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APPARATUSES AND METHODS FOR VARIABLE LATENCY MEMORY
OPERATIONS

CROSS-REFERENCE

joot] This apphcation claims priority to U.S. Non-Provisional Application No.
13/838206 filed March 15, 2013, which application is incorporated herein by

reference, in its entirety, for any purpose.

TECHNICALFIELD
{002} Embodiments of the present invention relate generally t0 memories, and more

specifically, m one or more deseribed embodiments, to variable latency memory

operations.

BACKGROUND

j003] Memories may be provided in a vartety of apparatuses, such as computers or
other devices, including but not linited to portable memory devices, solid state drives,
personal digital assistants, music plavers, cameras, phones, wireless devices, displays,
chip sets, set top boxes, gaming systems, vehicles, and apphances. There are many
different types of memory mchuding random-access memory (RAM), read only
memory (ROM), dynamic random access memory (DRAM), synchronons dynamic
random access memory (SDRAM), Hlash memory, and resistance variable memory,
among others,

j004] Apparatuses, such as resistance variable memory devices, may be used as non-
volatile memory for a wide range of electronic devices. Resistance variable memory
devices may include, for example, phase change memory (PCM) or resistive memory
{RR}, amony others.

{005] A conventional read operation using PCM is also similar to read operations for
RAM. Accordingly, PCM may be used to moplement random access memory, Wire
operations with PCM, however, may be relatively slower than write operations for
conventional RAM. For example, PCMs may require additional time to manage and
complete write operations, such as preparing data to be written to memory, suspending

a write operation in case of a read access request, and monttoring progress of a write
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operation.  Read operations may be slower than for conventional RAM and read
operations cannot be performed at a memory location undergoing write operation,

[006] Ag a result of the Hnutations of vsing PCM as RAM replacement, operation of
PCMs in memory svstems may be restricted.  For example, write and read operations
may not be performed at any time on any memory location, Status registers used for
monitoring the progress of write operations may be regularly querted to determine
whether a particular write operation has completed before another write operation is
performed.  Additionally, In some applications write operations are pecessanly

suspended for read operations and resumed upon completion of the read operation.

SUMMARY
{007] Examples of apparatuses are provided. An example apparatus may include a

memory configured to recetve an activate command indicative of a tvpe of a conwnand
during a first addressing phase and to receive the command during a second addressing
phase.  In some examples, the memory way hother be configored 1o provide
information mdicating that the memory 15 not available 1o perform a command
responsive, at feast in part, to recetving the command during a vanable latency period
and to provide information indicating that the memory 18 available o perform a
command responsive, at teast in part, to receiving the command after the variable
latency period.

{008} An example apparatus may nclude a memory configured to provide data not
valid mformation during a variable latency period.  In some examples, the data not
valid information may be indicative of a remaining length of the variable latency periad
and the variable latency period following receipt of an activate command by the
memory.  In some examples, the memory further may be configured to provide das
valid information after the vanable latency period.  In some examples, the activate
command may comprise an activate read command or an activate write command.

j009] An example apparatus wmay iaclude a controller configured to provide o
memory an activate command mdicative of a command during a first addressing phase.
in some examples, the controller may further be configured to provide the command a
first time doring a second addressing phase. o some examples, the controller may
further be configured to provide the conmmand a second tine responsive, at least in part,
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to receipt of information indicating that the memory 15 not avatlable to perform the

command.
j018] Example methods are discloses herein.  An example method may inclade

receiving, with a memory, an activate command indicative of a type of a command
during a first addressing phase; receiving the command during a second addressing
phase; if the command is received duoring a variable latency period, providing
information indicating that the memory i1s not available to perform the command; and if
the command 13 received afier the variable latency period, providing information
mndicating that the memory is available o perform the command.

{011] An example method may include providing, with a controller, an activate
command indicative of a command; after providing the activate comymand, providing
the command; and receiving ai least one of data not vabid information or data valid

wmformation responsive, at least in part, to providing the command.

BRIEF DESCRIPTION OF THE DRAWINGS

{012} Figure 1A 1s a block diagram of an apparatus according o an embodiment of
the present mvention,

1013} Frgure 1B 15 a schematic block diagram of a memory according to an
emtbadinment of the present invention.

{014] Figore 2A 15 a timing diagram illusteating vartous sigoals of & read operation
according to an embodiment of the present invention.

|015] Figure 2B is a timing dingram illustrating varions signals of a write operation
according to an embodiment of the preseat invention.

j016] Figore 3A 18 a8 tming diagram ilusteating varions signals of a read operation
according to an embodiment of the present invention.

{017] Figure 3B is a tuning diagram illustrating varions signals of g wiite operation
according to an embodiment of the present invention.

[018] Figore 4A 15 a timing diagram illusteating varions sigoals of & read operation
according to an embodiment of the present invention.

{019} Figure 4B i3 a timing diagram illustrating various signals of a write operation

according to an embodiment of the preseat invention.
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|026] Frgure 5 15 a schematic state diagram illustrating varions states of operation of

an apparatus according to an embodiment of the present invention.

