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(57) Abstract: A method for finding a last good page in a memory system in-
cludes determining a first number of write operations in a first queue at a first
page in a memory block of the memory system. The method also includes deter-
mining whether the first number of write operations in the first queue is above
a threshold. The method also includes based on a determination that the first
number of write operations in the first queue is above the threshold, determining
whether a second page in the memory block is empty. The method also includes
identifying, based on a determination that the second page is empty, the last good
page in the memory block using a binary search between the first page and the

second page.
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SYSTEMS AND METHODS FOR FINDING
A LAST GOOD PAGE IN NAND OPEN BLOCK

CROSS-REFERENCE TO RELATED APPLICATION
{0001} This application claims prority to and the bencfit of U.8. Non-Provisional
Apphcation Serial No. 16/398,591, filed Apni 30, 2019,

TECHNICAL FIELD
[B002] This disclosure relates to memory systems, and in particular to methods and systems

of finding a last good page m a NAND open block.

BACKGROUND

{0003} Non-volatilc memorv systems are a type of memory that retainsg stored mformation
without requiring an extemal power source. Non-volatile memory is widely used in various
clectronic devices and in stand-alone memory devices. For example, non-volatilc memory can
be found m laptops, digital audio plaver, digital cameras, smart phones, video games, scientific
mstruments, industrial robots, medical electronics, solid state drives, USB drives, memory
cards, and the hke. Non-volatile memory can be electronically programmed/reprogrammed
and crased.

[0004] Tvpically, a memory system includes one or more memory dies. Each of the one or
more memory dies includes one or more memory planes, cach consisting of a plorality of
memory blocks. During prograraming of the memory system, a controlier of the memory
system performs operations {¢.g., read operations, wriie operations, other suitable operations,
or a combination thereof) on pages of a memory block aceording to commmands received by the
controller. When the controller completes all operations for the memory block, the controlier
stores mformation in persistont memory indicating that programuning of the memory block 1s
complete. The controlier may then begin performing operations on pages of another memory
block of the memory system and may continue performing operations on pages of each memory
block of the memory svstem until programming of the memory system is complete.

{0005] Dunng prograniuning, power to the memory system may be lost, which may interrupt
programing of the memory system. When power 1is restored to the memory system, the
controler may find a last good page of the memory systern. The last good page mcludes a last

page written by the controller prior to power to the memory system being lost. The controller
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may use the mformation stored in persistent memory to identify the memory block that was
being programmed before power to the memory system was lost. Typically, the controller
performs a binary search on the memory block that was being programed before power to the

memory system was lost in order to find the last good page of the memory block.

SUMMARY
10606} This disclosure relates generally to memory management systems and methods.
{0007}  An aspect of the disclosed embodiments 1s a method for finding a last good page m a
memory svstem. The method includes determining a first number of write operations in a first
queuc at a first page in a memory block of the memory system. The method also includes
determining whether the first number of write operations i the first queue is above a threshold.
The method also meludes based on a determination that the first manber of write operations in
the first gueue is above the threshold, determining whether a second page 1o the memory block
1s empty. The method also includes identifving, based on a deternuination that the second page
is empty, the last good page n the memory block using a binary search between the first page
and the second page.
{0008] Another aspect of the disclosed embodimernts 1s amemory system that includes a non-
volatile storage having an array of memory blocks and a controller in communication with the
memory blocks. The controller is configured to: determine a first number of write operations
m a first queuc at a first page in a memory block of the memory blocks determine whether the
first number of write operations in the first queuc 1s above a threshold; based on a determination
that the tirst number of write operations n the first queue is above the threshold, determme
whether a second page in the memory block 1s empty; and identify, based on a determination
that the second page 15 empty, the last good page in the memory block using a binary s¢arch
between the first page and the second page.
{0009  Another aspect of the disclosed embodiments is a method for finding a last good page
for each memory dic in a memory system having multiple memory dies. The method mcludes
determining a first number of write operations in a first quoue at a first page in a furst memory
block of a first memory die. The method also includes deternuning whether the first number
of write operations in the first queue s above a threshold. The method also includes based on
a determination that the first number of write operations in the first queue is above the
threshold, determining whether a second page in the first memory block of the first memory
die 1s empty. The method also includes based on a determination that the second page 1s empty,

)
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wdentifving a last good page m the first memory bock of the first memory dic using a binary
scarch between the first page and the sccond page. The method also mchides based on a
determination that the second page is not empty, identifying the last good page in the first
memory block of the first memory die using a second number of write operations m a second
gueue at the second page in the first memory block of the first memory dic. The method also
mcludes identifying a last good page in a second memory block of a second memory die using
the last good page in the first memory block of the first memory dic and a delta number of
pages.

{8618} These and other aspects of the present disclosure are disclosed in the following

detailed description of the embodiments, the appended claims, and the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS
10611} The disclosure is best understood from the following detailed description when read
m conjunction with the accompanying drawings. It is emphasized that, according to conumon
practice, the vanous features of the drawings are not to-scale. On the contrary, the dimensions
of the vartous features are arbitrantly expanded or reduced for clarity.
{6612} FIGS. 1A-1B generally illustrates a block diagram of an example non-volatile
memory system according to the principles of the present disclosure,
{8613} FIG. 2A generally illustrates a block diagram of example components of a controller
according to the principles of the present disclosure.
{0614} FIG. 2B generally illustrates a block diagram of example components of a non-
volatile memory storage system according to the principles of the present disclosure.
8615} FIG. 3 gencrally illustrates a memory block according to the principles of the present
disclosure.
[B816] FIG. 4 generally illustraies an operations queue according to the principles of the
present disclosure.
10617 FIG. 5 i3 a flow diagram dlustrating a find last good page method according to the
principles of the present disclosure.
{6618} FIG. 6 is a flow diagram illustrating an alternative find last good page method
according to the principles of the present disclosure.
{8619} FIG. 7 is a flow diagram illustrating an alternative find last good page method

according to the principles of the present disclosure.
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DETAILED DESCRIPTION
{0628} The following discussion is directed to varicus embodiments of the invention.
Although one or more of these embodiments may be preferred, the erabodiments disclosed
should not be interpreted, or otherwise used, as imiting the scope of the disclosure, including
the claims. In addition, one skilled 1n the art will understand that the following description has
broad application, and the discussion of any embodiment is meant only to be exemplary of that
embodiment, and not intended to intimate that the scope of the disclosure, including the claims,
18 limited to that embodiment.
{8621} As descnbed, non-volatile memory systems are a type of memory that retains stored
mformation without requiring an external power source. Non-volatile memory is widely used
m various electronic devices and m stand-alone memory devices. For example, non-volatile
memory can be found in laptops, digital audio player, digital cameras, smart phones, video
games, scientific mstniments, industrial robots, medical electronics, solid state drives, USB
drives, memory cards, and the like. Non-volatile memory can be clectronically
programmed/reprogrammed and erased.
180221 Typically, a memory system includes one or more memory dics. For example, the
memory system may include 4 memory dies, 8 memory dics, 16 memory dics, 32 memory dies,
or any suitable number of memory dies. Each of the one or more memory dies mcludes one or
more memory planes, cach consisting of a plurality of memory blocks. Memory blocks of each
of the one or more memory dics may be bound io the same logical entity (¢.g.. a meta block),
which may be programamed, reprogrammed, and/or erased at the same or substantially the same
fme.
180231 Durnng programming of the memory system, a controller of the memory system
performs operations according to commands received by the controller {e.g., from a host
associated with the memory system} on pages of a memory block. For example, the controller
may perform a write operation on a page of a first memory block of a first memory plane of a
first memory dic according to the commands. The controller may then continue to perform
operations on subsequent pages of the first memory block vntil programming of the first
memory block 1s complete. When the controller completes all operations for a memory block
{¢.g., the first memory block), the coniroller stores information in persistent memory indicating
that programming of the memory block is complete. The controller then continues to program
other memory blocks of the first memory plane and memory blocks of each memory plane of
the first memory die and for cach memory plane of each other memory die m the memory

4
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system according to the commands received by the controller.

{0624} Typically, in order to maintain mgh performance and reduce the amount of write
access 1o the memory systern, the controller may store a memory address of the next page to
write 1 random access memory (RAM) associated with the memory system. However, during
programming, power to the memory system may be lost, which may mterrupt the controller
while the controller is performing operations on a page of a memory block (e.g., a second
memory block). Additionally, or alteratively, the information stored in RAM, such as the
memory address of the next page to write and/or various memory management tables, may be
lost. Accordingly. the controller may rebuild the lost management tables and find the next page
to wrtte when power 1s restored to the memory svstemn. For example, the controller may find
a last good page of the memory sysiem in order to continue programming {¢.g., continying
performing operations according to the commands). The last good page meludes a last page
written by the controller prior to power to the memory system being lost.

