table to indicate that a read or
write access has occurred on a corresponding page of memory cells; and

controlling page refreshes performed according to the page refresh
interval so as to inhibit page refresh pages of memory cells whose associated
second value in the second lookup table indicates that a read or write access has
occurred and whose associated first value in the first lookup table indicates that

the page includes valid data at least some of which is not zero.
42. The non-transitory computer-readable storage medium of claim 41, wherein

the stored processor-executable instructions are configured to cause the

processor to perform operations further comprising:
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clearing the first lookup table at a startup of a system containing the
memory device; and

clearing the second lookup table at an end of the refresh interval.

43. The non-transitory computer-readable storage medium of claim 41, wherein
when the stored processor-executable instructions are configured to cause the
processor to perform operations such that controlling the page refreshes
performed according to the page refresh interval comprises issuing an activate
(ACT)-precharge (PRE) command pair including a page address for pages of
memory cells whose associated first value indicates that valid data that is not all
zeros 1s present in the page of memory cells and whose associated second value

indicates that a read or write access has not occurred.

44. The non-transitory computer-readable storage medium of claim 41, wherein
when the stored processor-executable instructions are configured to cause the
processor to perform operations such that controlling the page refreshes
performed according to the page refresh interval comprises issuing a refresh
(REF) command for the memory device when a number of pages in the memory

device exceeds a threshold.

45. The non-transitory computer-readable storage medium of claim 37, wherein

the dynamic memory device includes a dynamic random access memory device.

46. The non-transitory computer-readable storage medium of claim 37, wherein
the stored processor-executable instructions are configured to cause the
processor to perform operations further comprising:

determining a number of pages of the dynamic memory device that

contain valid data that is not all zeros using values in the first lookup table; and
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adjusting the page refresh interval based on a temperature of the dynamic
memory device and the number of pages of the dynamic memory device that

contain valid data that is not all zeros.

47. The non-transitory computer-readable storage medium of claim 41, wherein
the stored processor-executable instructions are configured to cause the
processor to perform operations further comprising:

determining a number of pages of the dynamic memory device that
contain valid data that is not all zeros using values in the first lookup table;

determining a number of pages of the dynamic memory device to be
refreshed using values in the second lookup table; and

adjusting the page refresh interval based on a temperature of the dynamic
memory device, the number of pages of the dynamic memory device that contain
valid data that is not all zeros, and the number of pages of the dynamic memory

device to be refreshed.

48. The non-transitory computer-readable storage medium of claim 46, wherein
the stored processor-executable instructions are configured to cause the
processor to perform operations further comprising:

monitoring a command queue associated with the dynamic memory
device to determine when an activate (ACT) command associated with the page
is present in the command queue; and

controlling page refreshes performed according to the page refresh
interval so as to inhibit refresh of pages of memory cells (i) with an active
command present in the command queue (i1) whose associated second value
indicates that a read or write access has not occurred on the page, and (iii) whose
associated first value indicates that the page includes valid data at least some of

which is not zero.

39



WO 2014/186229 PCT/US2014/037525

1/14

101
111 j
121

110 12

o

System-on-Chip
(SoC)

DRAM
W

!

FIG. 1A



WO 2014/186229 PCT/US2014/037525

2/14

—
N
o

130

150

Row—
ADDR
Decoder k, ;1 31

Memory Cell Array

132

pr— Sense Amplifier

133
[1 41 iéﬁ /1 35

Column ADDR Decoder

/1 42

o

~—121

Temp —»

Memory Controller

122

FIG. 1B



WO 2014/186229 PCT/US2014/037525

3/14

150

T 1 151

S eeee
¥

AN
R

S

P
-

N g.......«

3

3
asnataans peeee Jeves
praras
3
3

Anavinaas,

R
3

3

bk

e A
™ Y
Frwwwnd vy [ SSRRRR WAy

N 3
3

FIG. 1C




WO 2014/186229

Command
Decoder
/210

221
PAGEZ

PCT/US2014/037525

4/14

136
f 131 150 156

PAGEO

PAGE
ADDR++

—213

A

>

REF
command

[ ADDR |
L ACT L
222 4
- PRE n
223 T
. !
|
211
PAGEn
A 132
‘ 134
- 212 Sense Amplifier
/1 33
135
> Column ADDR Decoder
241"

FIG. 2A



PCT/US2014/037525

WO 2014/186229

5/14

Nf
L235

time t

REI:PAGEO

REFPAGE1

REFpacen T
236

FIG. 2B



WO 2014/186229

Command
Decoder}

314

—313

ACT-PRE
Command
+ PAGEAppr

f31o
321
_PAGQ
ADDR
—ACT
322 )
—PRE
323

PCT/US2014/037525

6/14

j300

136
f 131 150 156

PAGEO 1

PAGEN

—312

A 132

‘ 134

Sense Amplifier

/1 33

135

Column ADDR Decoder

FIG. 3A



PCT/US2014/037525

WO 2014/186229

714

=Y

TDU@HON%I

—

R [—

time t

CLK

p
1230
|
|
I{ —

REFpaceEm |1
333

REFpaceEm

REFpagen

FIG. 3B



PCT/US2014/037525

WO 2014/186229

8/14

ove

sa|norn
ysasjoim

Aepol

o€ Old

papaau ysayal 9

%0¢ %01

%09

%08

%0071

yso4joy 40} A310u3

00T

00c¢

00¢

oov

009

009

m



PCT/US2014/037525

WO 2014/186229

9/14

0G€

J9sw
ysasoi m

Aepoy

ac old

papaau ysaijal %

%0¢ %0t

2

UYSo.4j3Yy 40} papasaN awi]

B

Josw



WO 2014/186229

INDEX

PCT/US2014/037525
10/14

400

i

401

/ 402b

—_

temperature and number of pages requiring refresh

Start of Trer adjust if necessary based on

w N

l 402a

- [e]
S [oTo]oTo] vawe

Clear LUT

Normal DRAM Operation?