{021} Figure 6 is a table illustrating example Iatencies according to an embodiment of
the preseat invention.

[022] Figure 7 is a table iltustrating example bit assignments for wait states during
memory operations according to an embodiment of the present invention.

{023} Figure 8 is a table illustrating example bit assignments for acknowledgement

events of memory conunands according to an embodiment of the present invention.

DETAILED DESCRIPTION

j024] Apparatuses and methods for variable latency memory operations are disclosed
herein. Certain details are set forth below to provide a sufficient understanding of
embodiments of the wvention. However, i1 will be clear to one having skill in the ant
that embodiments of the invention may be practiced without these particular detauls,
Moreover, the particular embodiments of the present mvention desenbed herein are
provided by way of example and should not be used to limit the scope of the invention
to these particular embodiments.  In other mstances, well-known circaits, control
signals, timing protocols, and software operations have not been shown i detail m
order to avoid unnecessartly obscuring the wvention,

{025] Figure 1A 1s a block diagram of an apparatus 100 according to an emsbodiment
of the present invention. The apparatus may comprise citcuityy, one of more
semiconductor dice, a packaged semiconductor, & device including such circuitry, die,
or package, andfor a system mclnding such a device. The apparatus 100 includes a
controller 110 (e.g., memory controlier) and a memory 120. The controller 110 and the
memory 120 may be coupled by a command and address (CA) bus 130 and a data bus
135, The memory 120 may be configured to receive connmnands andfor addresses from
the controller 110 over the CA bus 130, and the memory may be configured to receive
data andfor provide data over the data bos 135,

[026] The memory 120 may be configured to perform memory operations {e.g., read
operations or write operations) in response to the received commands and/or addresses
that are provided by the controller 110, For example, the memory 120 may provide

read data to the controller 110 over the data bus 135 in response to a read command,
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and may store write data received over the data bus I35 in response to a wrile
command.  Additionally, the memory 120 may further provide information to the
controller 110 over the data bus 135 in responge to particular commands.  The
mformation may indicate, for instance, whether the memory 120 is available to perform
a memory operation and/or an amount of time before the memory 120 may become
avatlable to performy a memory operation.

027} In at feast one embodiment, the apparatus 100 may be configared to operate in
accordance with three-phase addressing.  Generally, three-phase addressing may
inchude three phases during which the memory 120 receives commands and addresses
provided by the memory controller 110, responsive to which memory operations {e.g.,
read operations or write operations) are performed. For example, three-phase
addressmg mway inchude a first phase iy whicly the memory 120 may receive a preactive
command from the controller 110 over the CA bus 120, The controller 110 may further
provide a first portion of a row address to the memory 120, In response, the memory
120 may store the first portion of a row address received with the preactive command
on the CA bus 120, In a second phase, the memory 120 may receive an active
command from the controller 110. The controfler 110 may further provide a second
portion of a row address to the memory 120, In response, the memory 120 may store
the second portion of the row address provided with the active command on the CA bas
120. The first portion and second portion of the row address may comprise a full row
address, and the memwory 120 may access data associated with the row address and
store the data in a buffer. During a third phase, the memory 120 may recgive a
comnmand that is provided by the comroller 110, For example, the memory 120 may
recetve a read command or a write command that is provided by the controller 110, In
response to @ read command, the buffered data may be provided to the controfler 110
over the data bus 135, In response to a write command, write data may be recewved on
the data bus 133, and the memory 120 may store the write data at the row address.

28] In at least one embodiment, the second phase of a three-phase addressing
operation may include a variable latency pertod tLAT. During the tLAT period, the

memory 120 may manage memory operations, for instance, by prepanng circuits to

perform the command received in the third phase, completing a current memory

operation, andfor suspending a carrent memory operation.  Accordingly, hecanse the
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memory 120 may manage any namber of these andfor other memory operations dwring

the tLAT penod, the variable latency period tLAT mayv vary. For example, the tLAT
period may vary between relatively short and relatively long durations.

{029] In some embodiments, the memory 120 may be configured such that the tLAT
period is guaranteed to elapse within one or more particular amonnts of time.  For
example, in at least one embodiment, when the command of the third phase comprises a
read command, the memory 120 may be configured to complete the second phase at
least within a nme tMAXLATR.  That 1, the 1LAT period will elapse withm
IMAXLATR, When the command provided in the third phase comprizses a write
command. the memory 120 may be configured to complete the second phase at least
within a time tIMAXLATW. That 15, the tLAT period will elapse within tMAXLATW,
Values for both tIMAXLATR and tMAXLATW may be stored as parameters in a
register {not shown 1o Figure 13 The values for tiMAXLATR and tMAXLATW, m
some instances, mav be predetermuned andfor equal or unequal.  The values for
IMAXLATR and tMAXLATW may be adjusted m real-time, for instance, based on
priority of commands. By way of example, tMAXLATW may be increased when read
commands are priositized over write conumands.

