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APPARATUSES ANBMETHODS FOR MEMORY OPERATIONS HAVING
VYARIABLE LATENCEES

CROSS-REFERENCE TQ RELATED APPLICATION

{601 This application claims priovity to 1S, Provisional Patent Application N
61 TI9.321, filad October 26, 2012, This application is incorporated by raference herein

1 11s entirety and for all poarposes.

TECHNICAL FIELD

0821 Embodiments of the invention relate geverally to memontes, and include examples of
write and read operations having varigble Iatencies which may be used with memories

having phase change memory.

BACKGROUND OF THE INVENTION

[863] Memory devices may be provided n apparatuses such as computers or other
electronic devices, including but wot limited to portable memory devices, solid state
drives, personal dipital assistants, music plavers, cameras, phones, wireless devices,
displays, chip sets, set fop boxes, gaming svstenss, velucles, and appliances. There are
many different types of memory including random-access memoty (RAM), read only
memory (ROM), dynamie random access mwemory (DRAM), synchronous dynamic
random access memory (SDRAM]), flash memory, and resistance variable memory,
amony others.

[884] Apparatuses, sach as resistance variable memory devices, mayv be gsed as non-volatile
memory for g wide range of electronic devices. Resistance variable memory devices
may include, for example, phase change memory (PCM) or resistive memory (RR),
among others. A physical Javout of 3 POM device may resemble that of a DRAM
device where the capaciior of the DRAM cell i3 replaced by a phase change material,
e g, Germanum-Antimony-Telluride (G8T) or other chalcogenide materials. That is,
an access device such as a diode or metal oxide semiconductor field effect transistor
{MOSFET) can be connected i seriss with the phase change matenial,  Chalepgenide
materials can include compounds of sulfides, selenides, or tellurides, among others,
(GST has been used i rewriteable optical dises, e, rewritable compact dises (CD-RW)

and rewritable digital versatile discs {DVD-RW).
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{005) PCM may be written to change from a first state {e.g., logic ™07} 1o a second state
{e.g.. ogic 17} as with non-volatite memaories, PCM may alse be written to change
from the second state o the first state. A conventional read operation o PCM is also
similar o RAM.  As such, PCM wmav be used i random-nccess memory.  Write
operations with PCM, however, are relatively slower than for conventional RAM. That
18, time may be needed to manage and complete write operations, such as preparing data
to be wrilten to memory, suspending a write operation i case of a read access request,
as well as o monitor the progress of a write operation. Read operations may be slower
than for conventional RAM and read operations cannot be performed on a meamory
iocation that 1s involved in a concurrent write operation.

[006] As g result of the hmitgtions of using PCM as RAM replacement, operation of PCMs
in memory systems is restricted in several ways. For example, write and read operations
mav not be performed af @y time on any memory location.  Satus registers used for
momtoring the progress of wrile opevations mway be regularly polled {o detlermine
completion of & write operation before starting 8 new write operation. Additionally, in
somg applications write operations are necessarily suspended for read operations and

resumed upon completion of the read operation.

SUMMARY

{8071 Apparatuses and methods for performing memory operations are described. In an
example gpparagtus, & memory s configored to recetve g memory instruction and
perform a memory operation responsive {0 the memory instruction.  The memory 13
further configured to provide an acknowledgement indicative of an end of ihe vanable
fatency penod wherein the acknowledgement inclodes mformation related to an
acceptance of a memory wstruction.  Data assoctated with the memory instraction is
exchanged with the memory [ollowing the acknowledgement.

[008] Another example apparatus includes a memory amay and 8 memory operation
controfter.  The memory operation controller 13 configured to receive memory
instructions and decode the memeory instructions (o provide internal signals for
performing memory operations. The memory operation controlier is further configured

to wait a hold-off pertod before resuming a suspended memory operation.
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{009 Another example apparatus includes o memory amray, a write buffer. a memory
operation controlier, and a register. The write buffer 15 configured to store write data o
be written o the memory array.  The memory operation controller 18 configured o0
receive memory nstructions and decode the memory mstructions to provide internal
signals for performing memory operations for the memory instructions. The memory
operation confroller i3 further configured to provide an acknowledgement indicative of
an end of the variable latency perfod. The register 15 coupled o the memory operstion
controller and configured 1o store mformation related o a hold-off perind following
completion of a read operation before resunung a suspended wrile operation.

[#10] In an example method & memory a wiile mstraction and an address 10 which write
datg is to be written 1s received. The example method further includes providing an
acknowledpement indicative of an end of the variable latency period and waiting a bus
wmaround time following the acknowledgement.  The write dats fiw the wris
msiruction is received.

[011]  Another example method includes receiving a read instraction and an address from
which read data is to be read. A write operation is suspended responsive to the read
mstruction and an acknowledgement indicative of an end of the vanable latency period
s provided. Read data for the vead instruction 15 provided and the wrile operation s
continged to be suspended for a hold-off period following completion of the read
operation.

{812} Another example method includes recetving at 8 memory memory instruchions and
addresses associated with the memory instruction.  An acknowledgement indicative of
an end of the varable latency pertod and including mformation refated to au acceplance
of 2 memory mstruction 1s provided, and dats associated with the wemory instraction is
received or provided.

[013] Another example method includes providing a memory instruction and an address to a
memory, and receiving an acknowledgement indicative of an end of the vanable latency
period. Information velated to acceptance of the memory mstruction by the memory is

included. Data assoclated with the memory instruction with the memory is exchanged.
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BRIEY DESCRIPTION OF THE DRAWINGS

[14] Figure 1 i o block diagram of an apparatus according fo an embodiment of the
vention,

[B18] Figore 2A 18 a tiomng diagram of vanous signals for o write operation according to an
embodiment of the invention. Figure 2B is a timing dagram of vanous sigoals for g
wrile operation geeordimg (o another embodiment of the mvention,

[616] Figure 3 15 a tinmng diagram of various signals for a read operation according o an
erabodiment of the nvention.

{117 Figure 4A 15 a table of wait states sccording to an embodiment of the invention.
Figare 48 i3 a tinmng diagram of various signals for o memory operation according {0 an
embodiment of the invention,

[018] Figure § is a table of nformation provided by an acknowledpement according to an
embodiment of the invention.

[819] Figure 613 a sequence of read and write instractions according to an embodiment of
the invention iHustrating an examiple operation.

{8261 Figure 713 a sequence of read and wre wstructions accordmg to an embodiment of
the vention iHuastrating an example operation.