10625}  The controller mav use the information stored in persistent memory 1o identify the
memory block that was being programmed before power to the memory system was lost. For
example, as described, the controller stores in persistent memory imformation indicating that
progranuning of a memory block is complete. The information may include a memory address
and/or other suitable information. The controller may retrieve from persisient memory the
memory address of last memory block to be programmed (e.g., the first memory block). The
controller then jumps to the memory block following the last memory block to be programmed
{¢.g.. the second memory block). That 15, the controller uses the memory address of the last
memory block to be programmed to identify the memory block that was being programmed
when the power to the memory system was lost.

18026f Tvpically, the controller performs a binary scarch {(e.g., O(logN}} on the memory
block (e.g., the second memory block) that was being programed before power to the memory
system was lost, in order to find the last good page of the memory bock. For example, the
controler may determine whether a first page having a memory address located at or near a
middle of the memory addresses of the second block is empty. When the controller determines
that the first page 1s empty {¢.g., was not written before the power to the memory was lost), the
controller determines whether a page having a memory address located between a first memory
address of the second memory block and the memory address corresponding to the first page
is cmpty. Conversely, when the controller determines that the first page is not emopty {c.g., was
written before the power to the memory system was lost), the controller determines whether a

>
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page having a memory address located between the memory address corresponding to the first
page and the last memory address of the second memory block is empty.

{6627} The controller continues in this manner until the controller finds the last good page
m the second block {c.g., the last page written before power to the memory system was lost).
The controller may then continue performing operations, according to the commands recetved
by the countroller, on the page next to the last good page written before power to the memory
system was lost (e.g., the controller continues where the controlier left off before the power to
the memory system was lost).

{0628} While using a binary search may be effective for finding the last good page, as the
number of pages, memory blocks, memory plancs, and memory dies continue to mcrease in
memory systems, using such a binary search may be suboptimal, which may contribute to an
mcreased system boot time.  Accordingly, systems and methods, such as the systems and
methods descnibed herein, that efficiently find the last good page of a memory block, may be
desirable. In some cmbodiments, the svstems and methods described herein are configured to
store mformation in a pager header of a page being wriiten by the controller. The information
may nclude a value that represents a number of write operations remaining i a gueue of
operations to be performed by the controller. fn some embodiments, the mformation may
melude error detection mformation, error correction mformation, and/or other suitable
mformation.

106291 In some embodiments, the systems and methods described herein are configured to,
m the case of an unexpected power loss {¢.g., ungraceful shut down (UGSD)) to the memory
system, find a last good page of a memory block using the mformation stored m persistent
memory and the page header information. For example, the systems and methods described
herein may be configured to identify a memory block that was being programmed when the
power to the memory system was lost using the information in persistent memory. The systems
and methods described herein, as will be described, may use the value that represents the
number of write operations in the gueue to search for the last good page of the memory block.
For example, the svstems and methods described herein may deternune the number of write
operations in the gueue at a first page of the memorv block. The systems and methods
described hergin may be configured to jump to a second page using the number of write
operations 10 the queue. The systems and methods described herein may continue 1o search
pages 1n the memory block using a number of write operations in the queue at respective pages
of the memory block until the svstems and methods find the last good page of the memory

6
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block.

{8638} In some embodiments, the memory systen: may include one or more memory planes.
The systerms and methods described herein may find a last good page for a memory block
associated with a first memory plane and use the last good page of the memory block associate
with the first memory plang to find a last good page in another memory block associated with
a second memory plane. The systems and methods described herein may continue using the
fast good page of the memory block of the first memory plane to find subsequent last good
pages for other memory blocks of other memory planes.

{8631} In some embodiments, the memory systerm may include a plurality of memory dies.
The systerms and methods described herein may find a last good page for a memory block
associated with a first memory die and use the last good page of the memory block associated
with the first memory die to find a last good page in another memory block associated with a
second memory die. The systems and methods described herein may continue using the last
good page of the memory block of the first memory dic to find subsequent last good pages for
other memory blocks of other memory dies. The systems and methods described herein may
mnprove finding the last good page for a memory block by using the mumber of write operations
m the queue, which may improve, among other things, system boot time. The spectfication
now tums to an example computer architecture that uwiilizes memory, in accordance with
example embodiments.

10632}  FIG. 1A illustrates a block diagram of an example system architecture 100 including
non-volatile memory. In particular, the example system architecture 100 mcludes storage
system 102 {e.g., which may be referred 1o as a memory system), a controller 104, and a
host 106, In various embodiments, the host 106 can include any device or system that utilizes
the storage system 102, In some cmbodiments. various aspects of the controller 104 may be
mmplemented by the host 106 or the host 106 can include its own controller {¢.g., a processor)
configured to execute instructions stored in the storage systemn 102 and further the host 106 can
access data stored in the storage system 102.

{0633} Examples of the host 106 include computing devices such as a desktop computer,
rack mounted server, a laptop, a smartphone, a tablet, or other suitable computing devices.
Host 106 can also include systems and devices such as a gaming system, a digital phone, a
digital camera {e.g., digital still cameras and digital movie cameras), portable media player,
digital photo frame, romote control, television stick, smart television, and the hke.

Furthermore, the system architecture 100 can be implemented in a memory card such as secure

¥
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digital (§D) card or a micro secure digital {micro-8D¥) card. In some embodiments, the system
architecture 100 is embedded m the host, for example as a solid state disk (SSD) drive installed
m a laptop computer.

[6834] In embodiments where the svstem architecture 100 15 implemented within a memory
card, the host 106 can inclade a built-in receptacle for one or more types of memory cards or
flash drives {¢.g., a universal serial bus (USB) port, or a memory card slot). Additionally, or
alternatively, the host 106 can include adapters into which a memory card may be plugged.
The foregomg examples of a host are not meant to be limiting examples. On the contrary, a
host 106 can include any type of device, system, and apparatus that accesses the storage
system 102,

[0035]  In FIG. 1A, the storage system 102 includes a memory controller and drivers {¢.g.,
controtler 1043—as will be described further below-—however, in some embodiments of the
storage system 102, the storage system 102 may include memoryv-only units that are instead
controlled by software executed by a controller on the host 106 (e.g.. a processor of a
computing device controls, including ervor handling of, the storage svstem 102). Fuarthermore,
although FIG. 1A illustrates the storage system 102 as separate from the host 106, in some
cmbodiments, the storage systern 102 is embedded with the host 106, where the memory,
controller, and drivers are formed on a single mtegrated circuit chip.

[08836] The host 106 can communicate with the storage system 102 using of a bus 112 that
implements any known or after developed communication protocol that enables the storage
system 102 and the host 106 to communicate. The communication protocol may include
Secure Digital (SD) protocol, Memory stick {MS) protocol, USB protocol, Advanced
Microcontroller Bus Architecture {AMBA), or other suifable communication protocol.

18637}  In various embodiments, the controller 104 acts as an interface between the host 106
and the storage system 102, The host 102 may communicate with the controller 104 via a bus
mterface associated with the bus 112, The controller 104 can include individual circuit
components, processing circuitry {e.g., logic gates and swiiches), a processor, a
microprocessor, a microcontroller with controlling software, or a ficld programmable gate
array (FPGA). Furthermore, the example controlier 104 includes a computer-readable medium
that stores computer-readable program code (¢.g., software or firmware) exccutable by the
processor. In some embodiments, the controller 104 is a flash memory controller. In some

crbodiments, the controller 104 15 a processor executing within the host 106.



WO 2020/222878 PCT/US2019/066145

18038] Sull referring to FIG. 1A, according to some embodiments, the controller 104 acts as
an interface between the host 106 and the storage system 102 and manages data stored on the
storage svstem 102, For example, the host 106 can access data stored in the storage system
102 by providing a logical address, via the bus mnterface associated with the bus 112, to the
controller 104, which, the controller 104 converts to a physical address. The controler 104
can access data and/or a particular storage location associated with the physical address and
facilitate transferring data between the storage system 102 and the host 106, In some
embodiments, where the storage systern 102 ncludes flash memory, the controller 104 formats
the flash memory to ensure the memory is operating properly, maps out bad flash memory
cells, and allocates spare cells to be substituted for future fatled cells or used to hold firmware
to operate the flash memory controller (¢.g., the controller 104).
108391 Accordingly, the controller 104 performs various memory management functions
such as wear leveling {(e.g., distributing writes to extend the lifetime of the memory blocks),
garbage collection {¢.g., moving valid pages of data to a new block and crasing the previously
used block), and error detection and correction {e.g., read error handling}.
18048f Sull referring to FIG. 1A the storage system 102 includes the non-volatile memory
(NVM)} block 110 which may include scveral memory diec 110-1—110-N.  In some
embodiments, the NVM block 110 defines a physical set of memory die, such as the memory
diec 110-1-——110-N. In other embodiments, the NVM block 110 defines alogical set of memory
die, where the NVM block 110 includes memory dig from several physically different sets of
memory dic. The manner 1n which the NVM block 110 1s defined in FIG. 1A is not meant to
be hmting.
{8041} Each memory die, for example memory dic 110-1, includes non-volatile memory
cells, such as NAND flash memory cells, NOR flash memory cells, or other suitable memory
cells. As the memory cells are non-volatile, the memory cells in the storage system 102 retain
data even when there is an nterruption in power supplied to the memory cells and/or the storage
system 102, Thus, the storage systerm 102 can be easily transported and the storage system 102
can be used in memory cards and other memaory devices that are not always connected 1o a
power supply.
8642} In varicus embodiments, the memory cells in the memory die 110 are solid-state
memory cells {e.g., flash) and are one-time programmable, few-time programmabie, or many
time programmable. Additionally, the memory cells in the memory die 110 can include single-
tevel cells (SLC), multiple-level cells (MLC), or tnple-level cells (TLC).  In some
9