[030] Accordingly, because a maximum duration of the tLAT period may depend on
the type of command provided in a subsequent phase, in some embodiments, activate
commands may indicate the type of command provided i the third phase. For
example, in at least one embodiment, an activate command msay comprise an activate
read comumand or an activate write command.  In this manner, the variable latency
period tLAT may be hased, at least in part, on whether an activate command comprises
an aclivate read command or an activate witte command. In some instances, activate
read commands and activate write comumands mav be distinguished based on a bit
value, for example, as represented by a signal. By way of example, one or more bits of
a buffer address BA may be used to distinguish activate read and activate write
commands. In another example, particulay combination of bits received on the CA bus
130 may indicate that an activate command comprises an activate read command or
comprises an activate write command.

{031} In some instances, the controller 110 may be configored to provide a read or

write command a particular armount of thwe after providing an activate command, and
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as previously described, the tLAT period may vary based, at least m part, on the
number and tyvpe of operations the memory {20 may perform during the second phase
of a three-phase addressing procedare. Ag a result, a read or write command may be
pravided by the controlier 110 before the tLAT period elapses, that is, prior to a time at
which the memory 120 is available to perform the respective command. As will be
explamed in further detail below, when a command s provided prior to the tLAT
periad elapsing, the memory 120 mav provide information indicating that the memory
120 15 not avalable to perform a command.  In some embodiments, data not vald
{DNVY information 1s provided on the data bus 135 1o indicate that the memory 120 is
not available to perform a command. T a command 18 provided after the tLAT pertod
elapses, the memory 120 may provide mformation indicating that the memory 120 is
available to perform a command.  In some embodiments, data valid (DV) information
mdicating that the memory 120 is available to perform a command andior read data is
provided on the data bus 135 In at least one embodiment, the data bus 135 may
include one or more data mask signal fines that may be used for providing respective
DNV and DV information.

{032} Figure 1B 1s a schematic block diagram of a memory 150 according to an
embodiment of the present mvention. The memeory 150 may be used 1o implement, at
least in part, the memory 120 of Figure 1A, The memory 1530 may mclode an address
buffer 160 and a data buffer 170, The memory 150 includes elements that have been
previonsly described with respect to the apparatus 100 of Figore 1AL Those elements
have been identified in Figure 1B using the same reference numbers used in Figure 1A
and operation of the common elements i as previously described.  Cousequently, a
detailed description of the operation of these elements will not be repeated i the
interest of brevity.

[033] The address buffer 160 may include a multiplexer 154 that may be configured
to receive a first portion {e.g., higher portion) of an N-bit address {e.g.. row address)
from the CA bus 130 and further configured to provide the first portion of the row
address to one of a plurality of row address buffers 166, The address buffer 160 may
include any number of row address bulfers 166, such as four row address buffers 166 as

tlustrated in Figure 1B.
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[034] The multiplexer 154 may be contigured to provide the first portion of the row
address to a row address buffer 166 based, at least in part, on a buffer address BA. By
way of example, the buffer address BA may be used to determine which row address
buffer 166 receives the first portion of the row address. In embodiments having 4 row
address buffers 166, for mstance, 2 bits of the buffer address BA mav be used to
determnine the row address buffer 166 that receives the first portion of the row address.

|035] Each of the row address buffers 166 may be coupled to a multiplexer 168, The
multiplexer 168 may be configured to receive the first portion of the row address and
provide it to a row address register 190 based, at least in part, on the buffer address BA.
The row address register 190 may recetve the first portion of the row address from the
multiplexer 168 and further may receive a second portion (e.g., lower portion) of the
row address from the CA bos 130, Accordingly, the row address register 190 may store
an entire address. As previously described, the address may comprise N bits, and any
number of bits may be allocated between the first and second portions of the row
address. A row decoder 192 may be configured to recaive the row address for
accessing memory of array 194 associated with the address for read andior write
operations.

[036] In an example read operation, read data may be provided from the array 194 to
the mudtiplexer 172 via the O cirenttry 196, The FO circuitry 196 may include, for
instance, a plurality of sense amplifiers configared to sense and/or amplify respective
data such that the data may be provided 1o or received from the areay 194, Based, at
least in part, on the buffer address BA, the mudtiplexer 172 may provide the read data to
one of a plurality of row data bulfers 174 of the data bafter 170, The data balter 170
may include any number of row data buffers 174 and m at least one embodiment, the
address buffer 160 and data buffer 170 may include a same number of row address
buffers 166 and row data buffers 174, respectively. In some embodiments, the number
of row data buffers 174 and row address buffers 166 may be different. The read data
may be provided from the row data buffer 174 to a multiplexer 176 based, at least on
part, on the buffer address BA, and thereafter provided to a state machine 178, The
state machine 178 may provide the read data to the data bus 135 based, at least in part,

on a control sigral CTL.
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1037] In an example write operation, write data {e.g, assoviated with a waile
command received on the CA bus) may be provided from the data bus 135 to the state
machine 178, Based, at least in part, on the control signal CTL, the state machine 178
may provide the write data to the nmmltuplexer 176, which may in turn provide the write
data to one of the plurality of row data buffers 174 based, at least in part, on the buffer
address BA. The selected vow data buffer 174 may provide the write data to the
multiplexer 172, which may in turn provide the write data to the O circuitry 196 for
storing in the array 194, The write data may be stored in memory cells of the array 194
associated with the row address provided by the row decoder 192.