{821} Figore R i3 a block diagram of an apparatus according to an embodiment of the

mveniton,

DETAILED DESCRIPTION

{822] Certain details are set forth below 1o provide g sufficient understanding of
embodiments of the invention. However, it will be clear to one skilled in the art that
embodiments of the invention may be practiced withouwt these particular details.
Moreover, the particular embodiments of the present vention described heremn are
provided by way of example and should not be used to limit the scope of the invention
to these particular embodiments.  In other instances, wellknown circuws, control
signals, timing protocols, and software operations bave not been shown i detail in order
to avold unnecessartly obscurning the invention,

{823} Figure 1 illustrates an appavates according o an embodiment of the nvention. The
apparalus may comprise chuouiry, one or more senvconductor dice, a packaged

senticonductor, a device including such curouitry, die, or package, andior a system
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meluding such a device, and may include s memory controller 10 that is coupled to a
memory 100, The memory controfler 10 is alse coupled 0 a system bus 20, The
menmory controller 10 provides the memory 100 memory nstructions and memory
addresses on a bus 110 The memory 100 mchudes a memory array 170 having memory
cells for storing data, and further mncludes a memory operation controlier 140 configurad
to receive the memory instructions and control memory operations of the memory 100
A vrite bulfer 150 inchuded in the memory 1M may be used to store write mstractions
and data and a register 160 may be used to store values related to the configuration and
operation of the memory 100, as will be described in more detail below,  Although
shown as separaie elements m Figure 1, the memory operation controller 144, write
buffer 150, and register 160 may be combined 1w various different arrangements that
include one or more of the memory operation controller 140, write buffer 130, and
register 160, For example, the memory operation copdroller 146 may include the
regisier 16010 some embodiments.

{024] The memory 100 performs memory operations in response 1o the memory mstructions
and addresses. The memory 100 provides various mformation to the memory coniroller
10 on a bus 120, As will be described in more detail below, the information provided
by the memory 100 may mclude information related to a memory operation performed
for a memory mstruction, remaining time of & vanabde latency pericd, an
acknowledpement indicating an end of the variable latency period, as well as other
information that may be related to the memory 100, Dats may be exchanged with the
memaory 100 over bus 130, for example, read data is provided by the memory 100 to the
memory controller 10 for 2 read instruction, and i snother example, write data is
provided by the memory controdler 100 the memory Hi for g wrile instruction.

{028] The information provided by the memory 100 may be used in managing operations
between the memory controller 10 and the memory 100, For example, the
acknowledpement may be used as a wait signal for the system bus 20, which remaing
busy until & memory operation ends.  Another example s using the scknowledgement to
deternune whether to keep the system bus 20 busy until a memory operstion is
conpleted, or abort an operation {for example, deselecting the memory 100) i order o
free the system bus 20 (fov the same master for other operations or for other
masters/peripherals such as frame buffers, ete) and retry st a later tme.  Information

related to the remaming time ol a variable latency period may also be provided 1o assist

LA



WO 2014/066845 PCT/US2013/066949

n determimng whether to keep the system bus 20 busy, or abort an operation and retry
at a later time.

[026] In operation, memory nstructions and memory addresses are recetved by the memory
100, for example, from the memory controller 10 and a memory operation is performed.
A variable latency period tLAT follows receipt of the memory mstruction and memory
address.  An end of the latency period 15 indicated by an acknowledgement
ACKNOWLEDGE provided by the memory 100, afler which data may be exchanged
with the memory {e.g., providing data to the memory controller 10 following the
ACKNOWLEDGE., recetving data from the mentory comtroller 10 following the
ACKNOWILEDGE, or both providing/recetving data following the ACKNOWLEDGE}
During the tLAT penod, the memory 100 may mangge memory opervations.  For
example, during the tLAT penod the memory may prepare iiself for the memory
operation {e.g., such ay preparing memory cwowits for perfiwming the memory
operation), complete 4 memory operation in progress, suspending an operation
progress o begin performung the memory operation, or manage other memory
operations. The memory I may also complete an operation in progress during the
tLAT peniod, for example, before performing the memeory operation for the memory
metruction received.  As such, the tLAT pertod may vary over a range of Ume, from
relatively short to relatively long, with the ACKRNOWLEDGE indicating the end of the
{LAT period. The ACKNOWLEDGE may alse be used to mformy a host if the (LAT
period is ongeing or has ended. In some embodiments, the wemory 100 may provide
mformation related to the time for the (LAT period during the tLAT period. In an
example, the memory 100 provides information related so the time for the (LAT period,
ardd may further provide updated information related 1w the time for the $LAT penod.
The updated information may reflect how much longer the (LAY periad may be.

[027] In some embodiments, a memory operation controller in a memory {e.g., memory
operation controfler 140 of memory 100} may decode memeory instructions and provide
internal signals to manage reselting memory operations o allow data o be writlen to
and allow data 1o be read frony & memory array of the memory {e.g., memory array 170
of memory 100} without the same timing limiations of conventional phase change
memory (PCMY. For example, in some embodiments, data may be read from a location
1 the memory array even i the location s currently volved with a write operation. In

some embodiments, suspension gnd resumption of internal memory operations {e.g.,

O



WO 2014/066845 PCT/US2013/066949

write and read operations} may be less constrained in comparison {o convention PCMs,
and thus provide greater operational flexibility of the memory. For example, a write
operation oay not necessarily be suspended in favor of a read operation, and suspended
write operations may be resumed according to more flexible timing conditions.

[828] In summary, during the tLAT period the memory is being prepared for the operation
or to complete an operation.  For example, donng this time, the memory determines
whether a previous operation 18 in progress: i not then a current operalion may be
performed immediately gfier a relatively short tLAT peviod. 1 a previous operation is
already in progress, the memory will decide how o manape the cwrent and previous
operattons, It may be that the previous operation 13 saspended o allow the current
operatton o be performed. in this case, the (LAT period may be relatively short. If)
however, the memory decides to complete the previous operation beforz perfonming the
gurrent aperation the LAT pertod may be relatively long.

[629] Embodiments of the invention may be otilized with various memory interfaces. For
example, some embodiments may be utilized with serial memory interfaces. Some
embodiments of the mvention may be ultized with memory mapped interfaces,
meluding LPDDRI-N, NOR, as well as other memory interfaces as well.

[830] Exaniples of memory instructions are a write mstrachion and a read instruction. A
write instruction causes a write operation to be performed by the mamory 100, with
wrile data recetved by the memory being written o memory locations corresponding to
a memory address. A read instruction causes a read operation to be performed by the
memory 100, with read data provided by the memory from memory locations
corvesponding © & mamory address.

