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SYSTEM AND METHOD FOR SPECULATIVE EXECUTION OF COMMANDS USING THE
CONTROLLER MEMORY BUFFER

REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Application No. 15/468,620, filed on March 24, 2017, and
U.S. Application No. 15/585,827, filed on May 3, 2017, both of which are hereby incorporated by reference
herein in their entirety.

BACKGROUND

[0002] NVM Express (NVMe) is a standard for accessing non-volatile storage media attached via PCI
Express (PCle) bus. NVMe may be used with a variety of non-volatile storage media, such as solid state drives
(SSDs). One focus of NVMe relates to /O communication between a host device (which may access and/or
write to the non-volatile storage media) and a memory device (which includes the non-volatile storage media).
In that regard, NVMe implements a paired submission queue and completion queue mechanism, with host
software on the host device placing commands into the submission queue. Completions are placed onto the
associated completion queue by the memory device controller.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The accompanying drawings, which are incorporated in and constitute a part of this specification,
illustrate various aspects of the invention and together with the description, serve to explain its principles.
Wherever convenient, the same reference numbers will be used throughout the drawings to refer to the same
or like elements.

[0004] FIG. 1A is a block diagram of an exemplary non-volatile memory system.

[0005] FIG. 1B is a block diagram of a storage module that includes a plurality of non- volatile memory
systems and a host.

[0006] FIG. 1C is a block diagram of a hierarchical storage system.

[0007] FIG. 2A is a block diagram of exemplary components of a controller of the non-volatile memory
system of FIG. 1A.

[0008] FIG. 2B is a block diagram of exemplary components of a non-volatile memory die of the non-

volatile memory system of FIG. 1A.

[0009] FIG. 3 is a block diagram of the host device and NVMe controller illustrating a sequence for a
host device and a memory device to request and process an NVMe command.

[0010] FIG. 4 is a block diagram of other exemplary components of a host device and a memory device.
[0011] FIG. 5 is a flow chart for speculative execution of a command in the submission queue.

[0012] FIG. 6 is a flow chart for speculative execution of a read command in the submission queue.

DETAILED DESCRIPTION OF EMBODIMENTS

[0013] Overview

[0014] NVMe is based on a paired submission queue (SQ) and completion queue (CQ). The host device,
using host software, places commands into a respective submission queue. The memory device, via the
memory device controller, places entries on the associated completion queue, with the entries indicative of
completed execution of commands. In one implementation, submission queues and completion queues are

allocated in the host device memory, such as in a host memory buffer. The allocation for the queues in the host
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memory buffer may be physically located contiguously or non-contiguously. Thus, for submission queues
residing in host memory, the memory device controller performs a PCI Express (PCle) read from host memory
mn order to fetch the queue entries.

[0015] Alternatively, the submission queues and completion queues may be stored in the memory
device. For example, the Controller Memory Buffer (CMB) enables the host device to place the submission
queues and completion queucs in controller memory. Thus, a controller memory based queue is used in the
same manner as a host memory based queue, with the difference being that the memory address used is
located within the memory device (e.g., within the memory device controller’s own memory rather than in the
host memory). In particular, the Admin and/or I/O Queues may be placed in the CMB, as discussed in more
detail below. Thus, in one implementation, for a particular queue, all memory associated with the particular
queue resides entirely in either the CMB or in host memory. Submission queues in controller memory enable
the host software to directly write the entire submission queue entry to the memory device controller’s internal
memory space, thereby avoiding one read from the memory device controller to the host device.

[0016] Example types of queues include admin queues and I/O queues. The admin queue, such as the
admin submission and completion queues, is an administrative submission queue, which includes
administrative commands to the memory device. Example administrative commands include, but are not
limited to: Get Log Page (e.g., retrieves an NVMe log page from an NVMe device and provides the retuned
structure); Identify (e.g., returns a data buffer that describes information about the NVMe subsystem, the
controller or the namespaces), Get Features (e.g., retrieves the attributes of the Feature specified)/ and Set
Features (e.g., specifies the attributes of the Feature indicated). The administrative commands listed are
merely for illustration purposes. The I/0 queues may relate to data transfer, such as read commands (e.g.,
reading data from the flash memory) and write commands (e.g., writing data to the flash memory).

[0017] Typically, the host device first writes commands to the submission queue, and thereafter notifies
the memory device by updating the submission queue tail doorbell register, as discussed in more detail below.
In response to the notification by the host device of a command on the submission queue, the memory device
controller begins to process the command. In one implementation, the memory write request to the submission
queue tail doorbell register shall not have the relaxed ordering bit set, to ensure that it arrives at the memory
device controller after all writes to the CMB.

[0018] In one implementation, the memory device controller begins to process a command prior to
notification by the host device of the command on the submission queue (e.g., prior to notification via the
submission queue tail doorbell register). For example, the memory device may determine whether the host
device has written a command to the submission queue. This may be performed in one of several ways. In one
way, the memory device may monitor the NVMe submission queues physically located in the controller
memory buffer, thereby enabling the memory device to begin speculative execution of the commands even
before receiving the corresponding notification from the host device (e.g., the doorbell write transactions). In
another way, the memory device may monitor a communication interface between the host device and the
memory device (e.g., the ingress of the PCle bus) to determine whether the host device has sent any

communications indicative of writing a command to a submission queue.
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[0019] In response to the memory device determining that the host device has written command(s) to the
submission queue(s), the memory device may parse the command(s), and responsive to determining that one
or more new commands are on the submission queue, may begin the execution of the one or more new
commands in a speculative manner.

[0020] Various commands may be subject to speculative execution. For instance, a read command may
be subject to speculative read command execution, triggering a Read Look Ahead (RLA) algorithm. In
particular, the relevant data subject to the read command may be fetched from the flash memory to a temporal
buffer. When the host device notifies the memory device of the command (e.g., queues the relevant command
in by issuing a write transaction to the corresponding submission queue doorbell register), the data may be
fetched immediately from the temporal buffer and provided to the host device. In this regard, the RLA hit may
result in better flash memory latency (e.g., sense and transfer time) and thereby result in better performance.
As another instance, a write command may be subject to speculative write command execution. For example,
one or more steps for performing the write command, such as fetching the flash translation layer (FTL) table,
may be performed prior to the host device queuing the command. Thus, the overall performance of the
memory device may be improved.

[0021] In one implementation, the memory device selectively performs speculative execution of
commands. In a first specific implementation, the memory device may analyze the command, and based on the
type of command, may determine whether to speculatively begin execution of the command prior to
notification of the host device, via the doorbell register, of placement of the command on the submission
queue. As discussed herein, there are different types of commands, such as read commands, write commands,
and the like. In NVMe, the read command includes a pointer to a PRP list, with the PRP list indicating the
sections in host memory where the memory device is to write the data that was read from flash memory.
Likewise, the write command includes a pointer to a PRP list that indicates the sections in host memory where
the data to write to flash is located (i.c., the memory device uses the PRP list to read host memory locations
for data, with the read data being written to flash memory).

[0022] In a second specific implementation, the memory device may analyze at least one aspect of the
command, such as the priority of the command, may determine whether (or when) to speculatively begin
execution of the command prior to notification of the host device, via the doorbell register, of placement of the
command on the submission queue. As discussed in co-pending U.S. Application No. _ (attorney ref. no.
10519-3193 (SDA-2985-US), incorporated by reference herein in its entirety, the memory device may
determine priority for a command (or for performing one or more phases) based on one or more criteria
mcluding any one, any combination or all of the following: (1) priority of the respective command; (2)
mternals of the memory device (e.g., the state of the die or the processing capability of the memory device, as
discussed below); (3) power consumption; (4) state of the communication interface between the host device
and the memory device (e.g., the status of the ingress and/or egress path); and (5) the phases of the commands
subject to execution. Depending on the priority associated with the command, the memory device may
determine whether a command is subject to speculative execution. In one example, the memory device
determines the priority of a first command and a second command, the priority associated with the first

command being higher than the priority associated with the second command. Based on the determined
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priorities, the memory device performs speculative execution of the first command prior to, or instead of,
speculative execution of the second command. Alternatively, in the event that the memory device is
performing speculative execution of the second command, the memory device may halt performing
speculative execution of the second command and begin speculative execution of the first command in
response to determining that the host device has placed the first command on the submission queue and in
response to determining that the priority associated with the first command being higher than the priority
associated with the second command.