{038] As previously described, the memory 150 may be configured to operate m
accordance with three-phase addressing.  Accordingly, during the fust phase, a
preactive command may canse a fivst portion of a row address to be provided to the
multiplexer 154 over the CA bus 130, The first portion of the row address may be
stored in a row address buffer 166,

{039] In the second phase, an activate command may be provided and cause the first
portion of the row address to be provided from the row address buffer 166 1o the row
address register 190. Moreover, a second portion of the row address may be provided
to the row address register 190 over the CA bus 130, The row address may be used to
access data of the array 194 such that data may be provided from the array 194 1o a row
data buffer 174, The particular row address buffer 166 and row data buffer 174 receive
the first portion of the row address and the data from the array 194, respectively, may
be based, at least in part, on a buffer address BA.

[046] During the third phase, a read operation or a write operation may be performed
i response to a read command or a wite comumand, respectively,  As previously
described, commands provided i this manner mav be provided after a tLAT period. In
a read operation, the data stored i the rew data buffer 174 may be provided to the data
bus 135 as read data using the ontput state machine 178, In a write operation, write
data may be received on the data bus 135 by the state machine 178 and provided to the
row data buffer 174, The write data may then be stored m the artay 194 at the row
address.

[041] Figure 2A is a timing diagram 200 illustrating various signals of a read

operation according t©o an embodiment of the present mvention, The timing dlagram
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200 may include signals provided on the CA bus 130 and the data bus 135 of Figure
AL

j042] At time TO, the controller 110 may provide a preactive command 202 on the CA
bus 130, and at time T1. may further provide an activate read command 204, As
previously described, the activate read command 204 may indicate an upcoming read
operation. The activate read command 204 may be deasserted at time T2, and after a
delay tRCD, at time T3, the controller 110 may provide a read command 206, The
delay tRCD may, for mstance, comprise a RAS to CAX delay that defines the mimimum
time between a time when an activate command is provided and a time when a
subsequent read command or write command i3 provided. The time (RCD may be
predetermined andfor specified m accordance with one or more standards, such as the
JEDEC LPDDR2 standard.

{043] At time T4, in response to the read command 2006 and after a time RL has
elapsed, the memory 120 may provide data not valid (DNV) information on the data
bus 135, The time RL may comprise an amount of time for the memory 120 to provide
a response {e.g., DNV or DV information) to the read command 206 and may comprise,
for instance, a number of clock cveles {e.g., 3 clock cveles) of a system clock signal. In
at least one embodiment, the DNV information 210 may be provided on data mask
signal lines of the data bas 138 and farther may be provided with a burst length having,
for instance, a length of 8 bits. As previously described, the DNV mnformation 210 may
tndicate that the wemory 120 is vot available to perform a read command.  For
example, the DNV information 210 may mdicate that the (LAT period has not vet
clapsed. The DNV information 210 nway further include wfonmation indicating an
amount of time unti! the apparatus 100 will be available to perform a read command, or
the amount of time before the tLAT period elapses.

{044] After time T3S at which the tLAT penod elapses, the controller 110 may provide
a read command 208 to the CA bus 130 at ume T6. In response, at time T7, the
memory 120 may provide DV information 212 on the data bus 135 indicating that the
memory 1§ available for the operation.  As previeusly described, because the command
is provided after the tLAT period has elapsed, the command may be performed. In at

least one embodiment, the DV information 212 may be provided on the data mask
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signal lines of the data bus and the data assoctated with the read command 208 may be
provided on the data bus at tume T7 as well.

j045] While the timing diagram 200 has been described with respect to read
commands 206, 208, other read commands may be provided as well. For example,
multiple read commands may be provided to cause the memory 120 to provide DNV
information before the {L.AT period has elapsed. Because each of these commands are
provided before the apparatus 100 is available to perform a command, DNV
mnformation may be provided on the data bus 135 m response o each of these read
commands, as previously described.

{046] Figure 2B 15 a timing diagram 230 iHostrating vavious sigaads of a write
operation according to an embodiment of the present invention. The timing diagram
2530 may inclede signals provided on the TA bus 130 and the data bus 135 of Figure
FAL

1047] At time T, a preactive command 232 may be provided on the CA bas 130, At
tune T1, the controlier 110 may provide an activate write conunand 234, and at time T2
may no longer provide the write command 254, As previously described, the activate
write conmmand 254 may ndicate an upcoming write operation. After a tune tRCD, at
time T3, a read command 256 may be provided.