[#31]  Write mstructions according to an embodiment of the hyvvention are received by the a
memory o perfornt a witte operation.  Geperally, m such embodimenis, the write
instruction and memory address are received by the memory, and 8 varable Iatency
period follows the receipt of the instruction and the address. An end of the latency
period is indicated by an acknowledgement ACKNOWLEDGE provided by the
memory, aller which write dita for the write instruction may be received by the
menery. As will be desertbed i more detadl below, 1 some entbodiments a naxinnm
time for the tLAT period may be defined, for example, by programming a register that
mcludes a value for a maximum tLAT. Figure 2A sllustrates the tnung of a write

operation according to an embodiment ol the mvention.
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{032 Prior to time TO a memory select signal & (active low) and mode signals MODE
become active, causing the memory (o become active. Between times TO and T1 g write
instruction is received by the memory on inputioutputs DQO-DQ3 of the memory.
Between times T1 and T2 an address corresponding to the location for the write
instruction is received. Following time T2 15 a latency period {LAT. The tLAT period
may be variable, with an end of the tLAT period indicated by an acknowledgement
ACKNOWLEDGE provided by the memory. Between times T2 and T3 is a bus
tumarcund peniod (o allow DQO-DOQ3 to change direction of the exchange of
mformation, 1if desired, During the bus turnaround time DOO-DO3 may be i a high-
impedance “HI-Z” state, as shown i Figwe 2A. As previowsly discussed, the memory
provides an ACKNOWLEDGE to indicate an end of the tLAT period. The memory
may use one or more of DQO-DQ3 to provide the ACKNOWLEDGE., IIn the
enmthociment of Flaare 2A, the memory uses DO fov the ACKNOWLEDGE,
Following tme T3 the memory provides a logie *07 on DO, and DO, DQ2, and DO3
may be any logie state (Le., “don’t care”™).

{8331 At tme T4 the memory provides an ACKNOWLEDGE. The ACKNQWLERGE is
represented in Figure 2A as the memory changing the logie state of DO from logic “07
o lfogie 17 The ACKNOWLEDGE may be provided by the memory for a period of
ume {e.g., 3 mumber of clock cveles), after which write data may be received by the
memory. In Figure 24, for example, the ACKNOWLEDGE i3 provided by the memory
on DO over two clock eycles from time T4 to time T3, Although Hlustrated in Figure
2A as a change i logic state from 07 to “17 on DQI, the ACKNOWLEDGE may be
provided on another DQ, or more than one DQ. The ACKNOWLEDGE may be
represented by other than changing from 07 o 1,7 for example, "1™ o 0" Hi-Z 1o a
fogic state, or other represeniations.  Additionally, the ACKNOWLEDGE may be
provided by the memaory for shorter or longer than that specifically itlustrated in Figore
2A. Following the ACKNOWLEDGE between times T4 and TS may be a bus
twmaround time (BT, The BT may be provided n order to avoid bus contention
between the memory providing the ACKNQWLEDGE and receiving the wiite data
Write data is received by the memory at fime TO following the tBT.

[334] The (BT may be a specific number of clock eveles UK measured relative 1o the
ACKNOWLEDGE. In the example of Figare 2A the (BT is shown as 1 tCK, measured

from a first rising edge after the ACKNOWLEDGE. In some embodiments, the (87
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may be programimable, for example, by programming a register that includes a 187

setting. The tBT may be programmable as various configurable times or a vanable

tme. When the (BT s programnmed as a configarable time, one of several chowces of
clock cyeles may be selected, such as 2 1BT of 1 €K, 2 (CK, or 3 1CK as measured
relative 10 the ACKNQWLEDGE. In an example where the (BT is progranuned as a
configurable time of 1HCK, Figwre 2A also sllustrates the resulting (BT, For a
configurable BT of 2 1CK the time between T3 and T6 would be one clock evele longer
and for a configurable 1BY of 3 1CK the time between TF and T6 would be two clock
cveles tonger,

{835] A vanable (BT provides for the write data to be received by the memory at a vaniable
time relative to the ACKNOWLEDGE. Figure 2B illustrates a timing for g write
operation baving a variable (8T according to an smbodiment of the mvention. As with
Froare 2A, a memory select signal 87 and mode signals MODE are active prioy o thne
TO. At time TO the write Instruction 1§ received by the memory and the address is
recetved at time T1. Following T2 is the tLAT period, which as previously discussed,
may be variable and bhave an end indicated by the ACKNOWLEDGE., A bus
trnaround pertod i3 shown between times T2 and T3 for BQI-DQ3 as a Hi-Z state.
The memory receives & logic 707 on DQO. DOQO 15 wsed to indicate an end of a variable
BT, as will be described in more detail below. At ume T3 the memeory provides a logic
G on DQI, which 1s used to provide the ACKNOWLEDGE indicating an end of the
tLAT pernad, and DQ2 and DO3 are dop’t care. The ACKNOWLEDGE is provided by
the memory between times T4 and TS on DQI, as represented by changing the logie
state from " g0 “1.7 A variable (BT follows the ACKNOWLEDGE.

[836] In Figure 2B, the inpat/output DO may be used by the memory to receive a BT end
mdicator (BT) which indicates the end of the vangble (BT, In the ewbodiment of Figure
I8, the 1BT end indicator is received by the memory on DOQU at time T6, and precedes
the write data received by the memory at T7. DQI-DQ3 ave don’t care. The tBT end
indicator notifies the memory of the end of the vanable (BT and that write data will
follow. In this manmer, the length of BT can be deternimed by the host (with an end
inchcated by BT, rather than having a configurable tBT {e.g., 1ICK, 210K, 3 7K, atc.}
and without using a separate dedivated signal Bre Jor the iBT end indicator. in other

embodiments the BT end mdicator may be provided on a different DQ or on more than

Y



WO 2014/066845 PCT/US2013/066949

one DQ. Additionally, the (BT end indicator may be longer or shonter than that shown
i Figure 2B,

{0371 As previously described, during the (LAT period the memory may manage memory
operattons. For example, during the tLAT penod the memory may prepare itself for the
write operation, such as preparing memory circuils for performing the write operation,
suspending an operation i progress to begin performing the wrile operation, or manage
other memory operations.  The memory may also complele an operation in progress
during the tLAT period, for example, before performing the write operation for the write
mstruction. The tLAT penod may vary over a range of time.  In some embodiments, the
time for a tLAT petiod may be characterized over a range from refatively shont o
relatively long, with the ACKNOWLEDGE indicating the end of the tLAT period.