WO 2020/222878 PCT/US2019/066145

embodiments, the memory cells are fabricated in a planar mamner {c.g., 2D NAND (NOT-
AND}) flash) or in a stacked or layered manner (¢.g.. 3D NAND flash). That is, planar flash
memory includes a single laver of memory cell, while stacked flash memory includes memory
cells that are stacked vertically in multiple lavers (¢.g., referred to as planes).

{8343} In some embodiments, and as shown in FIG. 1A, the controlier 104 and the NVM
block 110 are communicatively coupled by an interface 114 that implements any known or
after developed communication protocol. In embodiments where the storage svstem 102 is
flash memory, the interface 114 1s a flash interface, such as Toggle Mode 200, 400, or 800, or
Common Flash Memory Interface (CF1).  In various embodiments, the interface 114 can be
implemented by several channels (e, physical comnections) disposed between the
controller 104 and the individual memory die 110-1—110-N.  Furthermore, the number of
channels over which the interface 114 15 established varies based on the capabilitics of the
controler 104, Additionally, a single channel can be configured to communicatively couple
more than one memory dic. The depiction of a single interface 114 is not meant to be limiting.
To the contrary, the single interface 1s representative of an example mterface that can be used
between components, and one or more interfaces can be used to communicatively couple the
sanic components.

[0044] FIG. 1B generally illustrates a block diagram of a system architecture 100 according
to the principles of the present disclosure. The system architecture 100 can be implemented as
part of a larger system architecture. For cxample, as shown in FIG. 1B, the system
architecture 150 includes a storage module 156 that further includes several storage
systems 102, Within the example system architecture 150 the storage module 156 is
communicatively coupled with the host 106 by way of a storage controller 152, In particular,
an interface 154 between the host 106 and the storage module 156 includes a bus interface that
mmplements any known or afier developed communication protocol, such as a senal advanced
technology attachment (SATA) or peripheral component interface express (PCle) interface. In
some embodiments, the storage module 156 15 an 55D (2.g.. 1n a lapiop computer or a tablet}.

10645} Some taplementations of the system architecture 100 include a hierarchical storage
system. A hierarchical storage system can include a plurality of storage controllers 152, each
of which control a regpective storage system 102, Furthermore, a plarality of hosts 106 can
cach access the higrarchical storage system. Hosts 106 can access memories within the
hicrarchical storage system via a bus interface that implements anv known or after developed
communication protocol including a non-~volatile memory express (NVMe) or a fiber channel

10
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over Hthemnet (FCoE) interface. The hierarchical storage system can be implemented as arack
mounted storage system that is accessible by multiple host computers (e.g., a data center).
[0046] Thenterface 154 can be implemented by several channels (i.¢., physical connections)
disposed between the storage controller 1532 and the storage module 156, In some
embodiments, the number of channels over which an nterface 154 is established varies based
on the capabilities of the storage controller 152, The depiction of a single interface is not meant
to be limiting and the single interface is representative of an example mterface that can be used
between components, where one or more interfaces can be used to commumicatively couple
various components.

{0047] FIG. ZA generally illustrates a block diagram 200 of the storage svstem 102,
according to the principles of the present disclosure. The block diagram 200 of the storage
system 102 mchides components previously described mn FIG. 1A, such as the controlier 104
and the NVM memory block 110, Additional components that can be present within the
storage systern 102 include a random access memory (RAM) 230, a rcad only memory
{ROMj} 232, and other components 234, In some embodiments, the ROM 232 stores system
boot code.

{0048] Although the RAM 230 and the ROM 232 arc shown as separate modules within the
storage system 102, the illustrated architecture 1s not meant to be limiting. For example, the
RAM 230 and the ROM 232 can be located within the controller 104, In some embodiments,
portions of the RAM 230 or RGM 232, respectively, are located outside the controller 104 and
within the controller 104. In other embodiments, the controlier 104, the RAM 230, and the
ROM 232 can be located on separate semiconductor die.  In various embodiments, the other
components 234 melude external electrical interfaces, external RAM, resistors, capacitors,
logic gates, or other components that interface with the controller 104,

[B0349]  In some embodiments, the controlier 104 mcludes a module 202 that imterfaces with
the host 106, a module 204 that mnterfaces with the NVM memory block 110, as well as various
other modules, desoribed forther below. The modules within the controller {e.g., modules 202
and 204} are convnunicatively coupled to cach other by a bus 206,

{8656} The following discussion of the various modules depicted within the controller 104
are meant to be illustrative and not lmiting. For example, the various modules generally
iffustrated m FIG. ZA are not himited to being executed within the controller 104, and in some
crbodiments, one or more modules can be executed outside the controller 104,

[8651] The module 202 interfaces with the host 106 and imcludes a host interface 208 and a
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physical layer interface 210 that provides the clectrical interface between the host 106 or next
level storage controller and the controller 104, The host interface 208 facilitates transferring
of data, control signals, and timing signals. Examples of the host intertace 208 include SATA,
SATA express, Serial Attached ST (SAS), Fibre Channel, USB, PCle, and NVMe.

[0632]  Sull referring to FIG. 2A, in various embodiments, the modude 204 1s configured to
communicate with the NVM block 110 and includes an ermor correcting code (ECC)
engine 212, In somc embodiments, the ECC engine 212 encodes data received from the
host 106 and stores the encoded data in the NVM block 110, When the data 1s read out from
the NVM memory block 110, the ECC engine 212 decodes the data and corrects errors detected
within the data To detect crrors, the ECC engine 212 implements various types of crror
checking using algorithms such as low-density parity-check (LDPC) code, Bose-Chaudhburi-
Hocquenghem (BCH) code, a soft read, and/or extra parity.

10653]  The example module 204 also includes a sequencer 214 and a Redundant Array of
Independent Drives (RAID) module 216, In varous embodiments, the scquencer 214
generates command sequences, such as program and erase command sequences that are
transmtted to the NVM memory block 110, The RAID module 216 generates RAID parity
and recovery of failed data. The RATD parity can be used to provide an additional level of
mitegrity protection for data written nto the NVM memory block 110, In some embodiments,
the ECC engine 212 mmplements the functions of the RAID module 216.

10654] The example module 204 also includes a memory interface 218 that provides the
command sequences to the NVM memory block 110 and receives status information from the
NVM memory block 110, For example, the memory mterface 218 implements any known or
after developed communication protocol mehuding a double data rate (BDR) interface, such as
a Toggle Mode 200, 400, or 800 interface. The module 204 also includes a flash control
layer 220 that controls the overall operation of the module 204.

[0035]  Sull referring to example modales within the controller 104 in FIG. 2A, additional
modules within the controller 104 includes a dommy word line (DW) pattern gencration
module 222, a DW error analysis module 224, and a read parameter adjustment module 226,
Dummy word lines are placed on non-volatile memory die that are used for the purposes of
analyzing and tracking behavior and health of a respective non-volatile memory die. In various
cmbodiments, the DW pattem generation modude 222 puts a known data pattern into a dummy
word line and tracks or periodically check for errors by reading the data back out of the dummy
word line and comparing the data to the known data patiern.
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[8656] In various embodiments, the read parameter adjustment module 226 adjusts
parameters associated with a particular non-volatide memory die. For example—and as

discussed further below

the read parameters adjustment module 226 can adjust parameters
associated with a particular non-volatile memory die during an operation—i.¢., a read or
write—1to adiust or re-adjust the read parameters. Durning the operation to re-adjust the read
parameters, the read parameter adjustment module 226 adjusts the read parameters for a
particular memory block, reads data out of the memory block, and verifies a resulting BER. I
the resuliing BER falls at or below a target or expected BER, the read parameters adjustment
module 226 stores the read parameters for the memory block. Sobsequently, the stored read
parameters are used during a read of any word line within the memory block. Thus, read
parameters can be unigue to a memory block.