[048] At time T4, after RL has elapsed, the memory 120 mway provide DNV
information 270 on the data bus 135 i response to the read command 256. The read
command 256, for example, may be used to cause the memory 120 1o provide DNV or
DV information. The DNV information 270 may be provided on data mask signal lines
of the data bus 135 and may be provided with a buest length, for instance, of 8 bits. As
previously described, the DNV information 270 may indicate that the memory 120 is
not yet available to perform a write command. The DNV information 270 may further
melude information indicating an amount of tume until the memory 120 will be
available to perform a command.

j49] After ime TS at which the tLAY period elapses, the controller 118 may provide
a read command 238 on the CA bus 130 at time T6. In response, at time 17, the
memory 120 may provide DV mformation 272 on the data bus, e.g., data mask signal
lines, indicating that the memoary is available for the operation. Because the command

18 provided at a tme after the tLAT period has elapsed, a write command may be
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performed. In response to the DV infonmation 272 being provided on the data bus 135,
the controller may provide a write command 260 on the CA bus 130 at a tme TS,
Write data 274 associated with the write command 260 is provided to the memory 120
on the data bus 135 at time TY

[056] While the timing diagram 200 of Figure 2A and the timing diggram 250 of
Figure 2B have been described with respect to read commands 206, 208, and 256, 238,
respectively, other read commands may be provided as well. For example, in some
embodiments, an external device may be configured to periodically provide read
commands to cause the memory 120 to provide DNV/DV nformation untii DV
mnformation 15 provided, e.g., multiple read commands may be provided before the
tLAT period has elapsed. In other emboduments, the external device may be configured
to provide one or more read conmmands based, at least i part, on information included
w the DNV information. By way of example, DNV information may indicate that the
tLAT period may elapse in 50 microseconds, and the controller 110 may wait 50 or
more microseconds before providing another read command.

j051] Moreover, in both the timing diagram 200 of Figure 2A and the timing diagram
250 of Figure 2B, a respective read command is provided a time tRCD after an activate
command is provided. In this manner, it may be determined whether the memory 120
is available to perform a read command or a write command. As previoasly deseribed,
read commands may be provided periodically and/or based, at least in part, on
tnformation included with DNV information. Accordingly, in at least one embodiment,
for read operations, read comunands may be provided untit DV mformation and
assoclated resd data 15 provided to the data bus 135, For wiite operations, read
commands may be provided wntit DV imformation is provided, and in respouse, a write
command may be provided causing the memory 120 1o store write data provided from
the data bus 135,

{052} Figure 3A is a timing diagram 300 illustrating various signals of a read
operation according to an embodiment of the present invention. The timing dagram
300 may include signals provided on the CA bus 130 and the data bus 133 of Figure
1A,

[053] At time TO, the controller 110 may provide a preactive command 302 on the CA

bus 130, and at time T1, may fwether provide an activate read command 304, The
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activate read command 304 may be deasserted at tme T2, and after & tume tRCD, at
tune T3, the conirolier 110 may provide a read check command 306, The read check
command 306 may comprise a “disnmy” command that may cavse the memory 120 to
mdicate whether # 1s available to perform a command {(e.g., provide DNV information
or DV information}, that is, whether the tLAT period bas elapsed. In at least one
embodiment, providing the read check command 306 may compnse providing a read
command and asserting one or more particular bits of the buffer address BA {e.g., bit 2
of the buffer address BA). In other embodiments, particular signal combinations on the
CA bus 130 may be used to provide a read check command.

{054] [n response to the read check command 306, the memory 120 may provide
DNV information 320 on the data bus 135 at time T4, The DNV information 320 may
indicate that the tLAT period has not vel elapsed, and may hather may nclude
mformation mdicating an amount of time until the tLAT peried will elapse.

|055] After time TS at which the tLAT period elapses. the controller 110 may provide
a read check command 308 on the CA bus 130 at time T6. In response, at time T7, the
memory 120 may provide DV information 322 on the data bus 135 indicating that the
memory 120 is available for a read operation.  Accovdingly, the controller 110 may
provide a read command 310 at a tme T8, and at time T9, the memory 120 may
provide read data 324 associated with the read command 310 to the data bus 135

[036] Figure 3B is a timing diagram 350 illustrating various signals of a write
operation according to an embodiment of the present invention. The thming diagram
350 may include signals provided on the CA bus 130 and the data bus 135 of Figure
1AL

{357] At time T9, the controller 114 may provide a preactive comumand 352 on the CA
bus 130, and at time T1, and further may provide an activate write command 354, The
activate write command 354 may be deasserted at time T2, and after a time RCD, at
time T3, the controller 110 may provide a read check command 356, As previously
described, the read check command 356 may comprise a8 “dummy”™ command that may
cause the memory 120 to indicate whether it is available to perform a conunand (e.g.,
provide DNV mformation or DV information). Because the activate command 354 is
an activate write command, the read check command 356 may cause the memory 120

to wndicate whether it 15 available 1o perform a wiite command.  The read check
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cotumand may be provided by asserting a read command and one or more particular
bits of the buffer address BA {e.u., bit 2 of the buffer address BA}, or by asserting
particular signal combinations on the CA bus 130,

[058] In response to the read check command 336, the memory 120 may provide
DNV information 370 on the data bus 135 at time T4, indicating to the controller 110
that the tLAT period has not elapsed smce an activate command was provided. The
DNV information 370 may further may include information indicating an amount of
tirae until the tLAT period will elapse.