[638] It will be appreciated that the mvention 1s not hmited o the particular embodiments
deseribred with referenve 1o Fioures 2A and 2B, For example, in an embodiment of the
myvention the write wmstruction is 8§-bis (1 byte) and the address is 24-bits (3 bytes)
received over a phuality of clock cycles. However, instructions and addresses of
different lengths mav be used as well, and received over a munber of clock cycles
ditferent than that illustrated in Figures 2A and 2B, Additionally, the order in which an
mstruction and address are recetved by the memory may be different without departing
from the scope of the nvention. Figures 2A and 2B ilustrate an embodinents wherg
mput/oniput DOQG-DO3 are shared for instructions, addresses, and data.  In some
embodiments, however, memory instructions may be received on a dedicated input, and
addresses and data share another imputioutput.  In some embodiments, memory
mstructions  and  addresses way be received on a shared mput, and daia
received/provided on dedicated inputiouiputs.  The ACKNOWLEDGE i3 shown in
Figures 2A and 2B g3 being provided over two clock cycles, but in other embodiments
the ACKNOWLEDGE may be provided over a different number of clock cyceles. The
time at which the write data may be received may follow a specific namber of clock
cycles afier the ACKNOWLEDGE, or in some embodiments, the write data may be
received at a time subsequent o the ACKNQWLEDGE, for example, as previously
discussed, after a configurable or variabli bus turnaround tinse.

{839 A bulfer may be included n a memory (2.2, memory 100 of Figure 1) in soune
embodiments and used 1o store write data and corresponding write instructions untl a

suflicient number of write mstructions/data are accumulated, at which time wriie
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operations for the buffered write wnsirnctions are performed.  As a result, several write
mstructions may have relatively short tLAT perinds (those buffered) followed by a write
instruction having a tLAT perod that is longer than the velatively short {LAT period.
Write operattons for the buffered write instructions are performed during the fonger
tLAT peried. The buffer may be accessible so that buffered write data 1s accessible for
a read operation if the buffered write data 15 to be read, such as to keep cached data
coherency.

[040] Read mstructions according to an embodiment of the invention are received by a
memory o perform a read operation.  Generally, i such embodiments, the read
nstruction and memory address are received by the memory, and a variablg latency
petiad follows the receipt of the instruction and the address. An end of the latency
period 15 indicated by an acknowledgement ACKNOWLEDGE provided by the
memory, after which read data for the read nstraction s provided by the memory, Ag
will be describad in more detail below, i some embodiments a maxigam time for the
tLAT period may be defined, for example, by progrannning a register that mcludes a
value for a maxmmuam tLAT. Figure 3 dlustrates the tming of a read operation
according to an embodiment of the invention.

[841] Prior to time TO a memory select signal S/ (active fow) and mode signals MODE are
active, causing the memry 0 be come active. Betwesn times TO and T! a read
mstruction 13 received by the wenwwy. Between times T1 and T2 an address
corresponding to the location for the read istructson 1s received. Following time T2 s a
latency period tLAT. The tLAT period may be variable, with an end of the tLAT peniod
mdicated by an acknowledgement ACKNOWLEDGE provided by the memory, aller
which read dats may be provided by the memeory. A buas turnaround period 13 shown
between times T2 and T3 for DQO-DQI as a Hi-Z state. AL time T3 the memory
provides a logic 07 on DQL, which is used to provide the ACKNOWLEDGE indicating
an end of the AT period, and DOQO, DQ2, and D3 are don’t care.  The
ACKNOWLEDGE 15 provided by the memory between tmes T4 and TS5 on DOQI, as
represented by changing the logic state from 07 10 “1." Read data is provided by the
memory at time T3,

[B342]  As previousty described, during the tLAT period the memory may manage memory
operations. For example, during the tLAT peniod the memory may prepare stself for the

read operation. such as prepaning memory circuits for performing the read operation,
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suspending an operation in progress io begin performing the read operation, or mangge
other memory operations. The memory may also complete an operation in progress
during the tLAT period, for example, before performing the read operabion for the read
mstructton. The tLAT period may vary over a range of Ume, with the
ACKNOWLEDGE indicating the end of the tLAT penod.

[843] It will be appreciated that the invention is not limited to the particular embodiment
described with reference to Figare 3. For exasuple, m an embodiment of the mvention
the read instraction is 8-bits (1 byte) and the address is 24-bits (3 bytes) received over a
pharality of clock cyveles. However, instructions and addresses of different lengths may
be used as well, and received over a number of clock evcles different than that
ithustrated in Figure 3. Additionally, the order i wiich an instruction and address are
received by the memory may be different without departing from the scope of the
myention.  Flowe 3 illustrates &y embodiments wherg mputiontpds DQG-DO3 arg
shared for instroctions, addresses, and data. In some embodminents, however, memory
instructions may be received on a dedicated tnput, and addresses and data share another
mputoutpai. In some embodiments, memory instructions and addresses may be
received on a shared inpot, and data receivediprovided on dedicated inpuationtputs. The
ACKNOWLEDGE is shown i Pigure 3 as being provided over two clock cycles, but in
other embodiments the ACKNOWLEDGE mav be provided over a differsnt number of
elock cveles.

[044] As previcusly described, duning a tLAT period 8 memory may manage memory
operations. The time for the tLAT period may be affected by the manner in which the
memary manages memory operstions. As previousty described, the ACKNOWLEDGE
15 provided by the memory to indicate an end of the tLAT period after which data is 1o
be exchanged {e.g.. write data provided to the memory for a wiite operation and read
data provided by the memory for a read operation). In the embodiments iHustrated with
veference to Figures 2A, 2B, and 3, the end of the tLAT period comncides with the
beginning of the ACKNOWLEDGE. In other emabodiments, the end of a tLAT pened
may inchule the ACKNOWLEDGE and end comeident with ACKNOWLEDGE or
extendd several clock cveles after the ACKNOWLEDGE, it end before data is
exchanged with the memory.

[845]  In some embodiments, the ACKNOWLEDGE may be used 1o wmform a host that the

tLAT period is ongoing or has ended. For example, as previcusty deseribed the memory



WO 2014/066845 PCT/US2013/066949

may provide a sigoal on g DO baving 3 logic siate that indicates whether the (LAT
pertod is ongoing or ended, transitioning from one logic state to another at the time the
tLAT period ends {e.g., as part of the ACKNOWLEDGE wndicating an end of the tLAT
period). While the tLAT period is ongoing, signals on other DQs may be don’t care,
and‘or at least one DQ is used to receive a signal from a host.

[846] In some embodiments, information may be provided by the memory during the (LAT
period, for example, related to the operation for 3 memory mstruction.  As previously
discussed, the memory may provide information related to the time {or the tLAT period,
and may further provide wpdated miormation during the tLAT period related to the
vemaining (Bne of the iLAT peried. Example mioomation that may be provided includes
a wait state which 1s related to how much fonger tLAT may be. The information may be
represented by one or more signals, with the combmation of the login states of the
signals indicating the infwmation conveyed during tLAT. For example, a first signal
{e.g., a first DO signal) may have a logle state that indicates whether the tLAT period is
ongoing or has ended, transitioning from one logic state to the other at the tme the
period). While the tLAT pertod is ongoing, a second and third signal {e.g., second and
third DQ signals) may have a combination of logic states that mdicates a wait state.