0 0]
1
2 T
5 E [~ For Page Access to Page j=1 »
set corresponding location in LUT to 1
LUT -
335 405a
z g .
0 n | For Page Access to Page j=2 w
1 T set corresponding location in LUT to 1
z
3 n _ 406
LuT For Page Access to Page j=n W,
set corresponding location in LUT to 1
405b
e I 7
! 407 |
|
;:> End of TREFj :
| |
| 408a |
il | |
i ! | Check LUT for 0 setting on Page j (e.g. Page 3) |
- |
] |
1] | 0o |
1)1 [ : |
— |
1 | : . -
2 = | Send ACT-PRE w/ PAGE sppr for Page j if LUT =0 i
' L |
' |
' |

-

'+

408b




WO 2014/186229

PCT/US2014/037525
11/14
502¢ 501 » 500
/ System Boot
* 502a
Clear LUT-D
* 502b

N = O INDEX

o|o]=]o]vaue

LUT-R LUT-D

Page access
to index 1

506b —

INDEX

[o]o]=]o]vaLue

VALUE

0
1
2
3

LUT-R LUT-D

Don'tissue ACT
PRE because page
does not fulfill criteria

i\

-

504c

Clear LUT-R, increment index i and Start of Treg;
adjust Trer;if necessary based on temperature |~
and number of pages requiring refresh

503

Normal DRAM Operation?
504a

For Page Access to Page j=i
set corresponding location in LUT-D to 1

; 504b

For Page Access to Page j=i
set corresponding location in LUT-R to 1

r--r—-———————"—"—"—"—— — — 1
| Alternative B - FIG. 5B |
I _— 505
End TREF]
506a
No T 507b
For Page j is LUT-R=0 AND LUT-D =1?

o o] |o
507a » 1] o]
4 2|00
| clelle

Issue ACT-PRE @ ADDR Page |

issue ACTPRE

command pair
to Index 1

FIG. 5A @



WO 2014/186229 PCT/US2014/037525

12/14

Block B From FIG. 5A
Assume j=3, e.g. Page 3

—_——e—ee—eee— e e e, e, —— ———

508a ¢

508b
For write of valid “0” data value to Page(j) set LUT-D to “0” 7
creates a NO_REF condition for Page(j)

INDEX
VALUE
ALUE

>

¢ JEE
509 1

2l

JERN

LUT-R LUT-D

r Inhibit Memory Access if a read of Page(j) is requested |
| Memory Controller returns “0”s For Page(j) I

I T ARibit Memary Access if 4 write of Paae(i) e re coted |

Inhibit Memory Access if a write of Page(j) is requested
Memory Controller returns an indication of a successful |
write operation For Page()) |

Inhibit Memory Access if a clear of Page(j) is requested |
Memory Controller returns an indication of a successful |
clear operation For Page()) |

— LUT-R Page (j) “X” don’t care; “0” in LUT-D inhibits refresh

—_——e—ee— e e e, e, e, —— —— — ——



WO 2014/186229 PCT/US2014/037525

13/14

FIG. 6



PCT/US2014/037525

WO 2014/186229

14/14

>700

720

FIG. 7



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/037525

A. CLASSIFICATION OF SUBJECT MATTER

INV. GI11C11/406 G11C11/4072
ADD.

G11C7/04

GO6F13/16

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

G11C GO6F

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

25 July 2000 (2000-07-25)

AL) 25 June 2009 (2009-06-25)

paragraphs [0036] - [0041],
figures 5, 8A

US 6 094 705 A (SONG SEUNGYOON PETER [US])

column 2, lines 4-57; figure 1

US 6 385 113 Bl (LONGWELL MICHAEL L [US]
ET AL) 7 May 2002 (2002-05-07)

column 10, lines 11-27; figure 7

US 2009/161467 Al (LIN CHIEN-HONG [TW] ET

1,9,13,
21,25,
33,37,45

1,9,13,
21,25,
33,37,45

1,9,10,
13,21,
22,25,
33,34,
37,45,46
[0049] ;

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

28 August 2014

Date of mailing of the international search report

03/09/2014

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Vidal Verdd, Jorge

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2014/037525

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

column 27, line 4 - column 28, line 57;
figure 28

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A US 6 230 235 Bl (LU HSUEHCHUNG SHELTON 5,17,29,
[US] ET AL) 8 May 2001 (2001-05-08) 41

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2014/037525
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 6094705 A 25-07-2000 AU 1601400 A 28-09-2000
us 6094705 A 25-07-2000
WO 0054159 Al 14-09-2000
US 6385113 Bl 07-05-2002  NONE
US 2009161467 Al 25-06-2009  TW 200929212 A 01-07-2009
US 2009161467 Al 25-06-2009
US 6230235 Bl 08-05-2001  NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - wo-search-report
	Page 56 - wo-search-report
	Page 57 - wo-search-report