{86377 Additional modules within the example controller 104 include a buffer manager/bus
controller 228 that manages. for example, buffers in the RAM 230 and controls the internal bus
arbitration of the bus 206 in the controller 104, Additionally, or aliematively, the
controller 104 can mclude a media management laver 236 that performs wear leveling of the
NVM memory block 110, As previously mentioned, the various modules described with
respect to the controller 104 are not meant to be limiting as to the architecture of the
controller 104. For example, the physical layer interface 210, the RAID module 216, the media
management layer 236, and the buffer management/bus controller 228 can be examples of
optional components within the controller 104,

{0658} Furthermore, in embodiments where the storage system 102 includes flash memory,
the media management layer 236 can be mtegrated as part of the tlash management that handies
flash error and mterfaces with the host 106, In particular, the media management layer 236
can include an algorthm {(e.g. firoware in the memory device), that translates a write
cornmand received from the host 106 imto a write to the NVM memory block 110,

{86391  FIG. 2B generally illustrates a block diagram with various features of the NVM
memory block 110 within the storage system 102, As details of the controlier 104 have been
previously described (in FIG. 2A), in FIG. 2B the controller 104 1s iHustrated as a single block.
Additionally, previously described RAM 230, the ROM 232, and the other components 234
are included n FIG. 2B to help orient the reader. Next, details within an example memory
die 110-1 are discussed. Although the discussion centers on the memory die 110-1. each of the
features discussed in relation to the memory die 110-1 equally applies to all of the memory

dics within NVM memory block 110,
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18068] In some embodiments, the example memory die 110-1 includes control circuit 250,
read/write circuits 232, a row decoder 254, a column decoder 256, and a memory array 260.
The memory array 260 can include a two-dumensional arrav or a three-dimensional array of
memory cells. The read/write circuits 252 read and program pages of memory within the
memory die 110-1, in parallel. In various embodiments, the memory array 260 i1s accessed by
word lines via the row decoder 254 and by bit lines via the column decoder 256,

{0061}  The architecture of the memory dic 110-1 is not meant to be himiting and any known
architecture that can perform the functions of accessing the memory array 260 can be used
without departing from the scope of this disclosure. For example, in various embodiments,
access to the memory array 260 by various peripheral circuits can be implemented in a
symmetric fashion on opposite sides of the memory array 260, which reduces the densities of
access tines, and circuitry on each side of the memory array 260.

100621 Still referring to FIG 2B, in various embodiments, the exarple contrsl circuit 250
mchudes a power control circurt 266, an address decoder 268, and a state machine 270. Insome
embodiments, the power control circuit 266, the address decoder 268, and the state
machine 270 can be collectively referred to as managing circuits. The control circuit 250 and
its various managing circuiis arc communicatively coupled by various mnterfaces (c.g.,
mterfaces 262 and 264) to the row decoder 254 and the colummn decoder 256, In various
embodiments, the control circutt 250 performs various operations on the memory array 260
that inclade reading or writing to the memory cells.

10663} The power control circuit 266 controls the power and voltage supplied to the word
hines and bit lines during operation of the memory array 260, The address decoder 268
provides an address interface that translates addresses between addresses provided by the
host 106 and addresses used by the row decoder 254 and the column decoder 256, The
example address decoder 268 converts an address provided by the host 106 to an address that
ts understood and compatible with a format used by the row decoder 254 and the column
decoder 256. The state machine 270 provides chip-level control of memory operations.
{0664} Thus, the storaze system 102 includes wvarious components inchiding the
controller 104 and the NVM memory block 110, details of which have been described above
m FIGS. 1A, 1B, 2A and 2B. The discussion now turns {0 an example architecture of an
example memory array 260 and in particelar methods that can be performed to mmprove a
performance of a read in the storage system 102,

[B065] FIG. 3 further illustrates the memory array 260, The memory array 260 15 divide
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mto several memory blocks 302, In flash memory, a memory block is defined as a unit of
crase. That is, cach memory block 302 includes a number of memory cells that are erased
together or as a block. In some crabodiments, the memory array 260 can be partitioned into
any number of blocks, for example, the memory array 260 mncludes 1,024 blocks. Additionally,
or alternatively, each of the memory blocks 302 can conceptually be divided into a number of
pages defined as a unit of programming. In some embodiments, a page of data can be stored
m one row of memory cclis. Each page can include user data and overhead data, where the
overhead data includes CC that has been calculated from the user data.

{8066f Each memory block 302, for example memory block 302-1, includes multiple bit
lings 304, word lines 306, and sclect lines 308, Each bit line, for example bit line 304-1, is
connected to several memory cells connected 1 senies. More particularly, in an embodiment
where cach memory cell is a floating gate transistor, the floating gate transistors are connected
i serics o form a NAND string 310 {e.g., illustrated within the dashed box). Although four
memory cells are shown in FIG. 3, the number of memory cells within the NAND string is not
meant to be imiting. For example, 16, 32, 64, 128, or any other number of memory cells can
be connected in a NAND string. Each respective bit ine 304 15 coupled to a respective NAND
string within the block 302,

{067} Sull referring to FIG. 3, a method of reading data stored in a particular memory cell—
g.g., memory cell 316—inchides applying a voltage to the select lines 308 of the block 302,
which in furm are coupled to respective NAND strings within the block 302, including the
MNAND string 310 the includes the memory cell 316, The voltage applied to the select lines 308
is greater than threshold voltages of the select transistors 312 and 314, The select transistor 312
is controlled by the select gate drain bine (SGD) 308-1 and the select transistor 314 18 controlled
by the select gate source line {8GS) 308-2. Additionally, in order to read data in the memory
cell 316, all other memory cells or unselected memory cells in the NAND stong 319 are tume
on (g.g., conducting current regardless of whether they are programmed or erased). The
unselected memory cells have a read pass voltage—ie., read parameters—applied to their
respective word lines that turn on the unselected memory cells.

{8668} Dunng the example read operation, various read compare levels—i ¢, voltages—are
applied to the word line 306-2 to determine the value stored i the memory cell 316, In some
embodiments, the conduction current of the memory cell 316 is measured to determine the
value stored within the memory ccll 316, The method in which each memory cell is accessed
and the number of memory cells accessed during a read or write varies. For example, all of the
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bit ines of the memory block 302-1 can be simultancously programmed or read. In vanous
embodiments, memory cells along a shared word line can be programmed at the same time
{ic., concurrentlv}. In other embodiments, the bit lines can be divided into even bit lines and
odd bit Iimes. In an odd/even bit ine architecture, memory cells along a shared word line and
connected to the odd bit lines are programmed at one time, while memory cells along a shared
word line and connected to an even bit ling are programmed at a different time.

{0669} FHach time data 1s written to a memory block the data 1s processed by the ECC
engine 212 which includes encoding the data {¢.g., using a particular error correction code) and
storing the encoded data in the memory block, When the data is read back out of the memory
block, the data is processed by the ECC engine 212 which includes decoding the data,
correcting errors {e.g., tracked as the BER), and retuming the data to a user (by way of the
controller 104}, In some embodiments, the amount of time the ECC engine 212 takes to retum
data to the controller 104 is defined as the throughput time.

{8078}  In some ombodiments, the controller 104 performs data consolidation operations on
the memory array 260. The controller 104 selects a source block from the memory block 302-
1 to memory block 302-N of the memory array 260, for consolidation or compaction. For
cxample, the comtrolier 104 may select memory block 302-1 as the source block for
consohdation or compaction. The memory block 302-1 may be reterred to as the source block
302-1 throughout the example embodiments described herein. The source block 302-1 may
mclude a plurality of memory fragments, such as 16 memory fragments or any suitable nomber
of memory fragments. The memory fragments may include data writen by the bost 106 during
a host write operation. The memory tragments may belong to respective logical groups and
may be scattered or disorganized in the source block 302-1, such that memory fragments
associated with the same logical group may not be sequentially stored or organized n the
source block 302-1. Additionally, or alternatively, while some memory fragments inchude data
written by the host 106 during a host write operation, other memory fragments scattered
throughout the source block 302-1 may be blank (¢.g.. having been erased by the host 106 or
the controller 104 or having not been written to by the host 106).

180711  As descrnibed, the controller 104 13 configured to program the memory blocks 302-1
to 302-N. For example, the controller 104 may perform operations on the memory blocks 302-
1 to 302-N, such as read operations, wrig operations, other suitable operations, or a
combination thercof. The controlier 104 may program the memory blocks 302-1 to 302-N
responsive to commands received from the host 106 mstructing the controller 104 to read data
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from one or more pages of the memory blocks 302-1 to 302-N, to write data to one or more
pages of the memory blocks 302-1 to 3062-N, to perform other operations on pages of the
memory blocks 302-1 to 302-N, or a combination thercof. Additionally, or alternatively, the
commands received from the host 106 may include one or more memory addresses (e.g., logical
address that the controller 104 converts to physical addresses, as described).