{647} Figwre 4A illustrates a table of waitl states provided by the memory on the
mput/oniputs DQT and D3, Bach of the wall states i3 indicated by a respective logic
combination provided on DQ2-DQ3. For example, a “nonmal” wait state 1s indicated by
a 107 combination provided on DQ2-DQ3, and “short™ and “long™ wail states are
mdicated by providing “007 and “017 combinations on DQ2-DQ3, respectively. In
some embodumenis, as previowsly discussed, the mamory may use DG 1o provide an
ACKNOWLEDGE indicate whether the tLAT period s ongoing {e.g., DO ="y or
ending {e.g., DO = “17). The logic “07 may be provided by the memory on DG
during the tLAT period, with the memory providing a logic “17 on DQU to indicate an
end of the tLAT period. The change of logic states on DO may be mcluded as part of
the ACKNOWLEDGE indicating an end of the {LAT pericd.

[8] The wail states of short, normal, and long are relative, and in soine entbodmientis may
be based on a measwze of time. For example, an increment of time may be vsed as a
measure for normal and fong wait states. An example merement of iime may be 20 us.

That is, when a remaming time for the tLAT period is greater than the time increment
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{e.g., greater than 20 us) 8 “01” combination is provided by the memory on DQ2 and
DO3 1o indicate that the wait state is long. When the remaining time for the (LAY
period s less than the tme increment (e, less than 20 as) a “107 combination is
provided by the memory on DOQ2 and DGJ o indicate that the wait state 1 normal. The
memory may provide a "7 combination on D2 and DOQ3 mndicating a short wail stais
when the remaining time for the tLAT period is less than another thne imcrement shorter
than the ume increment vsed as a measure for the novmal and long wait states. For
example, a short wait state may be provided when the remaining time for the (LAT
period is less than 1 us. Thme increments other than those previously described may be
used without departing from the scope of the wvention.  Moveover, additional or
alierngtive wail states or other information may be conveved during a tLAT period as
well as using other combinations of logic states to indicate the wait states or other
mformation.

[649] Figure 48 iltustrates the thaing for a porhion of & memory operation with the memory
providing mformation related to the remaining time of the tLAT period according to an
embodiment of the mvention. By time T, the memory has received a memory
mstruction {not shown m Figare 4B} for a memory operation and the address associated
with the memory instruction i received between times T8 and T1. Between times Tl
and T2 i3 2 bus tumaround tme to avord bus contention between the mmnory receiving
the address and providing information related {o the remaining time of the (LAT peariod.
The bus turmnaround ume following the address 15 shown in Figure 4B as two tCKs long,
however, the bus turnaround time may be other times as well, whether configurable or
vartable n jength,  In the embodiment of Figwre 4B, wmiormation related o the
remaining tme of the (LAT periad 1s provided by the memory using DQR and DO3.
The combination of logic states provided by the memory on DQ2 and DQ3J mndicates

33

whether, for example, the remaining time for the tLAT period 1s “long,” “nonmal” or
“short.” The information provided by the memory may update over the tLAT period,
with the logic states of DQ2 and DQ3 updated by the memory accordingly.

{0501 The logic states of DO and DO may be used during the tLAT perind for oiher than
providing mformation refated to the remaining time for the tLAT peniod. DQO and DO
are shown in Figure 4B as being driven to “07 logic states. However, DOG and DO
may be other logic states withouwt departing from the scope of the invention.  As

previously discussed, DQO may be used by the memory during the tLAT peried 1o
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recetve a 1BT end indicator BT (for varigble (BT) and DQ1I may be used by the memory
to provide an ACKNOWLEDGE by changing the logic state from logic "0” to logic “1”
{not shown). In other embodiments, the memory does not provide any information on
either or both DQO and DG, andfor provides logic states other than those specifically
itustrated in Figure 48.

[851] As previously discussed, the ACKNOWLEDGE indicates an end of a tLAT period,
and i some embodiments of the invention may also nclode information. For example,
the ACKNOWLEDGE may also mclude wformation related to whether the memory
mstruction 1s accepted or rejected. I accepted, a memory operation {or the accepted
memory mstruction will be performed.  Information related to acceptance of a memory
instruction may include further qualification, such as the instruction has been accepted
bt there is an error duting an operation of a previpus instruction, or the operation has
been accepted bul thers i3 3 waring due 1o the need of a house keeping operation {e.y.,
wear feveling, refresh, ete.). In contrast, i rejected, 8 memory operation for the refected
nemory instraction will not be performed. A memory instruction may be rejected, for
example, due to an error condition in the memory, or for other reasons that prevent the
memory from performing the memory operation.

[0582] The ACKNOWLEDGE may be represented by one or more signals, with the
combination of logic states of the signals indicative of the information conveved by the
ACKNOWLEDGE. For example, a first sigoal {eg. a first data signal} mayv change
logic states to represent an end of the tLAT penod, and the combnation of logic states
of a second and third signal {(e.g., second and third data signals) at the thme the first
signal has changed logic states may indicate additional information, such as acceplance
or rejection of the memory wsiruction.

{083] Figure 3 illustrates a iable of information provided by an ACKNOWLEDGE
according to an embodiment of the invention. DQIL, DQ2, and DQ3 are used in the
embodiment, and the combination of logic states provided by the memory on DQI-DQ3
indicate the ACKNOWLEDGE formation  As shown, the ACKNOWLEDGE may
indicate the end of the (LAT period, and may further include infornation related to
whether the instruction was secepled, accepted with quahification, or rejected due 1o an

2IroL.
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{054] Additional or alternative information may be ncluded in the ACKNOWLEDGE as
well as using other combinations of logic states to indicate the information without
departing from the scope of the fnvention

{8531 The tume for the variable latency period may be based on various factors. For
example, the time for the varable latency period may be based at least m part on 3
current memory operation.  The time for the vartable latency period may be further
based at least In part on the memory nstruction recetved. Where the memory &5 idle
when a memory mstruction Is received, for example, the memory may begin perfornung
the memory operation 3s soon as possible, resulting in a tLAT peniod that is relatively
short. For example, receipt of a read mstraction or a write msiruction when the memory
is idle results in the memory preparing 1o perform the memory operation and beginning
the operation in a relativelv short time, thus the tLAT period may be refatively short and
the read data may be provided by the memory or the write data provided to the memuory
relatively soon afier the read or write instruction, respectively, 1s received.

{56] In contrast, if a wmemory operation is in progress gt the time when a memory
mstruction 18 recetved, the memory may complete the operation in progress before
beginning performance of the memory operation for the received memory instruction.
As aresult, the 1ILAT period may be longer than a relatively short {LAT period, and may
be a refattvely long (LAT period due © the tiime needed o comyplete the operaiion in
progress. For example, a write operation may be in progress when a read instruction s
received by the memory.  The memory may complete the write operation before
beginning the operation for the read instruction, thus, the (LAT period for the read
mstruction may be longer than g relatively short tLAT pertod. Where more than one
write mmstruction is being performed {e.g., performmg baffered wrile instructions) the
tLAT pertod for the read instruction may be relatively long.