[059] After time TS at which the tLAT pertod elapses, the controller 110 may provide
a read check command 358 on the CA bus 130 at time T6. In response, at tume T7, the
memory 120 may provide DV information 372 on the data bus 138 indicating that the
memory s available for a write operation.  The controller 110 may provide a write
command 360 at ime T, and at time T9, the controller 110 may further provide write
data 374 to the data bus 135 for storing in the memory 120,

{060] Timing diagram 300 of Figure 3A and timing diagram 330 of Figure 3B have
been described with reference 1o a read check command. In at least one embodiment,
the read check command may differ from a read command in that the apparates 100
may provide indication of its stams without providing any data to the data bus 135,

j061] Figure 4A 15 a timing diagram 400 illustrating various signals of a read
operation according to an embodiment of the present invention. The timing diagram
400 may wclade signals pravided on the TA bus 130 and the data bus 135 of Figare
FA.

[062] At time TG, the controller 110 may provide a preactive command 402 on the CA
bus 130, and at time T1, may fother provide an activate read command 404, In
response to the activate read command 404, the memory 120 may provide DNV
mformation 420 to the data bus 135, and in at least one embodiment, the DNV
mformation 420 may be provided on the data bus 135 until time T4 at which the tLAT
periad elapses. Moveover, the memory 120 may provide DV mnformation 422 on the
data bus 135 at ume T4, In response to the DV information 422 being provided, the
controller 110 may provide a read command 406 at tnme TS, thereby causing the

memory 120 o provide read data 424 on the data bus 135 at time T6.
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{063] Frgure 4B is a timing diagram 430 ilustrating various signals of a warite
operation according to an embodiment of the present invention. The tuning dagram
450 may inclode signals provided on the CA bus 130 and the data bus 135 of Pigare
FAL

[064] At time TO, the controller 110 may provide a preactive command 4352 on the CA
bus 130, and at time T1, may further provide an activate write conmunand 454, In
response to the activate write command 454, the memory 120 may provide DNV
mformation 470 on the data bus 135, and i ai least one embodiment, the DNV
mformation 470 may be provided until time T3 at which the tLAT period elapses.
Moreover, the memory 120 may provide DV information 472 at ume T3, In response
to the DV mformation 472 being provided. the controller 110 may provide a write
command 456 at time T4, The controller 110 may forther provide write data 474 1o the
data bus 135 at ime TS for storing w the memory 120,

{065] Figure 5 is a schematic state diagram 500 illustrating various states of operation
of an apparatus according to an embodiment of the present invention. The state
diagram 500 may include an idle state 502, an active state 504, a read state 506, and a
write state S08, and a preactive state 510 and may be used, for mstance, in operation of
an apparatus, such as the apparatus 100 of Figure 1A, The state diagram 500 may be
used to implement, modify, or veplace, wholly or m part, any state diagram
accordance with one or more standards, such as the JEDEC LPDDR2 standard. In at
least one embodiment, the state diagram 500 may comprise a simphfied version of a
state diagramy and accordingly may omit one or more known states to aveid
unnecessarily obscuring the mvention.

{366] In an example operation, after imitlalization, the apparatus 100 may enter the
idle state 502, In the idle state 302, the apparatus 100 may not be operating in any of
the phases of three-phase addressing described herein.  In response to a preactive
command, the apparatus 100 may enter the preactive state 510 and operate in a first
phase of three-phase addressing. Once the first phase has completed, the apparatus 100
may reenter the idle state 502

067} In response to an activate command {e.g., activate read or activate write), the
apparatus 100 may enter the active state 504, When in the active state 504, the

appatatus 100 may operate 1n a second phase of three-phase addressing. As previously
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described, the controller 110 may provide an activate read command or an activate
write comimand, and the memory 120 may manage any operattons during a tLAT
period.  As previously described, in at least one embodiment, the memory 120 may be
configured to complete the second phase of three-phase addressing within tMAXLATR
m response to an activate read command and within IMAXLATW in response to an
activate write command.

[068] In accordance with at feast ong embodiment of the mvention, once in an active
state 504, the controfler 110 may provide a command {o the memory 120, for example,
as previously described with reference to Figures 2A and 2B. As previously described,
1 some instances, the controller 110 may provide a read command, for mstance, before
the tLAT period elapses. Accordingly, the apparatus 100 may enter the read state 306,
provide DNV information, and retumn fo the active state 504, If 8 read command is
received at a time at which the apparatus 100 is available to perform a read command,
for instance the tLAT period has elapsed, the apparatus 100 may enter the read state
500, provide DV mformation, and retwn to the active state 504, If the activate
command was an activate read command, the memory 100 may further provide read
data with the DV information. If the activate command was an activate write
command, the apparatus 100 may return o the active state 504, Sybsequently, the
apparatus 100 may enter the write state 508, and the controller 110 may provide a write
command and associated write data to the memory 120. The memory 120 may storg
write data associated with the write command and the apparatus 100 may retumn to the
active state S04,