10672} The controller 104 may include an operations queue 402 as is generally iHustrate in
FIG. 4. The controller 104 loads operations, corresponding to the conumnands from the host
106, mio the queue 402, For example, as is generally illustrated, the queve 402 may include
operations 402-1 to 402-N. The operations may include write operations, read operations,
and/or other suitable operations. The controller 104 performs the operations 1n order according
to the queue 402, For exampie, the controller 104 mav access, usmg the memory address
received from the host 106, a page 400 of a memory block, such as the memory block 302-1.
10673} The controller 104 may perform the operation at 402-1 {e.g., a wriie operation) of the
queue 407 on the page 400 of the memory block 302-1. For example, the controlier 104 writes
datato the page 400 according to the operation 402-1. The page 400 may include a page header
404, When the controlier 104 completes performance of the operation 402-1 on the page 400,
the controller 104 stores mformation in the page header 404, The information may mclude a
value that represents a number of write operations remaining in the queue after the controller
104 performs the operation 402-1. Additionally, or alternatively, the information may also
inclade crror detection mformation, error correction information, other suitable mformation, or
a combination thereof.

{0074] The controller 104 may then continue performing operations 402-2 to 402-N on
subsequent pages of the memory block 302-1. For each subscquent page of the memory block
302-1, the controller 104 stores mformation indicating, at least, the value that represents the
number of write operations remaining in the queue m page headers associated with respective
pages.

{0075] When the controller 104 completes programming of the memory block 302-1 (e g.,
by performing all operations corresponding to the pages of the memory block 302-1), the
controller 104 stores information in persistent memory associated with the storage system 102
mdicating that programming of the memory block 302-1 is complete. The information may
mchide memory address information associated with the memory block 302-1, error detection
information, error correction information, other suitable information, or a combination thereof.
[8676] The host 106 may continue to communicaie commands to the controller 104
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Accordingly, the controller 104 may populate the queue 402 with operations corresponding to
commands received by the host 106, The controller 104 may continue o perform operations
on pages of the memory block 302-1 and other memory blocks of the memory blocks 302-2 to
302-N until controlier 104 completes all operations corresponding to the commands recetved
from the host 106. The controller 104 may update the mformation stored in persistent memory
when the controller 104 completes programming of each respective memory block 302-2 to
302-N. For example, when the controller 104 completes programming of the memory block
302-2, the controlier 104 updates the mformation stored 1n persistent memory o indicate that
programming of the memory block 302-2 is complete. The controller 104 may append the
mformation stored i persistent memory or replace the information stored i persistent
memory, such that only the most recent programmed memory block i3 indicated by the
mformation.

106777 In some embodiments, as described, the storage system 102 may mchude ong or more
memory planes. Each ofthe one or more memory plancs includes a plurality of memory blocks.
For example, a first memory plane may mclude the memory blocks 302-1 to 302-N and a
second memory plane may include other memory blocks, and so on. The controller 104 may
be configured to program, according to the commands reccived from the bost 106, pages of
memory blocks associated with cach of the one or more memory planes.

{8878} In some embodiments, as descnbed, the storage system 102 may nclude a phurality
of memory dies 119-1 to 110-N. Each of memory dies 116-1 to 110-N may include one or
more memory planes, cach including one or more memory blocks. The controlier 104 may be
configured to program, according to the commands received from the host 106, pages of
memory blocks associated with each memory plane of cach of the memory dies 110-1 to 110-
[B879] Dunng programming of the storage system 102, power to the storage svstem 102 may
be lost. For example, an ungraceful shut down (UGSD) may occur, which may cause the
controler 104 to be interropted while the controller 104 is programming the storage system
102. In order to recover from the UGSD and continue programming where the controlier 104
was mterrupted by the UGSD, the controller 104 is configured to find a last good page durnng
a boot up process of the storage system 102,

{0688} In some embodiments, the controller 104 uses the mformation stored in persistent
memory and the information stored in page headers of respective pages in a memory block 1o
find the last good page for the memory block. For example, the controller 104 retrieves the
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mformation from persistent memory indicating the last programmed memory block, such as
the memory block 302-1, before the UGSD. The controler 104 may then access a memory
block that immediately follows the memory block 302-1, such as the memory block 302-2 (c.g.,
the memory block being programmed before the UGSD).

{0881} The controller 104 then searches the pages of the memory block 302-2 1 order to
find the last good page (¢.g., the last page written before UGSD) of the memory block 302-2.
The controller 104 accesses a first page of the memory block 302-2. The first page may include
a page of the memory biock 302-2 having a memory address located at or near the middle of
the memory addresses of the memaory block 302-2 having a memory address located at or near
the beginning of the memory addresses of the memory block 302-2, having a memory address
tocated at or near the end of the memory addresses of the memory block 302-2, or other switable
page of the memory block 302-2.

100821 The controller 104 determines whether the first page is empty {e.g., indicating that
the controller 104 did not write to the first page before the UGSD).  If the controller 104
determunes the first page is empty, the controlier 104 accesses a page of the memory block 302-
2 between the first memory address of the memory block 302-2 and the memory address
corresponding to the first page. For example, the controller 104 may access a page having a
memory address at or near the nuddle of the memory addresses between the first memory
address and the memory address corresponding to the first page. The controller 104 may
continue to search for the last good page of the memory block 302-2, as will be described.
{6083} 1f the controller 104 determines that the first page is not empty {¢.g., indicating that
the first page was written before the UGSD), the controller 104 reads the page header
mformation stored in the page header of the first page to determine the namber of write
operations rematning in the queue after the first page was written.

[6084] The controller 104 determines whether the number of operations remaining in the
queue is 0. If the controlier 104 determines that the number of operations rematning in the
gueue 1s { {e.g., indicating that when the first page was written, there were no oporations
remaining in the queue), the controller 104 determines whether the page that follows the first
page 1s empty. If the controller 104 determines that the page that follows the first page is
empty, the controller 104 determines that the first page is the last good page for the memory
block 302-2. The controller 104 may continue programming the memory block 302-2,
according to commands received from the host 106, at the page that follows the first page.
[O085]  If the controller 104 determines that the page that follows the first page is not empty,
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the controller 104 determines whether the page that follows the first page s the last page in the
memory block 302-2. ifthe controller 104 deternunes that the page that follows the first page
is the last page in the memory block 302-2, the controller 104 determines that the memory
block 302-2 is programmed and the controller 104 updates the information stored in persistent
memory to indicate that programming of the memory block 302-2 is complete. If the controller
104 determings that the page that follows the first page is not the last page in the memory block
302-2, the controller 104 continues, as will be described.

{8686} Ifthe controtier 104 determines that the number of operations remaining in the queue
at the first page is not O, the controller 104 determines whether the number of write operations
remaining in the queune at the first page is above a threshold. The threshold may include a
number of operations, such as 1 operation, 2 operations, 4 operations, 6 operafions, or any
suttable number of operations. The value of the threshold may comrespond to the size of the
storage system 102 For example, the value of threshold may be relatively large when the
storage system 102 includes a relativelv large number of memory blocks, memory planes,
and/or memory dies. If the controller 104 determines that the number of write operations
remaining in the queue at the first page s below the threshold (e.g., the number of operations
in the queue is small enough, such that the controlier 104 may perform the binary search may
be substantially optimal}, the controller 104 finds the last good page in the memory block 302-
2 by performing a binary search, as deseribed.

100877 Conversely, if the controller 104 determines that the number of wrte operations
remaining in the queue at the first page is above the threshold, the controller 104 accesses a
second page (e.g., having a memory address greater than the memory address of the first page)
of the memory block 302-2 using the number of write operations remaining o the queue at the
first page. For example, the number of memory addresses between the first page and the second
page corresponds to the number of write operations remaining in the queue at the first page.
The controller 104 determimes whether the second page s empty.  If the controller 104
determunes that the second page is empty, the coutroller 104 finds the iast good page for the
memory block 302-2 by performing a binary scarch between the memory address
corresponding to the first page and the memory address corresponding to the second page.
18688} Conversely, if the controller 104 determings that the second page is not empty, the
controller 104 determines whether the second page is the last page in the memory block 302-
2. If the controller 104 determinges that the second page is the last page in the memorv block
302-2, the controller 104 determunes that programming of the memory block 302-2 was
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complete before the UGSD. The controller 104 may then update the mformation stored in
persistent memory to indicate that programming of the memory block 302-2 is complete. The
controller 104 may continue programming pages in others of the memory blocks 302-3 10 302-
N, according to the commands reccived from the host 106,

{00891 Conversely, if the controller 104 determines that the second page 1s not the last page
of the memory block 302-2, the controlier 104 reads the page header information stored in the
page header of the second page. The controller 104 determines the number of operations
remaining in the queue at the second page using the page header mformation. The controller
104 continues, as described, until the controller 104 finds the last good page of the memory
block 302-2. When the controller 104 finds the last good page of the memory block 302-2, the
controller 104 may continue programming the memory block 302-2 at the page followimng the
last good page {e.g., the next page to write follows the last good page).