[057] In some embodiments, the memory may suspend an operation in progress to begin
performing the operation for a received memory nstruction. The memory operation for
the received memory ingiraction may be completed withowt having to wait for the
operation that is suspended to be completed.  As a result, the tLAT period for the
received memoty instruction 1s shorter than a relatively fong tLATT period, and may be a
velatively short (LAT period.  When the operation for the recelved insiruction 13
completed, the memory may resame performing the suspended operation. For example,

an operation for a write mstruction may be in progress when a read imstruction is
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received by the memoty, The memory may suspend the operation for the wrile
mstruction and begin performing the operation for the received read mstruction, By not
waiting for the operation for the write instraction o complete before beainning
operatton for the read struction, the tLAT for the read nstruction will be a relatively
fong (LAT period.

[858] The memory may continge suspending the operation that was i progress i addittonal
memory  nstructions are received during performance of the received memory
mstruction, or in some embodiments, if addiional memory nstructions are receved
within a hold-off pertod tHOLDOFF. {n some embodiments the (HOLDOFF period is
measured  from completion of the additional memory  instruction. n some
embodiments, the (HOLDOFF period 1« megsured from, for example, receipt of the
additional memory instructions, or o different event related to the adddional memory
mstroction. Recept of a memaory nstruction within the tHOLDOFFE period restarty the
HOLDOFF period at the completion of the memory operation so that other memory
instructions recetved 1n the new tHOLDOEF period will continue 1o cause suspension of
the suspended operation. The tHOLDOFF period allows for additional memory
mstructions  received  within  the tHOLDOFF period 10 be performed without
prematurely resuming a suspended operation, as a result the additionsl memory
instructions may have a tLAT period that may be a relatively short tLAT peood. The
HOLDOFE period may also be used to delay starting background operations withan the
memory, such as wear leveling, consolidating fragmented blocks of dats in memory,
performing device evalugtion and adjustment, as well gs other background operations.
That 13, background operations are not started wiattl after the tHOLDOFF pertod ends in
order to avoid a relatively long tLAT period for any additional memory msiruciions.

[089] For exanple, as in the previous example, 3 write operaiion in progress was suspended
to hegin performing the operation for a read instraction. A tHOLDOFY period (1.2, first
HOLDOFF period) may begin following the completion of the read wstruction, during
which an additonal read instruction is received.  As a resalt, the saspended write
operation remwains suspended and the read operation for the pdditional read instruction
begins. Due to the continued suspeusion of the wiite operation, the tLAT period for the
additional read instruction may be a relatively short tLAT period.  Upon completion of
the addittonal read mstruction, another tHOLDOFF period (e, second tHOLDOFF

period) begins, during which receipt of other additional read mstructions will cause the
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wriie operation to be further suspended. The further additional read nstructions may
also have a tLAT period that may be a refatively short tLAT period. However, i the
event 1o other read mstroctions are received during the second tHOLDOFEF period the
suspended write operation may be resumed and completed.

{860} In some embodiments, receipt of a specific type or types of memory mstructions will
result in a saspended memory operation {o be resumed. For example, assining again a
wrile pperation 1s suspended upon receipt of read instruchion. The read operation for the
instruction heging and is completed, at which time a {HOLDOFY period begins, As
previously described, receipt of a read instruction during the (HOLDOFY period may
cause the suspended write operation {o remain suspended.  However, if a write
instruction i3 received during the tHOLDOFF perted, this type of memory instruction
may cause the suspended write operation to resume immediately to be completed. The
wrilg operation for the new write nstruction may be performad following completion of
the previously suspended write operation, or in some embodiments, quesed to be later
performed, for example, due te receipt of a read instruction afler the new write
mstruction was received hut before completion of the resumed wrile operation.

861} Although previousty deseribed m the context of a suspended memory operation, the
{HOLDOFF period may be avatlable even when there are not any memory operations
suspended. That is, a HOLDOFF penod may follow the completion of @ memory
operation, for example, & memory operation for a read mstruction, during which time no
other memory operations are inthiated. A memory operation for an instruction received
during the tHOLDOFF period may consequently have a relatively short tLAT given that
no other menmory operations are in progress.  In some embodiments, receipt of write
instructions dering the (HOLDOFF period may force the tHOLDOFF perind o
immediately expire and not be restarted.  The tHOLDOFF period may be used with
suspended operations or when no other memory operstions are pending to allow a
memory to remain ready to perform a memory operation for an instraction received
during the tHOLDOFF pertod, resulting in refatively short tLAT periods.

[062] A maximuny thime for tLAT and the tme for a (HOLDOFF period may be
programmable in some embodiments of the mvention. For example, a register may be
included in a memory {e.g., regidter 160 of Figure 1) which is used to store values
mdicative of a maximum LAY, and store values indicative of the time for the

tHOLDOFF pertod. The maximum time for (LAT may set the maximum tLAT time for
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a memory operation, and may be used by 8 memory, for example, 1o determine whether
to suspend a curreni memory operation in progress, or o allow a current memory
operation to complete before twrning to the memory operabon.  Separate maximum
tLATs may be set for vead and write operations in some embodiments. The maximum
tLAT value andfor the tHOLDOFF pertod may i soine enthodimenis be programnable
by a host, and may be based on, for example, facilitating efficient execution of
micrecode.  The value programmed for tLAT may wlentify one of several predefined
maxmum vilues in some embodiments, In some embodiments, a value may be stoved
i the register mdicative of a maxuvum number of operations that may be performed
during a tLAT period, thus establishing a maxmuen (LAT pertod.

[063] Figure 6 illustrates a sequence of read and write instructions according to an
embodiment to ilusirate an example operation of 3 memory.