[0023] Thus, in the first and second specific implementations, the memory device performs the
speculative execution only on processes internal to the memory device, but not to processes that involve the
host device (e.g., that are external to or involve communication with the host device). In that regard, any
process involving the host device, such as a reading a PRP list on the host device, 1s not speculatively
performed. However, an internal process, such as reading from flash memory, performing error correction or
encryption/decryption, may be speculatively performed. In that regard, in a specific implementation, the
memory device may perform speculative execution of a read command, but not perform speculative execution
of a write command. More specifically, prior to receiving the doorbell notice from the host device, the
memory device speculatively performs certain processes in executing the read command, such as performing
the read from the flash memory, performing error correction and encryption, but does not perform other
processes related to communication with the host device, such as reading of the PRP list that is resident on the
host device.

[0024] One measure for NVMe command execution performance is the time between the host device
1ssuing a doorbell write to a submission queue and the memory device posting a completion message to a
completion queue. Using the speculative execution, this time may be reduced. In this regard, speculative
execution may improve performance for certain commands, such as read and write command, particularly in
low queue depths. Further, command execution latency, which may be measured on the PCle bus, may be
mmproved for various command types (e.g., read, write, and Admin commands). Finally, the speculative
execution may be implemented in either hardware or firmware, thereby simplifying implementation within the
memory device.

[0025] Typically, if the host device writes a command to the submission queue, the host device will
notify the memory device of the command (e.g., the command will eventually be queued-in by the host device
writing to the relevant tail doorbell register). Atypically, the host device may write a command to the
submission queue, and thereafter override the command with a different command and then queue the
different command. Regardless, the speculative execution may account for this atypical situation.

[0026] Embodiments

[0027] The following embodiments describe non-volatile memory devices and related methods for
processing of commands. Before turning to these and other embodiments, the following paragraphs provide a
discussion of exemplary non-volatile memory devices and storage modules that can be used with these
embodiments. Of course, these are just examples, and other suitable types of non-volatile memory devices

and/or storage modules can be used.
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[0028] FIG. 1A is a block diagram illustrating a non-volatile memory device 100. The non-volatile
memory device 100 may include a controller 102 and non-volatile memory that may be made up of one or
more non-volatile memory dies 104. As used herein, the term die refers to the set of non-volatile memory
cells, and associated circuitry for managing the physical operation of those non-volatile memory cells, that are
formed on a single semiconductor substrate. The controller 102 may interface with a host device or a host
system and transmit command sequences for read, program, and erase operations to the non-volatile memory
die(s) 104. As discussed below, the commands may include logical and/or physical addresses.

[0029] The controller 102 (which may be a flash memory controller) can take the form of processing
circuitry, a microprocessor or processor, and a computer-readable medium that stores computer-readable
program code (e.g., software or firmware) executable by the (micro)processor, logic gates, switches, an
application specific integrated circuit (ASIC), a programmable logic controller, and an embedded
microcontroller, for example. The controller 102 can be configured with hardware and/or firmware to perform
the various functions described below and shown in the flow diagrams. Also, some of the components shown
as being internal to the controller can also be stored external to the controller, and other components can be
used. Additionally, the phrase “operatively in communication with”” could mean directly in communication
with or indirectly (wired or wireless) in communication with through one or more components, which may or
may not be shown or described herein.

[0030] As used herein, a flash memory controller is a device that manages data stored on flash memory
and communicates with a host, such as a computer or electronic device. A flash memory controller can have
various functionality in addition to the specific functionality described herein. For example, the flash memory
controller can format the flash memory to ensure the memory is operating properly, map out bad flash
memory cells, and allocate spare cells to be substituted for future failed cells. Some part of the spare cells can
be used to hold firmware to operate the flash memory controller and implement other features. One example
of the firmware is a flash translation layer. In operation, when a host device needs to read data from or write
data to the flash memory, it will communicate with the flash memory controller. In one embodiment, if the
host device provides a logical address to which data is to be read/written, the flash memory controller can
convert the logical address received from the host to a physical address in the flash memory. The flash
memory controller can also perform various memory management functions, such as, but not limited to, wear
leveling (distributing writes to avoid wearing out specific blocks of memory that would otherwise be
repeatedly written to) and garbage collection (after a block is full, moving only the valid pages of data to a
new block, so the full block can be erased and reused).

[0031] The interface between the controller 102 and the non-volatile memory die(s) 104 may be any
suitable flash interface, such as Toggle Mode 200, 400, or 800. In one embodiment, the memory device 100
may be a card based system, such as a secure digital (SD) or a micro secure digital (micro-SD) card. In an
alternate embodiment, the system 100 may be part of an embedded memory device.

[0032] Although in the example illustrated in FIG. 1A, the non-volatile memory device 100 may include
a single channel between the controller 102 and the non-volatile memory die(s) 104, the subject matter
described herein is not limited to having a single memory channel. For example, in some NAND memory

device architectures, 2, 4, 8 or more NAND channels may exist between the controller and the NAND
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memory die(s) 104, depending on controller capabilities. In any of the embodiments described herein, more
than a single channel may exist between the controller and the memory die(s) 104, even if a single channel is
shown in the drawings.

[0033] FIG. 1B illustrates a storage module 200 that includes plural non-volatile memory devices 100.
As such, the storage module 200 may include a storage controller 202 that interfaces with a host 220 and with
a storage system 204, which includes a plurality of non-volatile memory devices 100. The interface between
the storage controller 202 and non-volatile memory devices 100 may be a bus interface, such as a serial
advanced technology attachment (SATA), a peripheral component interface express (PCle) interface, an
embedded MultiMediaCard (eMMC) interface, a SD interface, or a Universal Serial Bus (USB) interface, as
examples. The storage system 200, in one embodiment, may be a solid state drive (SSD), such as found in
portable computing devices, such as laptop computers and tablet computers, and mobile phones.

[0034] FIG. 1C 1s a block diagram illustrating a hierarchical storage system 250. The hierarchical storage
system 250 may include a plurality of storage controllers 202, each of which control a respective storage
system 204. Host systems 252 may access memories within the hierarchical storage system 250 via a bus
mterface. Example bus interfaces may include a non-volatile memory express (NVMe), a fiber channel over
Ethernet (FCoE) interface, an SD interface, a USB interface, a SATA interface, a PCle interface, or an eMMC
mterface as examples. In one embodiment, the hierarchical storage system 250 illustrated in FIG. 1C may be a
rack mountable mass storage system that is accessible by multiple host computers, such as would be found in a
data center or other location where mass storage is needed. In one embodiment, host systems 252 may include
the functionality described in host 220.

[0035] FIG. 2A is a block diagram illustrating exemplary components of the controller 102 in more
detail. The controller 102 may include a front end module 108 that interfaces with a host, a back end module
110 that interfaces with the non-volatile memory die(s) 104, and various other modules that perform various
functions of the non-volatile memory device 100. In general, a module may be hardware or a combination of
hardware and software. For example, each module may include an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA), a circuit, a digital logic circuit, an analog circuit, a
combination of discrete circuits, gates, or any other type of hardware or combination thereof. In addition or
alternatively, each module may include memory hardware that comprises instructions executable with a
processor or processor circuitry to implement one or more of the features of the module. When any one of the
module includes the portion of the memory that comprises instructions executable with the processor, the
module may or may not include the processor. In some examples, each module may just be the portion of the
memory that comprises instructions executable with the processor to implement the features of the
corresponding module without the module including any other hardware. Because each module includes at
least some hardware even when the included hardware comprises software, each module may be
mterchangeably referred to as a hardware module.