10090}  In some embodiments, the storage system 102 may mchide a plurality of memory
planes, cach including a plurality of memory blocks, as described. The controlier 104 may be
contigured fo find a last good page for each of the plurality of memory planes. For example,
the controller 104 finds a last good page of a memory block, such as one of the memory blocks
302-~1 to 302-N, corresponding to a first memory plane. In some embodiments, the controller
finds the last good page of the memory block corresponding to the first memory plane by
performing a binary search. In some embodiments, the controller 104 finds the last good page
of the memory block corresponding to the first memory plane using page header information
stored in page headers of respective pages of the memory block, as described.

{8691} The plurality of memory planes may be independently programmed or programmed
in parallel. If the plurality of memory planes are programumed independently, the controller
104 may find a last good page for independently for each of the memory blocks corresponding
to respective memory planes, as described. I the plurality of memory planes are programmed
in parallel] the controller 104 may find a last good page for other memory planes of the phurality
of memory planes using the last good page of the memory block corresponding to the first
memory plane.

180921 For example, when the plurality of memory planes are programmed in parallel,
corresponding memory pages of memory blocks for respective memory planes are programmed
at substantially the same time. However, due to mnherent latency in the storage system 102, &
page of a memory block corresponding the first memory plane may be progranuned shightly
before or after a corresponding page in a memory block of a second memory plane.
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Accordingly, a last good page of a memory block of the second memory plane may be one or
two pages before or afier the last good page of the memory block of the first memory plane.
{0093} In order to find the last good page for the memory block of the second memory plane,
the controller 104 uses the memory address corresponding to the last good page of the memory
block of the first memory plane plus or minus a delta number of pages. The delta number of
pages may correspond to the inherent latency of the storage system 102, For example, the delta
number of pages may include 1, 2, 4, 6, or any suitable number of pages. The controller 104
may search the delta number of pages in the memory block of the second memory plane before
the memory address corresponding to the last good page in the memory block of the first
memory plane and/or the delta number of pages m the memory block of the second memory
plane after the memory address corresponding to the last good page mn the memory block of
the first memory plane. The controller 104 may continue for other memory planes of the
plurality of memory planes, as deseribed.

{0094} 1o some embodiments, the storage system 102 may mnclude a plurality of memory
dies 110-~1 to 110-N, cach including a plurality of memory blocks, as described. The controller
104 may be configured to find a last good page for cach of the plorality of memory dies 110-1
to 110-N. For example, the controller 104 finds a last good page of a memory block, such as
one of the memory blocks 302-1 to 302-N, corresponding to a first memory die 110-1. In some
embodiments, the controller finds the last good page of the memory block corresponding to the
first memory die 110-1 by performing a binary search. In some embodiments, the controlier
104 finds the last good page of the memory block corresponding to the first memory dic 110-
1 using page header mformation stored in page headers of respective pages of the memory
block, as described.

{8095] The plurality of memory dies 110-1 to 110-N may be independently programmed or
programmed in parallel. I the plurality of memory dies 110-1 to 110-N are programmed
mdependently, the controller 104 may find a last good page independently for cach of the
memory blocks corresponding to respective memory dies 110-1 to 110-N, as described. [fthe
plurality of memory dies 110-1 1o 110-N arc programmed 1n parallel, the controller 104 may
find a last good page for other memory dies 110-2 to 110-N using the last good page of the
memory block corresponding to the first memory die 110-1.

{8096] For example, when the plurality of memory dies 110-1 to 110-N are programmed in
paraliel, corresponding memory pages of memory blocks for respective memory dies 110-1 to
110-N arc programmed at substantially the same time. However, due to inherent latency in the
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storage system 102, a page of a memory block corresponding the first memory die 110-1 may
be programmed slightly before or after a corresponding page in a memory block of a second
memory dic 110-2, and so on. Accordingly, a last good page of a memory block of the second
memory die 110-2 may be one or two pages before or after the last good page of the memory
block of the first memory die 110-1.

106977 In order to find the last good page for the memaory block of the second memory die
110-2, the controller 104 uses the memory address corresponding to the last good page of the
memory block of the first memory die 110-1 plus or nmunus a delta number of pages, as
described. The controller 104 may scarch the dekta number of pages 1o the memory block of
the second memory die 110-2 before the memory address corresponding to the last good page
m the memory block of the first memory die 110-1 and/or the delta number of pages in the
memory block of the second memory die 110-2 after the memory address corresponding to the
last good page n the memory block of the first memory die 116-1. The controller 104 may
continue for other memory dies 110-3 to 110-N, as described.

{8698} In some embodiments, the storage svstem 102 may nclude a plurality of memory
dies 110-1 to 110-N, each including a plurality of memory planes that each include a plarality
of memory blocks, as described. The controller 104 may be configured to find a last good page
for each memory plane of cach of the plurality of memory dies 110-1 to 110-N. For example,
the controller 104 finds a last good page of a memory block of a first memory plane, sach as
one of the memory blocks 302-1 1o 302-N, corresponding to a first memory die 110-1. In some
embodiments, the controller finds the last good page of the memory block of the first memory
plane corresponding to the first memory die 110-1 by performing a binary search. In some
embodiments, the controller 104 finds the last good page of the first memory block of the first
memory plane corresponding to the first memory dic 110-1 using page header information
stored n page headers of respective pages of the memory block, as described.

[0099]  The controller 104 may find last good pages for memory blocks of cach memory
plane corresponding to the first memory die 110-1 using the last good page of the memory
block of the first memory plane corresponding to the first memory dic 110-1 and the delia
number of pages, as described. The controller 104 may then use the last good pages for the
memory blocks of each memory plane corresponding to the first memory die 110-1 and the
delta number of pages to find last good pages of memory blocks of each memory plane
corresponding to respective ones of the memory dies 110-2 to 110-N, as described.

{3180} In some embodiments, the controller 104 may perform the methods described herein.
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However, the methods described herein as performed by the controller 104 are not meant to be
Emiting, and any type of software executed on a controller can perform the methods described
herein without departing from the scope of this disclosure. For example, a controller such as a
processor executing software within the host 106 or firmware within the storage system 102

{e.g., stored on ROM 232 or NVM memory block 110} can perform the methods described

herein.

{0101}  FIG. 5 gencrally dlustrates a flow diagram illustrating a find last good page method
500 according to the principles of the present disclosure. At 502, the method 500 determines
a number of write operations in a queue at a current page. As described, the controlier 104
retrigves information from persistent memory to determine the last memory block of the storage
system 102 to be programmed before a UGSD (e.g., such as the memory block 302-1). The
controller 104 then accesses a first page of the memory block (¢.g., the memory block 302-2}
that follows the last memory block to be programmed. The controller 104 determines the
number of write operations in the queue of the first page using the page header information
stored m the page header of the first page.

[8102] At 504, the method 500 determines whether the number of write operations in the
queuc at the current page 15 above the threshold. As deseribed, the controlier 104 determines
whether the number of write operations 1n the queue at the fivst page 15 above the threshold. If
the controller 104 determines that the number of write operations in the queue at the first page
1s not above the threshold, the method 500 continues at 506, I the controller 104 determines
that the number of write operations in the queue at the first page is above the threshold, the
method 500 continues at 514,

[8103] At 506, the method 300 determines whether the number of write operations of the
gueue at the current page 15 0. As described, the controller 104 determunes whether the number
of write operations of the queue at the first page 15 0. If the controller 104 determines that the
number of write operations of the queune at the first page is not 0, the method 300 continues at
508. If the controller 104 determines that the number of write operations of the queus at the
first page is 0, the method 500 continues at 510,

{8104} At 508, the method 500 identifies a last good page using a binary search. As
described, the controller 104 identifies the last good page of the first memory block by
performing a binary search between first memory address of the memory block 302-2 and the
memory address corresponding to the first page of the memory block 302-2.