[864] At time TO a wrile struction 604 and addvess 606 are received by the memory.
Assunuing that the memory was idle prior to e TO, the write operation for the wiite
instruction 604 will have a relatively short (LAT 608, As previously described, a buffer
may be used to store instructions, address and write data to provide a relatively short
tLAT period, for example. As a reselt, write data 612 for the write instruction 604 can
be received al ume T1, which 18 relatively soon alter the write Instruction 604 was
received at time TO. Following receipt of the write data 612 at tine T1, misrnal
memory operations are performed for the write operation.  As illusivated in the example
of Figure 6, at time T2 a read instruction 616 and address 618 are received by the
memory. The read operation for the read instruction 616 will have a relanvely long
tLAT 620 gssuming that the write operation for the wrlte nsiraction 604 of time T 15 (0
be completed or suspended before performing the vead operation. Following the tLAT
626, at time T3 read data 624 for the read mstraction 616 is made available by the
mentory. A tHOLDOFF period 626 begins at time T4 following provision of the read
data 624. Time T4 may represent the completion of the read operation for the read
mstruction 616, At tme TS a read nstroction 628 and address 630 are recetved by the
memory.  As Hustrated in Figure 6, the read instruction 628 is received within the
{HOLDOFF peried 626, Thus, the read operation for the read instruction 62§ can begin
immediately, and will have a relatively short tLAT 632, Read data 636 is provided by
the memory at time T6 following the tLAT 632, and throogh to time T7, which

represents the end of the read operation {or the read nstruction 628,
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{065 By comparison, the tLAT 632 is shorier than the tLAT 620, As previously described,
the tLAT 620 may have resulied from waiting for the write operation for the write
instruction 604 o complete or be suspended before performing the read operation for
the read nstruction 616, In contrast, the tLAT 632 of the read operation for the read
mstruction 628 1s shorter because the memory was waiting the tHOQLDOFF pertod 626
before turning to other memory operations.  As such, the memory was able to begin
performing the read operation for the read nstroction 62% when it was received within
the tHOLDOFF period 626 at time TS, Although not shown in Figore 6, read operations
for subsequently received read operations will also have relatively short (LATs if the
vead msiruction is recetved within a tHOLDOFF period.

[066] As illustrated by Figure 6, the write operation for the write hnstruction initially
receivad is completed or suspended before initiating the read operation for the read
mstroction 016 recetved at time T2, As g reault, the tLAT fiw the read wstruction A16
will be relabvely fong to allow the write operation to complete or be suspended.
However, the read operation for the resd mstraction 628 received at time T5 has a tLAT
that is relatively short due o recetving the read mstruction within the tHOLDOFF
period 616, Ag previousty discussed, memory operations for instructions received
during the tHOLDOFF period 626 may have relatively short tLAT because the memory
remaing idle for the tHOLDOFF period, after which i may resunte 3 suspended memory
operation. Thus, the operation for an instruction recetved daring the tHOLDOFF perod
626 can be performed without waiting for another memory operation to compleie or be
suspended and consequently have a relatively short (LAT,

[B67] Figure 7 llustrates @ sequence of read and wrie instructions according (o an
ernbodiment 1o Hlusirale an example operation of a memory.

[068] At time TO a write instruction 704 and address 706 are received by the memory.
Assuming that the memory was idle prior to time TU, the write operation for the write
mstruction 704 will have a relatively short tLAT 708, As a resalt, write data 712 for the
write instruction 704 can be received at time T1, which s relatively soon after the write
instruction 704 was received at time TO. Following receipt of the write datz 712 at time
T1, internal memory operations oceour to perform the wrie operation. The bsernal
memory operations may include writing the wrile data 712 lo a write data buffer in
which write data may be stored before being written to memory.  As previously

discussed, use of a write data buffer may allow for a write operation to be completed
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relatively gquickly because writing write data to the write data buffer may take less time
than writing write data to memory. At a later time, however, write data accumulated in
the write data builer will be written (o memory, whch may take a relatively long time,
and may resalt in a memory operation for a subsequently received mstruction having a
relatively long tLAT. In the example of Fizure 7, however, the tLAT 708 1s illustrated
as relatively shovt,

[869] As sllusirated in the example of Figure 7, at time T2 8 read struction 716 and
address 718 gre recetved by the memory, The vead operation for the read Mstruction
716 1s tllustrated 1w Figure 7 with a relatively short tLAT 720, The tLAT 720 may be
refatively short given that the write operation for the wiite instruction 704 may be
completed by time T2, Following the tLAT 720, from time T3 to T4 vead data 724 for
the read instruction 716 is made available by the memory. A tHOLDOFEY period 726
begins al time T4 after the completion of the read operation.  As previously discussed,
during the tHOLDOFF period the memory does pol nitiate or resume any memory
operations.

[070]  Attime TS a write instruction 728 and address 730 are recsived by the memory. With
the read operation for the read mstruction 716 completing by time T4 and the
HOLDOFF period 726 sull elapsing, the write operation for the write nstraction 738
may begin immediately by frcing the tHOLDOFF period o expire and in a relanvely
short tLAT 732, After which write data 736 may be received by the memory al time T6.
At time T7, receipt of the write data 736 is completed. In the example of Figure 7,
although the tLAT 732 15 relatively short, the write operation for the write instruciion
728 may begin internal memaory operations o write the write data accumulated in a
write data beller o 3 memowry arvay.  For example, in some embodiments, 8 write
nstruction received during g tHOLDOFF penod may cause a write operation o begin
or 1 the event a previous memory operation has been suspended, cause the suspended
operation (o reswme. As a resull, a wrile operation for a subsequently received memory
mstruction may have a tLAT longer than the refatively short tLAT 732, For example, at
ime TR a write instruction 740 and address 742 are received by the memory, Although
veceipt of the write data for the write instruction 728 15 completed by receipt of the write
ipstruction 744 at tme T8, the write operation for the write instruction 740 1s iHustrated
m Figure 7 as having a tLAT 744 that 15 Jonger than the relatively short tLAT 732, The

fonger tLAT 744 may result from the mternal memory operations being performed for
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previous witte instructions (e.g., write wsirnctions 704 and 728). That 15, as previously
discussed the write operations for the write instructions 704 and 728 may have relatively
short tLATs 708 and 732, but the write operation for the write wstroction 728 may
mclude writing buffered write data to a mewory army. The write operation for the write
mstraction 728 may not complete by time TS when the write insiruction 740 is received
by the memory causing a longer tLAT 744, Following the longer tLAT 744, write data
for the write mstroction 740 1s received by the memory between times TV and TIO

{071 As ilustrated by Figure 7, the wrile operation for the write instruction 704 initially
received has a short tLAT 708, The write operation s also completed n a relatively
short time, Tor example, through the use of & write data buffer, before receiving the read
fnstruction 716 recetved at time T2, As g rvesult, the tLAT 724 for the read mstruction
716 will be relatively short. The wiite operation for the write instruction 728 received at
tme T3 also has a relatively short tLAT 732, A relatively short tLAT may be due to the
fact that there 15 no suspended operations that need © be resumed and completed, for
example, the relatively short tLAT 732 may be due 1o at least in part on the use of a
write data buffer to store the write data rather than being siored to the memory array,
which typically takes move time than writing to the write data buffer. For example, the
short AT 732 may be due 1o the write mstruchion 738 bemyg received within the
HOLUDOFEE period 726 following the completion of the read operation at tme T4 for
the read mstruction 716, In conirast, the write operation for the write instruction 740
received at time T8 has a tLAT 744 that is longer than tLAT 732, As previously
discussed, the longer (LAT 744 may be due to, for example, performing operations for
writing wite data stoved m the write data buffer to the memory array before receiving
the write data 748 betwesn times TV and T