[0036] The controller 102 may include a buffer manager/bus control module 114 that manages buffers in
random access memory (RAM) 116 and controls the internal bus arbitration for communication on an internal
communications bus 117 of the controller 102. A read only memory (ROM) 118 may store and/or access

system boot code. Although illustrated in FIG. 2A as located separately from the controller 102, in other
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embodiments one or both of the RAM 116 and the ROM 118 may be located within the controller 102. In yet
other embodiments, portions of RAM 116 and ROM 118 may be located both within the controller 102 and
outside the controller 102. Further, in some implementations, the controller 102, the RAM 116, and the ROM
118 may be located on separate semiconductor dies. As discussed below, in one implementation, the
submission queues and the completion queues may be stored in the Controller Memory Buffer, which may be
housed in RAM 116.

[0037] Additionally, the front end module 108 may include a host interface 120 and a physical layer
mterface (PHY) 122 that provide the electrical interface with the host or next level storage controller. The
choice of the type of the host interface 120 can depend on the type of memory being used. Examples types of
the host interface 120 may include, but are not limited to, SATA, SATA Express, SAS, Fibre Channel, USB,
PCle, and NVMe. The host interface 120 may typically facilitate transfer for data, control signals, and timing
signals.

[0038] The back end module 110 may include an error correction controller (ECC) engine 124 that
encodes the data bytes received from the host, and decodes and error corrects the data bytes read from the non-
volatile memory die(s) 104. As discussed in more detail below, the ECC engine may be tunable, such as to
generate different amounts of ECC data based on the mode (e.g., generate normal mode ECC data in normal
programming mode and generate burst mode ECC data in burst programming mode, with the burst mode ECC
data being greater than the normal mode ECC data). The back end module 110 may also include a command
sequencer 126 that generates command sequences, such as program, read, and erase command sequences, to
be transmitted to the non-volatile memory die(s) 104. Additionally, the back end module 110 may include a
RAID (Redundant Array of Independent Drives) module 128 that manages generation of RAID parity and
recovery of failed data. The RAID parity may be used as an additional level of integrity protection for the data
being written into the non-volatile memory device 100. In some cases, the RAID module 128 may be a part of
the ECC engine 124. A memory interface 130 provides the command sequences to the non-volatile memory
die(s) 104 and receives status information from the non-volatile memory die(s) 104. Along with the command
sequences and status information, data to be programmed into and read from the non-volatile memory die(s)
104 may be communicated through the memory interface 130. In one embodiment, the memory interface 130
may be a double data rate (DDR) interface, such as a Toggle Mode 200, 400, or 800 interface. A flash control
layer 132 may control the overall operation of back end module 110.

[0039] Thus, the controller 102 may include one or more management tables for managing operations of
storage system 100. One type of management table includes logical-to-physical address mapping table. The
size of logical-to-physical address mapping table may grow with memory size. In this regard, the logical-to-
physical address mapping table for high capacity storage device (e.g., greater than 32G) may be too large to
store in SRAM, are may be stored in non-volatile memory 104 along with user and host data. Therefore,
accesses to non-volatile memory 104 may first require reading the logical-to-physical address mapping table
from non-volatile memory 104.

[0040] Additional modules of the non-volatile memory device 100 illustrated in FIG. 2A may include a
media management layer 138, which performs wear leveling of memory cells of the non-volatile memory die

104. The non-volatile memory device 100 may also include other discrete components 140, such as external
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electrical interfaces, external RAM, resistors, capacitors, or other components that may interface with
controller 102. In alternative embodiments, one or more of the RAID module 128, media management layer
138 and buffer management/bus controller 114 are optional components that may not be necessary in the
controller 102.

[0041] Other modules of the non-volatile memory device 100 illustrated in FIG. 2A may include host
command written module 111, speculative command execution module 112, and host overwrite determination
module 113. These modules are shown as separate from the other modules of the non-volatile memory device
100, although in other configurations, one or more of them may be part of any of the other modules.

[0042] As discussed in more detail below, the memory device may determine whether the host device
has written to the submission queue prior to the host device formally notifying the memory device using the
host command written module 111. Further, in response to the memory device determining that the host has
written a command to the submission queue, the speculative command execution module 112 may begin to
execute the command prior to formal notice from the host device. In addition, the host overwrite determination
module 113 may determine whether the host device has overwritten the command that is subject to the
speculative execution, as discussed in more detail below.

[0043] FIG. 2B is a block diagram illustrating exemplary components of a non-volatile memory die 104
in more detail. The non-volatile memory die 104 may include a non-volatile memory array 142. The non-
volatile memory array 142 may include a plurality of non-volatile memory elements or cells, each configured
to store one or more bits of data. The non-volatile memory elements or cells may be any suitable non-volatile
memory cells, including NAND flash memory cells and/or NOR flash memory cells in a two dimensional
and/or three dimensional configuration. The memory cells may take the form of solid-state (¢.g., flash)
memory cells and can be one-time programmable, few-time programmable, or many-time programmable. In
addition, the memory elements or cells may be configured as single-level cells (SLCs) that store a single bit of
data per cell, multi-level cells (MLCs) that store multiple bits of data per cell, or combinations thereof. For
some example configurations, the multi-level cells (MLCs) may include triple-level cells (TLCs) that store
three bits of data per cell.

[0044] Additionally, a flash memory cell may include in the array 142 a floating gate transistor (FGT)
that has a floating gate and a control gate. The floating gate 1s surrounded by an insulator or insulating
material that helps retain charge in the floating gate. The presence or absence of charges inside the floating
gate may cause a shift in a threshold voltage of the FGT, which is used to distinguish logic levels. That is,
each FGT’s threshold voltage may be indicative of the data stored in the memory cell. Hereafter, FGT,
memory element and memory cell may be used interchangeably to refer to the same physical entity.

[0045] The memory cells may be disposed in the memory array 142 in accordance with a matrix-like
structure of rows and columns of memory cells. At the intersection of a row and a column is a FGT (or
memory cell). A column of FGTs may be referred to as a string. FGTSs in a string or column may be
electrically connected in series. A row of FGTs may be referred to as a page. Control gates of FGTs in a page
or row may be electrically connected together.

[0046] The memory array 142 may also include wordlines and bitlines connected to the FGTs. Each page