{069] In other embodiments, once 1w an getive state, the controller 110 may provide
read check command to the memory 120, for example, as previously described with
reference to Figures 3A and 3B, In response, the memory 120 may provide DNV
mformation if the read check command is received before the tLAT period elapses. If
the read check command is received after the tLAT period has elapsed, the memory
120 may provide DV mformation if the read check command and the apparatus 100
may return to the active state 304 once the DV information is provided. A read or wrie
command may subseguently be performed by entering the read state 506 or the write
state 508, respectively. Once the command has been performed, the apparatus 100 may

retuty 10 the active stafe 504,
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|078] In vet other embodiments, once in the active state 504, the memuory 120 may
provide DNV mformation to the controller 110 until the memory 120 1s available to
perform a command, for instance, after the tLAT period has elapsed, for example, as
previously described with reference to Figures 4A and 4B. Once the memory 120 i3
available to perform a command, the memory 120 mayv provide DV information. A
read or write copunand may subsequently be performed by entering the read state 306
or the write state 508, respectively. Once the command has been performed, the
apparatus 100 may retwrn to the active state S04,

{071} In each case, after performing a read command or a write command, the
apparatus 100 may return o the active state 304, During a subsequent threc-phase
addressing process, another preactive command may be provided. The apparatus 100
may enter the preactive state S10 and transition to the idle state 502 before recetving an
active command, as previously desertbed.

1072} Figure 6 1s a table 600 llustrating example latencies according 0 an
embodiment of the present invention. As previously descnibed, tIMAXLATR and
IMAXLATW may comprise maximum times for the tLAT period for read and write
operations, respectively.  The table 600 illustrates example latencies for both
tIMAXLATR and tMAXLATW that may be used in accordance with described
examples. Values for tMAXLATR and tMAXLATW may be stored m one or more
registers, such as a transparent operations vegister (TOR).  Registers storing
IMAXLATR and tMAXLATW may, m some embodiments, may be read-only, or may
be writeable such that a user may specify values for tIMAXLATR andior tIMAXLATW,

[073] Figure 7 is a table 700 illustrating example bit assignments for wall states
during memory operations according to an embodiment of the present nvention. As
previously described, DNV information, such as the DNV information 210 of Figure 2,
may include information indicating the remaining duration before the tHAT penod
elapses. As illustrated in Figure 7, in at least one embodiment, DNV information may
indicate whether relatively short, normal, or long periods of time remain.  In this
manner, a controlier, such as the controller 110 of Figure 1A, may determine whether
to hold the CA bus 130 andfor the data bus 135 in a wait state, or to abont {e.g.,
terminate} a pending command sach that anather command, for instance, having higher

priotity, may be performed. In at least one embodiment, information ncluded m the
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DNV information may be provided m parallel andfov 1o sertal usimg one or more data
mask signal lines of the data bus 135,

[074] Figure 8§ s a table B00 illustrating example bit assignments  for
acknowledgement events of memory commands according to an embodiment of the
present invention.  As previously described, DV information may be used to indicate
that the apparatus 100 is available to perform a read command or a write command,
respectively. In some embodiments, and as illustrated in Figure 8, the DV mformation
may further inclade information, for instance, indicating whether an error has occurred
andfor whether a particular action {e.g., check status register) is suggested as a resalt.
In at least one embodiment, cach of the bit state assignmenis may be provided n
parallel andfor in senial wsing one or more data mask signal lines of the data bus 135

{075} From the foregomg it will be appreciated that, although specific embodiments of
the wmvention have been described herein for puwposes of illustration, various
modifications may be made without deviating from the spirit and scope of the

invention. Accordmgly, the invention is not limited except as by the appended claims.
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CLAIMS
What isclamed is;

1. An apparatus, comprising:

a memory configured to receive an activate command indicative of atype of a
command during a first addressing phase and to receive the command during a second
addressing phase, the memory further configured to provide information indicating that
the memory is not available to perform a command responsive, at least in part, to
receiving the command during a variable latency period and to provide information
indicating that the memory is available to perform a command responsive, at least in

part, to receiving the command after the variable latency period.

2. The apparatus of clam 1, wherein the variable latency period is

measured rel ative to the activate command.

3. The apparatus of clam 1, wherein the command comprises a read
command, aread check command, or a combination thereof.

4, The apparatus of claim 1, wherein a maximum duration of the variable

latency period is based, at least in part, on atype of the activate command.

5. The apparatus of claim 1, wherein the information indicating that the

memory is not available to perform a command comprises data not valid information.

6. The apparatus of claim 5, wherein the data not valid information is

indicative of aremaining duration of the variable latency period.

7. The apparatus of claim 1, wherein the activate command comprises an

activate read command or an activate write command.

8. The apparatus of claim 1, further comprising:
a controller coupled to the memory and configured to provide the activate

command.
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9. An apparatus, comprising:

a memory configured to provide data not valid information during a variable
latency period, the data not valid information indicative of a remaining length of the
variable latency period and the variable latency period following receipt of an activate
command by the memory, the memory further configured to provide data valid
information after the variable latency period,

wherein the activate command comprises an activate read command or an

activate write command.