[3105] At 510, the method 3500 deternunes whether the page tollowing the current page 18
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empty. As described, the controller 104 determines whether the page following the first page
is empty. I the controller 104 determines that the page following the first page is empty, the
method 500 continues at 512, W the controller 104 determines that the page following the first
page 1s not empty, the method continues at 518,

[106] At 512, the method 500 tdentifies the current page as the last good page. As
described, the controlier 104 identifies the first page as the last good page of the memory block
302-2. The controticr 104 may continue programming at the page following the last good page,
according to commands received from the host 106,

{0107} At 314, the method 500 jumps to a page using the number of write operations. As
described, the controller 104 mav access a second page of the memory block 302-2. The
number of memory addresses between the first page and the second page corresponds o the
number of write operations in the quese at the first page. At 516, the method determines
whether the page is erapty. As described, the controlier 104 determines whether the second
page 15 empty. If the controller 104 determines that the second page is empty, the method 500
continues at 308, Ifthe controiler 104 deternmunes that the second page 1s not empty, the method
500 continues at 518,

[0108] At 518, the method 500 determines whether the page is the last page in the memory
block. As described, the controller 104 deternunes whether the second page 19 the last page of
the memory block 302-2. If the controller 104 determunes that the second page s not the last
page of the memory block 302-2, the method 500 continues at 502, If the controller 104
determines that the second page is the last page in the memory block 302-2, the method 500
continues at 520. At 520, the method 300 stores information indicating the memory block is
fully programmed. As described, the controller 104 updates the information stored m persistent
memory indicating that programming of the memory block 302-2 is complete. The controller
104 may continue programming other memory blocks according to the commands recetved
from the host 106,

10109]  FIG. 6 generally tllustrates a flow diagram illustrating an alternative find last good
page mcethod 600 according to the principles of the prescnt disclosure. At 602, the method 600
identifies a last good page of a memory plane. As described, the storage system 102 may
mehide a plurality of memory plancs. The controller 104 identifies a last good page for a
memory block of a first memory plane {¢.g., using a binary search and/or uvsing page header
mformation, as described). At 604, the method 600 determunes whether the memory planes
arc programmed in parallel. I the memory planes are programmed independently, the method
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600 continues at 606, If the memory planes are programmed in parallel, the method 600
continues at 610.

{0110} At 606, the method 500 determines whether the memory plane is the last memory
plane inthe memory die. As described, the controller 104 determines whether the first memory
plane is the last memory plane in a corresponding memory die, such as the memory die 110-1.
if the controller 104 determines that the first memory plane is not the last memory plane in the
memory dic 110-1, the method 600 continucs at 602, If the controller 104 determines that the
first memory plane 1s the last memory plane in the memory die 110-1, the method continues at
608, At 608, the method 600 continues to the next memory die. As describe, the storage
systemn 102 may include a plurality of memory dies 110-1 1o 110-N.  Accordingly, the
controller 104 may continue to find a last good page for other memory dies 110-2 to 110-N, as
described.

10111} At 610, the method 600 identifies a last good page for a subsequent memory plane
using a delta number of pages. As described, the controlier 104 finds a last good page for a
second memory plane using the last good page for the first memory plane and the delta number
of pages. At 612, the method 600 determines whether subsequent memory plane 1s the last
memory plane in the memory dic. As described, the controller 104 determines whether the
second memory plane 1s the last memory plane in the memory die 110-1. if the controller 104
determines that the second memory plane is not the last memory plane in the memory die 110-
1, the method 600 continues at 610, If the controller 104 determines that the second memory
plane is the last memory plane in the memory dic 110-1, the method 600 continues at 608,
8112} FIG. 7 generally illustrates a flow diagram illustrating an aliernative find last good
page method 700 according to the principles of the present disclosure. At 702, the method 700
wlentifies a last good page of a memory die. As described, the storage systermn 102 may inchude
a plurality of memory dies 110-1 10 110-N. The controller 104 identifics a last good page for
a memory block of a first memory die 110-1 (¢.g., using a binary search and/or using page
header mformation, as described). At 704, the method 700 determines whether the memory
dics arc programmed in parallel. I the memory dies 110-1 to 110-N are programmed
mdependently, the method 700 continues at 706, If the memory dies 110-1 to 110-N are
programmed in parallel, the method 700 continues at 710.

{8113} At 706, the method 700 determines whether the memaory die s the last memory die
i the memory systerm. As described, the controller 104 deternmines whether the first memory
dic 110-1 is the last memory die in the storage svstem 102, If the controller 104 determines
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that the first memory dic 110-1 is not the last memory die in the storage system 102, the method
700 continues at 702, If the controller 104 determines that the first memory die 110-1 is the
last memory die in the storage system 102, the method ends at 708,

[0114] At 710, the method 700 identifies a last good page for a subsequent memory die using
a delta number of pages. As described, the controller 104 finds a last good page for a second
memory die 110-2 using the last good page for the first memaory die 110-1 and the delta number
of pages. At 712, the method 700 determings whether subsequent memory die is the last
memory die in the memory system.  As described, the controller 104 determines whether the
second memory die 110-2 is the last memory die in the storage system 102, If the controller
104 deternunes that the sccond memory dic 110-2 15 not the last memory dic in the storage
systerm 102, the method 700 continues at 710, Hthe controller 104 determunes that the second
memory die 110-2 is the last memory die in the storage system 102, the method 700 ends at
708.

{0115}  In some embodiments, a method for finding a last good page n a memory system
meludes determining a first number of write operations in a first queue at a first page n a
memory block of the memory system. The method also nclades determining whether the first
number of write operations in the first queue is above a threshold. The method also mclades
based on a deternunation that the first number of write operations in the first queue is above
the threshold, determining whether a second page in the memory block 15 empty. The method
also includes idendifying, based on a determination that the second page 1s empty, the last good
page in the memory block using a binary search between the first page and the second page.
{8116} In some embodiments, the first page includes a middle page of the memory block. In
some embodiments, a number of pages between the first page and the second page corresponds
to the first number of write operations 1n the first queuc. In some emboduments, the method
also includes determining, based on a deternunation that the second page 1s not empty, a second
number of write operations in a second gueue at the second page. In some embodiments, the
method also includes, based on a determination that the second number of write operations in
the second queue equals O, determining whether a page that follows the second page 1s erapty.
In some embodiments, the method also inchudes determining that the second page 1s the last
good page of the memory block based on a determination that the page that follows the second
page is empty. In some embodiments, the method also includes determining, based on a
determination that the page that follows the second page is not empty, a third number of write
operations in a third queue at the page that follows the second page. In some embodiments,
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the method also inclades, based on a determination that the second namber of write operations
in the second queue does not equal 0, determining whether the second number of write
operations in the second queue 15 above the threshold. In some embodiments, the method also
meludes determining, based on a deternmination that the second number of write operations in
the second guene s above the threshold, a third number of write operations at a third page of
the memory block. In some embodiments, the method also includes identifying, based on a
determination that the second nwmber of write operations in the second gueuce s below the
threshold, the last good page in the memory block using a binary searc

8117} In some embodiments, a memory system that includes a non-volatile storage having
an array of memory blocks and a controller in communication with the memory blocks. The
controller 1s configured to: deternmine a first number of wnife operations in a first queue at a
first page in a memory block of the memory blocks determine whether the first number of write
operations in the first queae 1s above a threshold; based on a determination that the first number
of writc operations in the first queune 1s above the threshold, determine whether a second page
m the memory block 1s empty; and identify, based on a determination that the second page is
empty, the last good page in the memory block using a binary search between the first page
and the second page.

[0118] In some embodiments, the first page includes a nuddle page ot the memory block. In
some embodiments, a number of pages between the first page and the second page corresponds
to the first number of write operations in the first queue. In some embodiments, the controller
1s further configured to deternmine, based on a deternuination that the second page is not empty,
a second number of write operations m a sccond gucue at the second page. In some
embodiments, the controller 1s further configured to, based on a determination that the second
number of write operations in the second queue equals 0, determine whether a page that follows
the second page 1s empty. In some embodiments, the controller is further configured to
determine that the second page is the last good page of the memory block based on a
determunation that the page that follows the second page is empty. In some embodiments, the
controller 1s further configured to determine, based on a determination that the page that
follows the second page 1s not empty, a third number of write operations in a third gueue at the
page that follows the second page. In some embodiments, the controller 18 further configured
to, based on a determination that the second number of write operations in the second queue
does not equal 0, determing whether the second number of write operations in the second gueue
is above the threshold. In some embodiments, the controlier is further configured to determine,
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based on a determination that the second number of write operations in the second queue is
above the threshold, a third number of write operations at a third page of the memory block.
In some embodiments, the controlier is further configured to identify, based on a determination
that the second number of write operations n the second queue is below the threshold, the last
good page 1n the memory block using a bmary search,

10119} In some embodiments, a method for finding a last good page for each memory dic in
a memory system having multiple memory dics includes determining a first number of write
operations i a first queue at a first page in a first memory block of a first memory die. The
method also includes determining whether the first number of write operations 1o the first queus
is above a threshold. The method also includes based on a determination that the first number
of write operations m the first gueue 1s above the threshold, determining whether a second page
in the first memory block of the first memory die 1s empty. The method alse includes based
on a determination that the second page s empty, identifying a last good page m the first
memory block of the first memory die using a binary search between the first page and the
second page. The method also includes based on a determination that the second page is not
empty, identifving the last good page in the first memory block of the first memory die using
a second number of write operations in a second gueue at the second page in the first memory
block of the first memory dic. The method also imcludes dentifving a last good page mn a
second memory block of a second memory die using the last good page in the first memory
block of the first memory dic and a delta number of pages.