of FGTs is coupled to a wordline. In particular, each wordline may be coupled to the control gates of FGTs in
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a page. In addition, each string of FGTs may be coupled to a bitline. Further, a single string may span across
multiple wordlines, and the number of FGTs in a string may be equal to the number of pages in a block.
[0047] The non-volatile memory die 104 may further include a page buffer or data cache 144 that caches
data that is sensed from and/or that is to be programmed to the memory array 142. The non-volatile memory
die 104 may also include a row address decoder 146 and a column address decoder 148. The row address
decoder 146 may decode a row address and select a particular wordline in the memory array 142 when reading
or writing data to/from the memory cells in the memory array 142. The column address decoder 148 may
decode a column address to select a particular group of bitlines in the memory array 142 to be electrically
coupled to the data cache 144.
[0048] In addition, the non-volatile memory die 104 may include peripheral circuitry 150. The peripheral
circuitry 150 may include a state machine 151 that provides status information to the controller 102. Other
functionality of the state machine 151 is described in further detail below.
[0049] FIG. 3 illustrates a sequence of steps for executing a command via the NVMe standard. As
shown, the host device 300 includes host memory 302, and the memory device includes a controller, such as
an NVMe controller 310. In one implementation, the host memory 302 includes a submission queue 304 and a
completion queue 306. In practice, at the initialization phase, the host device 300 creates one or more
submission queues and one or more corresponding completion queues. As discussed above, in one
immplementation, the submission queues and completion queues may have a 1:1 correlation, and in another
immplementation, the submission queues and completion queues do not have a 1:1 correlation.
[0050] For mitialization, the host device 300 may notify the memory device of the submission queue(s)
and completion queue(s) by sending information, such as the base address for each queue to the memory
device. In that regard, each submission queue has a corresponding completion queue. When the submission
queue and the completion queue are resident in the host device, the host device sends information to the
memory device in order for the memory device to determine the locations of the submission queue and the
completion queue in the host device. In a specific implementation, the host device sends a command
mdicating the creation of the submission queue and the completion queue. The command may include a PRP1
pointer, which is a pointer to a list on the host device of the locations of the specific submission queue or the
specific completion queue. In practice, the memory device sends a TLP read request using the PRP1 in order
to obtain the PRP list, and stores the PRP list in the memory device to determine the memory locations within
the host device for use in future commands to read from the specific submission queue or write to the specific
completion queue. Alternatively, the host device 300 may instruct the memory device to create the submission
queue(s) and corresponding completion queue(s) in a memory resident in the memory device, such as a
controller memory buffer.
[0051] The submission queue 304 may be based on a ring buffer, such as shown in FIG. 3, with a head
pointer and a tail pointer. After creating the submission queue(s) and notifying the memory device about the
created submission queue(s), the host device 300 may write a command (or several commands) to the
submission queue. This is indicated in FIG. 3 as step 1, labeled “Queue Command”™. In particular, FIG. 3
illustrates that four commands were written to the submission queue. In one implementation, the memory

device is unaware that the host device 300 has updated the submission queue 304 with four commands, since
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the host device 300 updated its own host memory 302. In another implementation (such as when the
submission queue(s) and completion queue(s) are resident in the controller memory buffer), the memory
device may monitor a communication interface between the host device 300 and the memory device for
particular communications, such as writing to the submission queue(s) resident on the memory device. For
example, the memory device can monitor the transport layer packets (TLPs) on the PCI Express bus to
determine whether the host device 300 has sent a TLP that results in an update to the submission queue
resident in the controller memory buffer. In that regard, the memory device may identify one or more entries
being written to the submission queue(s).
[0052] In step 2, the host device 300 writes to a submission queue tail doorbell register 312 in the
memory device. This writing to the submission queue tail doorbell register 312 signifies to the memory device
that the host device queued one or more commands in this specific submission queue 304 (e.g., 4 commands
as illustrated in FIG. 3). The writing to the submission queue tail doorbell register 312 may take one of
several forms. In one way, the host device 300 indicates a new tail for the submission queue 304, thereby
mdicating the number of commands written to the submission queue 304. Thus, since the memory device is
aware of the base address for the submission queue 304, the memory device only needs to know the tail
address to indicate the number of new commands written to the submission queue 304. After a command (or a
set of commands) is processed, the memory device then sets the new head of the submission queue 304
accordingly. So that, the tail pointer may represent an “offset” from the head pointer. In another way, the host
device 300 indicates a number of commands written to the submission queue 304. In practice, each submission
queue 304 has a corresponding submission queue tail doorbell register in the memory device, so that when the
host device 300 updates a particular doorbell register (correlated to a particular submission queue 304), the
memory device can determine, based on the doorbell register, which particular submission queue 304 has been
updated.
[0053] After step 2 (whereby the memory device is notified of command(s) on the submission queue
304) and before step 3 (whereby the memory device fetches the command(s)), the memory device is aware
that there are command(s) pending in the submission queue 304. In the general case, there may be several
submission queues (with potentially many pending commands in the several submission queues). Thus, before
performing step 3, the memory device controller may arbitrate between the various submission queues to
select the particular submission queue from which to fetch the command(s).
[0054] Responsive to determining which particular submission queue 304 from which to fetch the
command(s), at step 3, the memory device fetches the command(s) from the particular submission queue 304.
In practice, the memory device may access the base address of the particular submission queue 304 plus the
pointer on the current head pointer implemented in the host device 300.
[0055] As discussed above, the submission queue or completion queue may be assigned an area of
memory (such as in the host device or in the controller memory buffer in the memory device). The submission
queue and completion queues may include multiple entries, each associated with a specific command. The size
of each entry may be a predetermined size, such as 64Kb. In this regard, entries within the submission queue
may be determined using the base address for the submission queue, and by offsetting the base address with

the number of entries multiplied by the size of each entry (e.g., 64KDb).
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[0056] As discussed above, the memory device is aware of the tail pointer, having been notified via step
2. Thus, the memory device can obtain all of the new commands from the submission queue 304. In a
submission queue resident in the host device, the memory device may send a TLP request to obtain the
command(s) from the submission queue 304. Responsive to receipt of the TLP request, the host device 300
sends a completion TLP message with the commands in the submission queue 304. In this regard, at end of
step 3, the memory device receives the command(s) from the submission queue 304.

[0057] At step 4, the memory device processes the command. In one implementation, the memory device
parses the commands, and determines the steps to execute the commands (e.g., read/write/etc.). For example,
the command may comprise a read command. Responsive to receipt of the read command, the memory device
parses the read command, implements the address translation, and accesses the flash to receive the data. After
receiving the data, the memory device causes the data to be stored on the host device based on information in
the command (e.g., the PRP 1 discussed below). As another example, the command may comprise a write
command. Responsive to receipt of the write command, the memory device parses the write command,
determines the location of the data on the host device subject to the write, reads the data from the location on
the host device, and writes the data to flash memory.

[0058] In particular, the memory device may receive a read command or write command with a PRP1
pointer. For example, a read command, in which the host device requests the memory device to read from the
flash memory, includes a PRP1 pointer, which points to a PRP list. The memory device obtains the PRP list in
order to determine the memory locations within the host device to write the data that was read from the flash
memory. As another example, a write command, in which the host device requests the memory device to write
data to the flash memory, includes a PRP1 pointer, which points to a PRP list. The memory device obtains the
PRP list in order to determine the memory locations within the host device to read the data from (and
thereafter save the read data to the flash memory).

[0059] Each entry in the PRP list may be associated with a certain section in the host device memory,
and may be a predetermined size, such as 4Kb. Thus, in a 1Mb transfer, there may be 250 references in the
PRP list, each 4Kb in size. In practice, the memory device may retrieve data out of sequence. This may be due
to the data subject to retrieval being on several flash dies, with the dies being available for data retrieval at
different times. For example, the memory device may retrieve the data corresponding to 100-200Kb of the
1Mb transfer before retrieving the data corresponding to 0-100Kb of the 1Mb transfer. Nevertheless, because
the memory device has the PRP list (and therefore knows the memory locations the host device expects the
data corresponding to 100-200KDb to be stored), the memory device may transfer the data corresponding to
100-200Kb of the 1Mb transfer without having first retrieved the data corresponding to 0-100Kb of the 1Mb
transfer.

[0060] In NVMe, there may be a multitude of PCle TLPs to transfer the data from the memory device to
the host device 300. Typically, the transferred data is stored in the host memory 302 of the host device 300
based on an indication in the command (e.g., the command may include an address at which to store the
requested data).