10.  The apparatus of claim 9, wherein the memory is further configured to

manage memory operations during the variable latency period.

11.  The apparatus of claim 9, wherein the activate read command and the
activate write command are based, at least in part, on one or more bits of a buffer
address.

12.  The apparatus of claim 9, wherein the memory is further configured to
provide the data valid information responsive, at least in part, to the variable latency
period elapsing.

13.  The apparatus of claim 9, wherein the variable latency period has afirst
maximum duration when the activate command comprises an activate read command
and a second maximum duration when the activate command comprises an activate

write command.

14.  The apparatus of clam 9, wherein the data not valid information is
indicative of aremaining duration of the variable latency period.

15. The apparatus of clam 9, wherein the data valid information is
indicative of an error, a suggested action, or a combination thereof.

16. An apparatus, comprising:
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acontroller configured to provide to memory an activate command indicative of
a command during afirst addressing phase, the controller further configured to provide
the command afirst time during a second addressing phase,

wherein the controller is further configured to provide the command a second
time responsive, at least in part, to receipt of information indicating that the memory is

not available to perform the command.

17. The apparatus of claim 16, wherein the activate command comprises at |east

one of an activate read command or an activate write command.

18.  The apparatus of claim 16, wherein the controller is further configured
to recelve read data responsive, at least in part, to receipt of data valid information and
the activate command comprising an activate read command and to provide a write
command responsive, at least in part, to receipt of data valid information and the

activate command comprising an activate write command.

19.  The apparatus of claim 16, wherein the controller is further configured

to provide the command after a delay.

20.  The apparatus of claim 19, wherein the delay comprises a RAS to CAS
delay in accordance with the LPDDR2 standard.

21.  The apparatus of clam 16, wherein the controller is further configured

to provide a preactive command during a third addressing phase.
22.  The apparatus of clam 16, wherein the controller is configured to
receive the information indicating that the memory is not available to perform the

command on one or more data mask signal lines of adata bus.

23.  The apparatus of claim 16, wherein the controller is configured to
provide the command after aRASto CAS delay has el apsed.
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24.  The apparatus of clam 16, wherein the information is indicative of a

remaining duration of the variable latency period.

25. A method, comprising:

receiving, with amemory, an activate command indicative of atype of a
command during afirst addressing phase;

receiving the command during a second addressing phase;

if the command is received during a variable latency period, providing
information indicating that the memory is not available to perform the command; and

if the command is received after the variable latency period, providing

information indicating that the memory is available to perform the command.

26.  Themethod of claim 25, further comprising:

managing one or more memory operations during the variable latency period.

27. The method of clam 25, wherein said receiving, with a memory, an
activate command comprises:
determining whether the activate command comprises an activate read

command or an activate write command.

28.  The method of claim 27, wherein the variable latency period has a first
maximum duration responsive, at least in part, to the activate command comprising an
activate read command and the variable latency period has a second maximum duration
responsive, at least in part, to the activate command comprising an activate write

command.
29. The method of clam 27, wherein determining whether the activate

command comprises an activate read command or an activate write command

comprises determining a state of a bit of a buffer address.
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30.  The method of claim 27, wherein providing information indicating that
the memory is not available to perform the command comprises providing data not

valid information indicating a remaining duration of the variable latency period.

31.  The method of claim 27, wherein providing information indicating that
the memory is available to perform the command comprises providing data valid

information indicating an error.

32. Themethod of claim 27, further comprising:

receiving, with the memory, a preactive command.

33. A method, comprising:

providing, with a controller, an activate command indicative of acommand,;

after providing the activate command, providing the command; and

receiving at least one of data not valid information or data valid information
responsive, at least in part, to providing the command, wherein receiving at least one of
data not valid information or data valid information comprises:

receiving read data and the data valid signal on a same bus.

34. A method, comprising:

providing, with a controller, an activate command indicative of acommand,;

after providing the activate command, providing the command; and

receiving at least one of data not valid information or data valid information
responsive, at least in part, to providing the command, wherein receiving at least one of
data not valid information or data valid information comprises:

if the command was provided during a variable latency period, receiving data
not valid information; and

if the command was provided after a variable latency period, recelving data

valid information.

35. The method of clam 34, wherein the variable latency period has a

maximum duration based, at least in part, on the activate command.

36. A method, comprising:
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providing, with a controller, an activate command indicative of acommand,;
after providing the activate command, providing the command; and

receiving at least one of data not valid information or data valid information
responsive, at least in part, to providing the command, further comprising:
before providing the activate command, providing a preactive command.

37. A method, comprising:

providing, with a controller, an activate command indicative of acommand,;

after providing the activate command, providing the command; and

receiving at least one of data not valid information or data valid information
responsive, at least in part, to providing the command, wherein receiving at least one of
data not valid information or data valid information responsive, at least in part, to
providing the command comprises:

receiving the at least one of data not valid information or data valid information

on one or more data mask signal lines.
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