101206} The above discussion is meant to be illustrative of the punciples and various
embodiments of the present invention. Numerous vanations and modifications will become
apparent to those skilled in the art once the above disclosure 18 fully appreciated. It is intended
that the following claims be interpreted to embrace all such variations and modifications. In
the preceding description and in the clamms, the terms “mcluding” and “comprising” are used
in an open-ended fashion, and thus should be interpreted to mean “including, but not limited
to... .7 Also, the term “couple” or “couples™ is intended to mean either an indirect or direct
connection. Thus, if a first device couples to a second device, that connection may be through
a direct connection or through an indirect connection via other devices and connections.
{8121} The word “example”™ is used herein to mean serving as an example, instance, or
iffustration. Any aspect or design described herein as “example” is not necessarily to be
construed as preferred or advantageous over other aspects or designs. Rather, use of the word
“example” 15 intended to present concepts in a concrete fashion. As used in this application,
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the term “or” 1s mtended to mean an inclusive “or” rather than an exclusive “or”. That i,
uniess specified otherwise, or clear from context, “X includes A or B” is intended to mean any
of the natural inchusive permutations. That i, if X mcludes A; X includes B; or X includes
both A and B, then “X mcludes A or B” 1s satisfied under any of the foregoing instances. In
addition, the articles “a” and “an” as used in this application and the appended claims should
generally be construed to mean “one or more” unless specified otherwise or clear from context
to be directed to a singular form. Moreover, use of the torm “an implementation” or “one
mplementation” throughout is not mtended to mean the same embodiment or implementation
uniess described as such.

{01221 lmplomentations the systems, algorithms, methods, mstructions, ete., described
heremn can be realized in hardware, software, or any combination thercof. The hardware can
mclude, for example, computers, intellectual property (IP) cores, application-specific
mtegrated circuts (ASICs), programamable logic arravs, optical processors, programmable
logic controllers, microcode. microcontrollers, servers, microprocessors, digital signal
processors, or any other suitable circuit.  In the claims, the term “processor” should be
anderstood as encompassing any of the foregoing hardware, either singly or in combination.
The terms “signal” and “data” are used interchangeably .

[3123] As used herein, the term module can include a packaged functional hardware unit
designed for use with other components, a set of instractions executable by a controlier ez a
processor executing software or firmware), processing circuitry configured to perform a
particular function, and a self-contained bardware or software component that interfaces with
a larger system. For example, a module can include an application specific integrated circuit
{ASIC), a Field Programmable Gate Array (FPGA), a circuit, digital logic circuit, an analog
circutt, a combination of discrete circuits, gates, and other types of hardware or combination
thereof.  In other embodiments, a module can include memory that stores instructions
gxecutable by a controller to implement a feature of the module. In some embodiments, the
controller 104 is implemented within the host 106 can be configured with hardware and/or
firmware to perform the various functions described herein.

{8124} “Controller” shall mean mdividual circuit components, an application-specific
mtegrated circuit {ASIC), a microcontroller with controlling software, a digital signal processor
{DSP), a processor with controlling sofiware, a field programmable gate array (FPGA), or
combinations thercof.

{3125} Further, in one aspect, for example, systems described herein can be mplemented
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psing a gencral-purpose computer or general-purpose processor with a computer program that,
when executed, carries out any of the respective methods, algorithms, and/or instructions
described herein.  In addition, or altematively, for cxample, a special purpose
computer/processor can be utihized which can contain other hardware for carrving out any of
the methods, algorithms, or instructions described herem.

{#126] Fusther, all or a portion of implementations of the present disclosure can take the form
of a computer program product accessible from, for example, a computer-usable or computer-
readable medium. A computer-usable or computer-readable medium can be anv device that
can, for example, tangibly contain, store, communicate, or transport the program for use by or
in connection with any processor. The medium can be, for example, an clectronic, magnetic,
optical, electromagnetic, or a senuconductor device. Other suitable medioms are also
available.

101277 The above-described embodiments, implementations, and aspects have been
descnbed in order to allow casy understanding of the present mvention and do not limit the
present invention. On the contrary, the mvention 1s miended to cover various moditications
and equivalent arrangements included within the scope of the appended claims, which scope is
to be accorded the broadest interpretation to encompass all such modifications and cquivalent

structure as is permitted under the law,

(9]
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CLAIMS

What is claimed is:
L. A method for finding a last good page in a memory system, the method comprising:

determining a first number of write operations 1n a first queue at a first page m a
memory block of the memory system;

determining whether the first number of write operations in the first queue is above a
threshold;

based on a deternmumation that the first number of write operations n the first queue is
above the threshold, determining whether a second page in the memory block is empty; and

identifying, based on a determination that the second page is empty, the last good

page 1n the memory block using a binary search between the first page and the second page.

2. The method of claim 1, wherein the first page includes a middle page of the memory
block.
3. The method of claim 1, wherein a number of pages between the first page and the

second page corresponds to the first number of write operations m the first queue.

4, The method of claim 1, finther comprising determining, based on a determunation that
the second page is not empty, & second oumber of write operations in a second queus at the

second page.

5. The method of claim 4, further comprising, based on a determination that the second
number of write operations in the second gueue equals 0, determining whether a page that

follows the second page 1s empty.

6. The method of claim 3, further comprising deternuning that the second page is the last
good page of the memory block based on a determination that the page that follows the
second page 1s empty.

7. The method of claim 5, further comprising determining, based on a determination that
the page that follows the sccond page is not empty, a third number of write operations in a
third queue at the page that follows the second page.
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8. The method of claim 4, further comprising, based on a determination that the second
number of write operations in the second queue does not equal 0, determining whether the

second number of write operations in the second queue 1s above the threshold.

9. The method of claim 8, further comprising deternuning, based on a determination that
the second number of write operations 1n the second gueuc is above the threshold, a third

number of write operations at a third page ot the memory block.

10, The method of claim &, further comprising identifying, based on a determination that
the second number of write operations in the second queue 1s below the threshold, the Jast

good page 1n the memory block using a bmary search,

11. A controller comprising:
a bus interface configured to determine a first number of write operations in a first
gueue at a first page in a memory block of a plurality of memory blocks; and
a processor contigured to:
deternune whether the first number of write operations in the first queue is
above a threshold;
based on a deternunation that the first mumber of write operations i the first
queue 18 above the threshold, determine whether a second page in the mermory block is
empty; and
identify, based on a determunation that the second page 1s empty, the last good

page in the memory block using a binary search between the first page and the second page.

12. The controller of claim 11, wherein the first page includes a middle page of the

memory block.

13. The controller of claim 11, wherein a number of pages between the first page and the

second page corresponds to the first number of write operations i the first queue.

[P
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14, The controller of clanm 11, wherein the processor 1s further configured to determine,
based on a deternuination that the second page is not empty, a second number of write

operations in a second queue at the second page.

15. The controller of claim 14, wherein the processor is further configured to, based on a
determunation that the second number of write operations in the second gueue equals 0,

deternune whether a page that follows the second page is empty.

16. The controller of ¢laim 15, wherein the processor is further configured to determine
that the second page is the last good page of the memory block based on a determination that

the page that follows the second page is empty.

17.  'The controller of claim 15, wherein the processor is further configured to determine,
based on a determunation that the page that follows the second page is not empty, a third

number of write operations m a third queue at the page that follows the second page.

18, The countroller of claim 14, wherein the processor is further configured to, based on a
determination that the second number of write operations in the second queue does not equal
0, determine whether the second number of write operations in the second gueue is above the

threshold.

9. The controller of claim 18, wherein the processor 1s further configured to determune,
based on a deteroination that the second number of write operations in the second gueus 1s

above the threshold, a third number of write operations at a third page of the memory block.

20 A method for finding a last good page for each memory die in a memory system
having multiplc memory dies, the method comprising:

determining a first number of write operations n a first queue at a first page 1 a first
memory block of a first memory die;

determining whether the first number of write operations in the first queus 1s above a

threshold;

)
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based on a determination that the first number of write operations in the first queue is
above the threshold, determining whether a second page n the first memory block of the first
memory dic is empty;

based on a determination that the second page is empty, identifying a last good page
in the first memory block of the first memory die using a binary search between the first page
and the second page;

based on a deternunation that the sccond page 1s not empty, identifving the last good
page in the first memory block of the first memory die using a second number of write
operations in a second quene at the second page in the first memory block of the first memory
dic; and

wdentifving a last good page m a second memory block of a second memory die using
the last good page in the first memory block of the first memory dic and a delta number of

pages.
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