[0061] After completing the data transfer, at step 5, the memory device controller sends a completion

message to the relevant completion queue 306. As mentioned above, at the initialization phase, the host device
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300 associates submission queues with completion queues. So that, the host device 300 is aware of commands
that are completed in the submission queue based on which completion queue the memory device writes to.
The completion message may contain information as to the processing of the command(s), such as whether the
command was completed successfully or whether there was an error when executing the command.
[0062] After step 5, the host device 300 is unaware that the memory device posted to the completion
queue 306. This is due to the memory device causing data to be written to the completion queue 306. In that
regard, at step 6, the memory device notifies the host device 300 that there has been an update to the
completion queue 306. In particular, the memory device posts an interrupt to the host device 300 (e.g., in
NVMe, the host device 300 may use an MSle interrupt).
[0063] Responsive to receiving the interrupt, the host device 300 determines that there are one or more
completion entries pending for the host device 300 in this completion queue 306. At step 7, the host device
300 then processes the entries in the completion queue 306.
[0064] After the host processes the entries from the completion queue 306, at step 8, the host device 300
notifies the memory device of the entries that the host device 300 processed from the completion queue 306.
This may be performed by updating a completion queue head doorbell register 314 indicative to the memory
device that the host device 300 processed one or more entries from the completion queue 306. Responsive to
updating the completion queue head doorbell register 314, the memory device updates the head of the
completion queue 306. Given the new head, the memory device is aware as to which entries in the completion
queue 306 have already been processed by the host device 300 and may be overwritten.
[0065] FIG. 4 is a block diagram of other exemplary components of a host device 400 and a memory
device 420. The host device 400 includes host memory 402, which may comprise Physical Region Page (PRP)
404, data buffers 406, and other memory 408.
[0066] FIG. 4 further illustrates a communication interface between the host device 400 and the memory
device 420. In a first implementation (not illustrated in FIG. 4), the communication interface between the host
device and the memory device is simplex, with communications to and communications from the memory
device on the same path. In a second implementation (illustrated in FIG. 4), the communication interface
between the host device 400 and the memory device 420 is duplex, with a separate ingress path and a separate
egress path. The ingress path, from the perspective of the memory device 420, includes incoming requests
from the host device 400 to the memory device 420. Conversely, the egress path, from the perspective of the
memory device 420, includes outgoing requests from the memory device 420 to the host device 400.
[0067] The incoming requests (requests from the host device 400 to the memory device 420) may be
segmented in different ways, such as incoming read requests and incoming write requests. For example, the
host device 400 may send, via the ingress path, a read request to read a section of memory in the memory
device 420 or a write request to write to a section of memory in the memory device 420. Likewise, the
memory device 420 may send, via the egress path, a read request to a section of memory in the host device
400 or a write request to write to a section of memory in the host device 400.
[0068] In practice using NVMe, there may be a series of read requests (a request by the host device to
read a data resident on the memory device, and vice-versa) and a series of write requests (a request by the host

device to write data to a location resident on the memory device, and vice-versa). In particular, in NVMe, the
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memory device and the host device communicate with one another using transaction layer packet (TLP)
requests, such as TLP read requests to perform a read on the other device, or TLP write requests to perform a
write on the other device. In one example (with the SQ and the CQ resident on the host device), responsive to
a TLP write request (sent via the ingress path) by the host device to the doorbell register on the memory
device (with the write to the doorbell register indicating that there i1s a command on the SQ), the memory
device uses a TLP read request (sent via the egress path) to fetch the write command from the SQ (which is
resident on the host device). Thus, the write command is a request for the memory device to write data to the
non-volatile memory. The memory device then parses the write command for information, such as an
idication of a PRP pointer (e.g., PRP1) to a PRP list. The PRP list is a series of information, such as pointers
or addresses, that indicates the location of the data in the host device. The memory device then uses another
TLP read request to read data from the pointers or address in the PRP list. Thereafter, the memory device
performs the write by storing the data in non-volatile memory (e.g., flash memory) on the memory device.
After storing the data, the memory device uses a TLP write request to write an entry to the CQ (indicating that
the write command has been completed). Finally, the memory device uses a TLP write request to generate an
mterrupt to the host device, with the interrupt signaling to the host device that there is an entry on the CQ.
Responsive to the interrupt, the host device reads the entry on the CQ, and then 1ssues a TLP write request to
CQ Doorbell Write register indicating that the host device has reviewed the entry on the CQ.

[0069] As another example (again with the SQ and the CQ resident on the host device), responsive to a
TLP write request by the host to the doorbell register on the memory device (with the write to the doorbell
register indicating that there i1s a command on the SQ), the memory device uses a TLP read request to fetch the
read command from the SQ (which is resident on the host device). Thus, the read command is a request for the
memory device to read data from the non-volatile memory and to send the read data to the host device. The
memory device then reads the non-volatile memory (e.g., flash memory) to read the data. The memory device
can perform a series of operations on the data, such as error correction, encryption/decryption, etc., with
storage buffers interspersed between each of the serial operation. The memory device may then parse the read
command for information, such as an indication of a PRP pointer (e.g., PRP1) to a PRP list. The PRP list is a
series of information, such as pointers or addresses, that indicates the location in the host device to store the
data that was read from non-volatile memory (and optionally error corrected, encrypted, etc.). The memory
device uses a TLP read request to read data from the pointers or address in the PRP list. Thereafter, the
memory device uses a TLP write request to write the data that was read from non-volatile memory. After
writing the data to the host device, the memory device uses a TLP write request to write an entry to the CQ
(indicating that the read command has been completed). Finally, the memory device uses a TLP write request
to generate an interrupt to the host device, with the interrupt signaling to the host device that there 1s an entry
on the CQ. Responsive to the interrupt, the host device reads the entry on the CQ, and then issues a TLP write
request to CQ Doorbell Write register indicating that the host device has reviewed the entry on the CQ.

[0070] Optionally, the CQ and SQ may be resident in the memory device, such as in the Controller
Memory Buffer (CMB). In that instance, the host device may send a TLP write request (sent via the ingress
path) to the memory device to write to the SQ. Likewise, the memory device may send a TLP write request

(sent via the egress path) to generate an interrupt to the host device.
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[0071] Memory device 420 includes the memory device controller 422 and memory arrays 446. Memory
arrays 446 may be segmented in various ways, such as in 10 sections as illustrated in FIG. 4. The memory
device controller 422 may incorporate one or all of a PCle MAC and PHY interface 424. The memory device
controller 422 may also include one or more processors 450.

[0072] The memory device controller 422 further includes the Controller Memory Buffer (CMB) 426
which is allocated for the host device 400. As discussed above, the various queues, including the submission
queues and completion queues, may be resident in the host device or in the memory device. As shown in FIG.
4, the queues are resident in CMB 426 in memory device 420, such as the submission queues 428. In addition,
CMB 426 may include other data 430.

[0073] Command parser 432 is configured to monitor one or more internal buses, such as the bus from
PCle MAC and PHY interface 424 to CMB 426. Command parser 432 1s further configured to parse the
NVMe commands written by the host device 400 in real-time (or as the commands are transmitted internally
within memory device 420) and to select the commands that are candidates for a speculative execution.
Command parser 432 may queue those commands in the speculative command executer 434, which may be
implemented either in hardware or firmware. As discussed in more detail below, based on resources internal to
memory device 420, speculative command executer 434 may start the execution phase of those commands
even before formal notice of the commands from host device 400.

[0074] Flash interface module 440 is configured to control and access the memory arrays 446. For
example, flash interface module 440 may interact with the memory arrays 446 mainly for read and write
operations. Scheduler 440 is configured to control the data transfer while activating the control path 436 for
fetching PRPs, posting completion (e.g., step 5 in FIG. 3) and interrupts (e.g., step 6 in FIG. 3), and activating
the DMAs 438 for the actual data transfer between host device 400 and memory device 420. The error
correction engine 442 is configured to correct the data fetched from the memory arrays 446.

[0075] In one implementation, speculative command execution does not speculatively post any related
transaction to the host device 400. Rather, the posting completion may be performed only after command
queuing, which may be performed by a write to the relevant doorbell register (see step 3 in FIG. 3).

[0076] Though FIG. 4 includes the queues, such as submission queue 428, in CMB 426 resident in
memory device 420, speculative execution may be performed when the queues, such as the sequential queues
are resident in the host device 400. In this case, sequential queues may be stored in Host DRAM. In some
applications, it may be beneficial to pre-fetch commands from the next slots in the sequential queues even
before the host device 400 provides notice to the memory device 420 (e.g., writes to the doorbell register in
step 2 of FIG. 3). In such implementations, the memory device holds internally the previous commands which
were queued in the past by the host device 400 in the same slots. When pre-fetching the commands, the
memory device 420 may first detect whether new commands are placed in those slots by the host device 400,
or the previous commands are still there. If there are new available commands, the memory device 420 may
begin the speculative execution even before the host device 400 issues the doorbell write. Thus, the memory
device 420 may communicate via PCle MAC PHY interface 424 to pre-fetch the new commands resident in

the submission queues on the host device 400.
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[0077] FIG. 5 is a flow chart 500 for speculative execution of a command in the submission queue. At
502, the host device 400 writes a command to the submission queue 428 located in CMB 426. At 504, the
command parser 432 parses the command in real-time while the command is written to CMB 426. At 506, the
command parser 432 determines whether to speculatively execute the command or not. In particular, the
command parser 432 may analyze one or more aspects in order to determine whether to perform speculative
execution. In one implementation, the command parser 432 analyzes the command itself (e.g., the type of the
command) to determine whether to perform speculative execution. As one example, in response to the
command parser 432 determining that the command is a read command, speculative execution is performed.
In this instance, at 510, the memory device may access the memory array 446 and pre-fetch some (or all) of
the data responsive to the read command, prepare to enter a special state or prepare a database. Conversely,
there are certain NVMe commands where there is no added value for a speculative execution. In that regard, at
508, execution of these certain NVMe commands will begin only after the host device notifies of the
command (e.g., via step 2 of FIG. 3).

[0078] In another implementation, the command parser 432 analyzes the available internal resources of
the memory device 420 to determine whether to perform speculative execution. As one example, in response
to the command parser 432 determining that the memory device 420 has sufficient internal resources to
perform the speculative execution, the command parser 432 determines to perform speculative execution.
Conversely, if at a certain point, there are no available resources in the memory device required for execution
of the command, the command may be executed later, and even after host command queuing. In still another
implementation, the command parser 432 analyzes both the command and the internal resources of the
memory device in determining whether to perform speculative execution. Thus, if there are available resources
and if the command is a candidate for a speculative execution, the memory device will start the speculative
execution phase.

[0079] There are instances where the host device 400 may override a command after the command is
placed in the submission queue 428. Thus, at 512, the memory device determines whether the host device 400
has overwritten the commands before queuing it. If so, at 514, speculative execution of the overwritten
command is canceled. Otherwise, at 516, it is determined whether the host device 400 has queued the
command by writing to the relevant doorbell register (e.g., step 2 of FIG. 3). If not, flow chart 500 loops back
to 512 and waits to determine if an overwrite occurred. If so, at 518, the memory device 420 may continue the
execution of the command normally while taking advantage of the speculative execution. As one example,
speculative execution of a read command may comprise reading data from the memory arrays 446 and storing
the read data into temporary memory buffers, as discussed with regard to FIG. 6.

[0080] FIG. 6 is a flow chart 600 for speculative execution of a read command in the submission queue.
As discussed above, when the host device 400 writes a command to the submission queue that requires a read
access to the flash memory arrays, the read operation may start at this point in a speculative way (e.g., a Read
Look Ahead). Thus, at 602, it is determined whether the host device has written a command that requires read
access. If so, at 604, memory device controller 422 may access the memory arrays 446, at 606, read the
relevant pages and, at 608, store the read relevant pages in a temporal buffer. As discussed above, data read

from the memory arrays 446 (such as the flash memory) may be subject to post-read processing, such as error

15



WO 2018/175039 PCT/US2018/019905
correction and/or encryption/decryption. For example, the read data may first be analyzed for errors and, using
ECC controller 124, correct for errors in the read data. The error-corrected data may then be subject to
encryption or decryption, and then stored in the temporal buffer.

[0081] At 610, the memory device controller 422 determines whether the host device 400 has queued the
command. When the host device 400 queues the command in, at 612, it is determined whether the command
has been overwritten. If not, at 614, the data can be retrieved from the temporal buffer rather than fetching it
from the flash memory arrays. In this regard, in one implementation, the data stored in the temporal buffer is
transmitted to the host only after the host device 400 queues the command in. In a more specific
immplementation, the memory device may retrieve error-corrected decrypted data from the temporal buffer for
transmission to the host device. In this way, the memory device can perform the functions of retrieval, error
correction, and encryption or decryption prior to the host device queuing the command (e.g., the host device
performing step 2 in FIG. 3).

[0082] Conversely, during the time the data is stored in the temporal buffer, the host device 400 may
have overwritten the command. In this case, at 614, the new data 1s provided for the relevant read command.
[0083] Because of the speculative execution, when the host device 400 queues the command, the
memory device may access the temporary memory buffers to transfer the read data to the host device. This is
in contrast to conventional execution of the command, which reads the data from the memory arrays in
response to the queuing of the command. Thus, with regard to read commands, the speculative execution may
be quicker since reading the data from the temporary buffers is quicker than reading the data from the memory
arrays 446. The benefit in this case might be significant since the read performance of low queue depths can
be casily increased.

[0084] Commands, other than read commands, may be candidates for speculative execution. As one
example, write commands may be speculatively executed. In particular, for flash write operations, the
speculative execution may comprise fetching the flash translation layer (FTL) table used for address
translations (e.g., logical block to physical block translation table). As another example, power management
commands may be speculatively executed. In particular, the host device 400 may request the memory device
to enter a specific NVMe power state using the Set Features command. The speculative execution in this case
may include flushing all internal caches to the flash memory array and other preparation related to this special
state. As still another example, flush commands may be speculatively executed. In particular, the host device
400 may send flush commands. In response, the memory device 420 flushes its temporal buffers to the media
and then posts a completion to the host device 400. For a speculative flush operation, the memory device 420
may start the flush operation as usual. In a worst case scenario, the host device may overwrite the command
(e.g., will not queue the command). Nevertheless, even if the memory device 420 performs the flush
operation, the memory device 420 has not violated any rule.

[0085] Lastly, as mentioned above, any suitable type of memory can be used. Semiconductor memory
devices include volatile memory devices, such as dynamic random access memory (“DRAM?™) or static
random access memory (“SRAM™) devices, non-volatile memory devices, such as resistive random access
memory (“ReRAM?), electrically erasable programmable read only memory (“EEPROM”), flash memory
(which can also be considered a subset of EEPROM), ferroelectric random access memory (“FRAM?™), and
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magnetoresistive random access memory (“MRAM?), and other semiconductor elements capable of storing
mformation. Each type of memory device may have different configurations. For example, flash memory
devices may be configured in a NAND or a NOR configuration.

[0086] The memory devices can be formed from passive and/or active elements, in any combinations. By
way of non-limiting example, passive semiconductor memory elements include ReRAM device clements,
which in some embodiments include a resistivity switching storage element, such as an anti-fuse, phase
change material, etc., and optionally a steering element, such as a diode, etc. Further by way of non-limiting
example, active semiconductor memory elements include EEPROM and flash memory device elements, which
i some embodiments include clements containing a charge storage region, such as a floating gate, conductive
nanoparticles, or a charge storage dielectric material.

[0087] Multiple memory elements may be configured so that they are connected in series or so that each
element is individually accessible. By way of non-limiting example, flash memory devices in a NAND
configuration (NAND memory) typically contain memory elements connected in series. A NAND memory
array may be configured so that the array is composed of multiple strings of memory in which a string is
composed of multiple memory elements sharing a single bit line and accessed as a group. Alternatively,
memory elements may be configured so that each element is individually accessible, e.g., a NOR memory
array. NAND and NOR memory configurations are exemplary, and memory elements may be otherwise
configured.

[0088] The semiconductor memory elements located within and/or over a substrate may be arranged in
two or three dimensions, such as a two dimensional memory structure or a three dimensional memory
structure.

[0089] In a two dimensional memory structure, the semiconductor memory clements are arranged in a
single plane or a single memory device level. Typically, in a two dimensional memory structure, memory
elements are arranged in a plane (e.g., in an x-z direction plane) which extends substantially parallel to a major
surface of a substrate that supports the memory elements. The substrate may be a wafer over or in which the
layer of the memory elements are formed or it may be a carrier substrate which is attached to the memory
elements after they are formed. As a non-limiting example, the substrate may include a semiconductor such as
silicon.

[0090] The memory elements may be arranged in the single memory device level in an ordered array,
such as in a plurality of rows and/or columns. However, the memory elements may be arrayed in non-regular
or non-orthogonal configurations. The memory elements may each have two or more electrodes or contact
lines, such as bit lines and word lines.

[0091] A three dimensional memory array is arranged so that memory elements occupy multiple planes
or multiple memory device levels, thereby forming a structure in three dimensions (i.e., in the x, y and z
directions, where the v direction is substantially perpendicular and the x and z directions are substantially
parallel to the major surface of the substrate).

[0092] As anon-limiting example, a three dimensional memory structure may be vertically arranged as a
stack of multiple two dimensional memory device levels. As another non-limiting example, a three

dimensional memory array may be arranged as multiple vertical columns (e.g., columns extending
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substantially perpendicular to the major surface of the substrate, 1.¢., in the y direction) with each column
having multiple memory elements in cach column. The columns may be arranged in a two dimensional
configuration, e.g., in an x-z plane, resulting in a three dimensional arrangement of memory elements with
elements on multiple vertically stacked memory planes. Other configurations of memory elements in three
dimensions can also constitute a three dimensional memory array.

[0093] By way of non-limiting example, in a three dimensional NAND memory array, the memory
clements may be coupled together to form a NAND string within a single horizontal (e.g., x-z) memory device
levels. Alternatively, the memory elements may be coupled together to form a vertical NAND string that
traverses across multiple horizontal memory device levels. Other three dimensional configurations can be
envisioned wherein some NAND strings contain memory elements in a single memory level while other
strings contain memory elements which span through multiple memory levels. Three dimensional memory
arrays may also be designed in a NOR configuration and in a ReRAM configuration.

[0094] Typically, in a monolithic three dimensional memory array, one or more memory device levels
are formed above a single substrate. Optionally, the monolithic three dimensional memory array may also
have one or more memory layers at least partially within the single substrate. As a non-limiting example, the
substrate may include a semiconductor such as silicon. In a monolithic three dimensional array, the layers
constituting each memory device level of the array are typically formed on the layers of the underlying
memory device levels of the array. However, layers of adjacent memory device levels of a monolithic three
dimensional memory array may be shared or have intervening layers between memory device levels.

[0095] Then again, two dimensional arrays may be formed separately and then packaged together to
form a non-monolithic memory device having multiple layers of memory. For example, non-monolithic
stacked memories can be constructed by forming memory levels on separate substrates and then stacking the
memory levels atop each other. The substrates may be thinned or removed from the memory device levels
before stacking, but as the memory device levels are initially formed over separate substrates, the resulting
memory arrays are not monolithic three dimensional memory arrays. Further, multiple two dimensional
memory arrays or three dimensional memory arrays (monolithic or non-monolithic) may be formed on
separate chips and then packaged together to form a stacked-chip memory device.

[0096] Associated circuitry is typically required for operation of the memory elements and for
communication with the memory elements. As non-limiting examples, memory devices may have circuitry
used for controlling and driving memory elements to accomplish functions such as programming and reading.
This associated circuitry may be on the same substrate as the memory elements and/or on a separate substrate.
For example, a controller for memory read-write operations may be located on a separate controller chip
and/or on the same substrate as the memory elements.

[0097] It 1s intended that the foregoing detailed description be understood as an illustration of selected
forms that the invention can take and not as a definition of the invention. It is only the following claims,
mcluding all equivalents, that are intended to define the scope of the claimed invention. Finally, it should be
noted that any aspect of any of the preferred embodiments described herein can be used alone or in

combination with one another.
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CLAIMS
1. A method comprising:

prior to a host device notifying a memory device that a command 1s posted to a submission queue, the
memory device:

reading the command from the submission queue; and
processing the command;

determining whether the host device has notified the memory device that the command is posted to
the submission queue; and

in response to determining that the host device has notified the memory device that the command is
posted to the submission queue, notifying the host device of completion of the command via a completion
queue.
2. The method of claim 1, further comprising determining whether the host device has overridden the
command posted to the submission queue.
3. The method of claim 2, further comprising, in response to determining that the host device has
overridden the command posted to the submission queue, canceling processing of the command.
4. The method of claim 1, wherein:

the command comprises a read command; and

processing the command prior to the host device notifying the memory device that the command is
posted to the submission queue comprises reading data from non-volatile memory and storing the read data in

volatile memory.

5. The method of claim 4, wherein processing the command further comprises error correcting the read
data.
6. The method of claim 1, wherein:

the command comprises a flush command indicative to the memory device to flush internal caches to
non-volatile memory; and

processing the command prior to the host device notifying the memory device that the command 1s
posted to the submission queue comprises writing at least a part of data in the internal caches to non-volatile
memory.
7. The method of claim 6, further comprising:

determining that the host device has overridden the flush command; and

n response to determining that the host device has overridden the flush command, canceling writing
of the at least a part of the data in the internal caches to the non-volatile memory.
8. The method of claim 1, further comprising:

after reading the command from the submission queue, determining whether to begin processing the
command prior to the host device notifying the memory device that the command is posted to the submission
queuc;

in response to determining to begin processing the command prior to the host device notifying the
memory device that the command is posted to the submission queue, processing the command prior to the host

device notifying the memory device that the command is posted to the submission queue; and
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n response to determining not to begin processing the command prior to the host device notifying the
memory device that the command 1s posted to the submission queue, waiting until the host device notifies the
memory device that the command is posted to the submission queue to begin processing the command.

9. The method of claim 8, wherein determining whether to begin processing the command prior to the
host device notifying the memory device that the command is posted to the submission queue is based on a
type of command.

10. The method of claim 9, further comprising:

n response to determining that the type of command is a read command, determining to begin
processing the command prior to the host device notifying the memory device that the command is posted to
the submission queue; and

n response to determining that the type of command is a write command, determining to wait to
begin processing the command until the host device notifies the memory device that the command is posted to
the submission queue.

11. A non-volatile memory device comprising:

a non-volatile memory;

a communication interface configured to communicate with a host device in order for the host device
to cause one or more commands to be stored in a submission queue; and

a controller in communication with the non-volatile memory and the communication interface, the
controller configured to:

prior to the host device notifying that the one or more commands are stored in the submission
queue:
read the one or more commands;
determine an operation internal to the memory device to perform in order to process
the one or more commands; and
at least partly perform the operation internal to the memory device; and
after the host device notifies that the one or more commands are stored in the submission
queue:
determine an operation external to the memory device to perform in order to process
the one or more commands; and
perform the operation external to the memory device.
12. The non-volatile memory device of claim 11, wherein:

the one or more commands comprise read commands; and

the operation internal to the memory device comprises reading data from the non-volatile memory.
13. The non-volatile memory device of claim 11, further comprising a controller memory buffer
configured to store the submission queue;

wherein the controller is further configured to:

determine, prior to the host device notifying that the one or more commands are stored in the
submission queue, that the host device has stored the one or more commands in the submission queue

in the controller memory buffer; and
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responsive to the controller determining that the host device has stored the one or more
commands in the submission queue in the controller memory buffer, read the one or more commands
from the submission queue in the controller memory buffer and at least partly perform the operation
mternal to the memory device.
14. The non-volatile memory device of claim 11, wherein the operation external to the memory device
comprises communicating, via the communication interface, with the host device.
15. The non-volatile memory device of claim 14, wherein the operation external to the memory device
comprises sending a transmission layer packet read request to read a section of host memory.
16. The non-volatile memory device of claim 14, wherein the operation external to the memory device
comprises sending a transmission layer packet write request to write to a section of host memory.
17. A non-volatile memory system comprising:
a non-volatile memory:
a communication interface configured to communicate with a host device in order for the host device
to cause one or more commands to be stored in a submission queue;
means for determining, prior to the host device notifying that the one or more commands are stored in
the submission queue, that the one or more commands are stored in the submission queue;
means for determining whether to speculatively process the one or more commands stored in the
submission queue; and
responsive to determining to speculatively process the one or more commands stored in the
submission queue, means for speculatively processing the one or more commands.
18. The memory system of claim 17, wherein the means for determining whether to speculatively process
the one or more commands stored in the submission queue is based on a type of the command.
19. The memory system of claim 17, wherein the means for determining whether to speculatively process
the one or more commands stored in the submission queue is based on whether the command 1s a read
command or a write command.
20. The memory system of claim 17, further comprising:
means for determining that the host device has overridden a command posted to the submission
queue; and
in response to determining that the host device has overridden the command posted to the submission

queue, means for cancelling speculative processing of the command.

21



WO 2018/175059

TO HOST
£

v

NON-VOLATILE

102

CONTROLLER" | _~

MEMORY 104

FIG. 1A

1/9

PCT/US2018/019905

NON-VOLATILE
STORAGE DEVICE
100



WO 2018/175059 PCT/US2018/019905

200 \

22| STORAGE
CONTROLLER

il
204 < {}
~ 102 @ 102 @ 102 @

CONTROLLER N CONTROLLER N CONTROLLER

100 100 100
N\ N\ oo |/
104 I%H 104 104

| | |

D

£

FIG. 1B

2/9



WO 2018/175059 PCT/US2018/019905
252 252
HOST |— . o . HOST — " HIERARCHICAL STORAGE
AN 7S SYSTEM
250
AV N
< VAN VAN v /
V4 7
202 STORAGE | . . 202 STORMGE | . . .
CONTROLLER CONTROLLER
204 204
Q STORAGE | , . 2 STORAGE |+ o
SYSTEM SYSTEM

3/9



WO 2018/175059 PCT/US2018/019905

100N 102~ NON-VOLATILE STORAGE SYSTEM
16
FRONT END MODULE Z\ CONTROLLER
> raM
/1 10 BACK END MODULE 18
120 oo 108|117
| L/
INTERFACE 194 126 (}:{) ROM o
122 )| Ecc SEQUENCER 1~ /
N PHY K= REGULATOR
128 130
111 < MEMORY | |-
4 RAID INTERFACE
HOST COMMAND
& WRITTEN K= K= 1%
/1 12 FLASH CONTROL 104
SPECULATIVE LAYER /
COMMAND ~ |y
EXECUTION NON-
/113 VOLATILE
MEMORY
HOST OVERWRITE ((—) 138
DETERMINATION /4 0
114 C:v'\ MEDIA MANAGEMENT ya
BUFFER 1 LAYER OTHER
MANAGEMENT/BUS K= K= DISCRETE
CONTROL V COMPONENTS

4/9



WO 2018/175059

PCT/US2018/019905

, _—102 100 NON-VOLATILE STORAGE DEVICE

116

— RAM -
118

— ROM -

{——————"){ OTHER DISCRETE | 10

COMPONENTS
NON-VOLATILE MEMORY
PERIPHERAL
CIRCUITRY 150
o 1%_ /. , 144
T0
aINE —— DATA CACHE
= £ 151
5 N sTaTE ”
MACHINE x|

<) <N § |14
(@]
= NON-VOLATILE
® MEMORY ARRAY
&
]
)]
<[

148 —
ADDRESS DECODER T

5/9



00000000000000000

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

3

&
=
»
3 3
3 R
N §
N §

LA

FIG. 3
6/9



PCT/US2018/019905

WO 2018/175059

vey

AHd
OVIN
910d

444 12197 —>
uonoaLIo) | > sung
Joug
ovy
ol Janpayog
6 — <«—>
ocy

9 Uied |onuod
L ¢ )
9

1444
g > | oinpowy ve ey
¥ [eie] AN ] ¢ 19)N09X3 PUBLIWO)) |y JOSIEH |t
e yseld aAlje|noads puewwio)
[4
|

147 0¢y 18Ul
sAeny Alowap gzy sananp uoissiwang | [«
9¢y diND
&omommmwe cev
d 19]j013U0D 931A9Q Arowdpy
02t 921n9Qq Aioway

ssalbg

€ ssaJlbu|

80¥
J8Ylo

90V
sialng eleg

14%1%
Sddd

oy
fAowa 1SOH

oov
wa)sAg 1soH

FIG. 4

7/9



WO 2018/175059

502

508

PCT/US2018/019905

500

ost writes a command to a
submission queue

Command parser on-the-fly
parses the command

506

Execute the command only
after Host writing to the
doorbell register

Candidate
for a speculative
execution?

510
/\.'

Execute the command speculatively by either fetching
data from the media, preparing the device to enter a

specific state or preparing some databases

514
/\.

512

Cancel this speculative
execution

ost overrides
this command before
queuing

Yes

516

Host queues this
command?

518
/\.

Execute the command while
taking advantage of the
previous preparation

FIG. 5

8/9



WO 2018/175059

PCT/US2018/019905

600

602
Host writes
command that requires
read access?
604
/'\.

Memory device access flash memory

l 606
/\-
Memory device reads the relevant pages
l 608
/\—

Memory device stores the read relevant
pages in a temporal buffer

610

Host queues the
command?

612
N
Yes Command overwritten? 0
616 614
Y [~ A 4 [~
Access flash for relevant read command Retrieve data from temporal buffer

FIG. 6

9/9



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2018/019905

A. CLASSIFICATION OF SUBJECT MATTER

INV. GO6F3/06 GO6F13/16
ADD.

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

B. FIELDS SEARCHED

GO6F

Minimum documentation searched (classification system followed by classification symbols)

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

EPO-Internal, WPI Data

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

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

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

Relevant to claim No.

A paragraphs [0034],
[0044], [0052]

[0035],

AL) 28 July 2016 (2016-07-28)
paragraph [0028]; figure 10

12 March 2015 (2015-03-12)
paragraphs [0008] - [0012],
[0036]

X US 2015/081933 Al (VUCINIC DEJAN [US] ET
AL) 19 March 2015 (2015-03-19)
[0041] - 1-16

[0025] -

17-20

A US 2016/216905 Al (YAZDANI REZA [US] ET 1-20

A US 2015/074338 Al (RAVIV DOLEV [IL] ET AL) 1-20

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

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

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

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

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

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

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

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

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

"&" document member of the same patent family

Date of the actual completion of the international search

25 April 2018

Date of mailing of the international search report

04/05/2018

Name and mailing address of the ISA/

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

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

Fax: (+31-70) 340-3016

Authorized officer

Albert, Jozsef

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




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2018/019905
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2015081933 Al 19-03-2015 US 2015081933 19-03-2015
US 2015081947 19-03-2015
US 2015081956 19-03-2015

US 2016216905 Al 28-07-2016 CN 106796546 31-05-2017
US 2016216905 28-07-2016
WO 2016119630 04-08-2016

US 2015074338 Al 12-03-2015 AU 2014318238 17-03-2016
CA 2920748 19-03-2015
CN 105556497 04-05-2016
EP 3044687 20-07-2016
HK 1222239 23-06-2017
JP 6173603 02-08-2017
JP 2016539429 A 15-12-2016
JP 2017152041 A 31-08-2017
KR 20160054494 A 16-05-2016
NZ 717400 A 30-06-2017
PH 12016500339 Al 02-05-2016
RU 2016107810 A 16-10-2017
SG 11201600764R A 30-03-2016
TW 201523267 A 16-06-2015
US 2015074338 Al 12-03-2015
WO 2015038325 Al 19-03-2015

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




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - wo-search-report
	Page 34 - wo-search-report