{072] Figure 8 15 a schematic illustration of a portion of an apparatus (e.g. a memory device,
sugch as a memory modole, or a memory system, such as g solid-state drve) 800
according to an embodiment of the present invention. The apparatus 800 includes an
array 802 of memory cells, which may be, for example, resistance variable memory
cells, including phase change menrory cells, resistance vanable random access memory
cells, or other types of memory cells. The apparatus 800 also mcludes 3 mamory
operation controlier 806 according to an emsbodiment of the invention, that may receive
memory instructions through an instraction bus 808 and generate corresponding coutrol

signals within the apparatus 800 to cause various memory operations (o be camed out.
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For example, the memory operation controller 806 may generaie control signals for
performing read operations and write operations sccording to embodiments of the
inventtion.  The memory operation controlfer 806 includes a vegister 812 that may be
used to store values related to the configuration and operation of the apparatus R0G. In
some embodiments, the register 812 may store values mdicative of a maximum tLAT,
and store values mdicative of the time for the t(HOLDOFF period, among other values.
The register 812 is not mited to bemyg wcluded in the memory operation controller
806, and may be separate from the memory operation controller andior ncluded w
another element of apparatus B3

[873] Row and column address signals may be provided through an address bus 820 to an
address latch 810 of the apparatus 800, In some embodiments, the address bus 820 may
be combimed with the instruction bus 808, and in some embodiments the addrass bus
520 may be combined with a data bay  The addvess lateh 810 may then output 3
separate colunm address and 8 separate row address. The row and colunw addresses
may be provided by the address latch 810 to a row address decoder 822 and a column
address degoder ¥28, respectively. The column address decoder 828 may select bt lines
extending throagh the aray 802 corresponding to respective colupm addresses.  The
row address decoder 822 may be comnected to word hoe driver 824 that may activate
respective rows of memory cells in the amay 802 corresponding o received row
addresses. The selected data line (e.g., 2 bit hine or bit lines) corresponding (o a received
column address may be coupled to read/write circuitry 830 to provide read data to & data
output buller 834 via an wput-output data bus 841 Write data may be provided to the
memory amay &02 through a data inpat buffer 844 and the memory array read/write
crreutiry 830, A buffer 846 of the apparatus 800 may be used 1o store wrile daia andior
write instructions to be performed, a previously discussed.

{074] From the foregoing it will be appreciated that, although specific embodiments of the
mvention have been described herein for purposes of illustration, various modifications
may be made without deviating fromt the spivit and scope of the wvention. Accordingly,

the invention 1s not Hmited except s by the sppended claims.
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CLAIMS

1. An apparatus, comprising:

a memory controller configured to provide memory instructions;

a memory coupled to the memory controller and configured to receive a memory
instruction therefrom and perform a memory operation responsive thereto, the memory further
configured to manage the memory operation during a variable latency period, the memory
further configured to provide an acknowledgement indicative of an end of the variable latency
period wherein the acknowledgement includes information related to an acceptance of the
memory instruction, the memory further configured to exchange data associated with the
memory instruction with the memory controller following the acknowledgement; and

a register configured to store a maximum variable latency period, wherein the register is
configured to store a maximum variable latency period for write operations and store a maximum

variable latency period for read operations.

2. The apparatus of claim 1 wherein the memory includes a write buffer configured

to store write data.

3. The apparatus of claim 1 wherein the memory is further configured to suspend a

write operation in progress responsive to receiving a read instruction.

4. The apparatus of claim 1 wherein the memory is configured to receive memory

instructions, addresses, and data on shared input/outputs.

5. The apparatus of claim 1 wherein the memory is configured to receive memory

instructions and addresses on a shared input, and data on input/outputs.

6. The apparatus of claim 1 wherein the memory is configured to prepare itself for a

memory operation during the variable latency period.
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7. The apparatus of claim 1 wherein the acknowledgement includes the information

that the latency period has ended with further qualifications.

8. The apparatus of claim 1 wherein the acknowledgement includes information that
the memory instruction is accepted but there is a warning due to the occurrence of an error

during an operation of a previous memory instruction.

9. The apparatus of claim 1 wherein the acknowledgement includes information that
the memory instruction is accepted but there is a warning due to the need of a house keeping

operation.

10. The apparatus of claim 9 wherein the house keeping operation comprises at least

one of wear leveling, refreshing, or combinations thereof.

11.  The apparatus of claim 1 wherein the acknowledgement includes information that

the memory instruction is rejected.

12. The apparatus of claim 1 wherein the memory is configured to wait a bus

turnaround time following the acknowledgement before data is received by the memory.

13. An apparatus, comprising:

a memory array having memory cells;

a memory operation controller configured to receive memory instructions and decode the
same to provide internal signals for performing memory operations for the memory instructions,
the memory operation controller further configured to wait a predetermined hold-off period
following performance of the memory operations, to await additional memory instructions,
before resuming a suspended memory operation; and

a register configured to store a maximum variable latency period, wherein the register is
configured to store a maximum variable latency period for write operations and store a maximum

variable latency period for read operations.
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14. The apparatus of claim 13 wherein the memory operation controller is configured
to suspend a write operation in response to receipt of a read instruction and perform a read

operation.

15. The apparatus of claim 14, further comprising a register configured to store a
maximum hold-off period and the memory operation controller is configured to wait the

maximum hold-off period and then resume the suspended write operation.

16. The apparatus of claim 14 wherein the memory operation controller is configured
to continue to suspend the write operation responsive to receipt of the read instruction during the
hold-off period and to perform the read operation and to restart the hold-off period at the end of

the read operation.

17.  The apparatus of claim 14 wherein the memory operation controller is configured

to resume the suspended write operation in response to receipt of a write instruction.

18. The apparatus of claim 13 wherein the memory cells comprise phase change

memory cells.
19. The apparatus of claim 13 wherein the memory operation controller is configured
to provide an acknowledgement indicative of an end of a variable latency period for a memory

instruction.

20. The apparatus of claim 19 wherein the memory operation controller is configured

to manage memory operations during the variable latency period.

21.  The apparatus of claim 19 wherein the memory operation controller is configured

to prepare memory circuits for performing memory operations during the variable latency period.
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22. An apparatus, comprising:

a memory array having memory cells;

a write buffer configured to store write data to be written to the memory array;

a memory operation controller configured to receive memory instructions and decode the
same to provide internal signals for performing memory operations for the memory instructions,
the memory operation controller further configured to provide an acknowledgement indicative of
an end of the variable latency period;

a register coupled to the memory operation controller and configured to store information
related to a hold-off period following completion of a read operation to await additional memory
instructions before resuming a suspended write operation and further configured to store a
maximum variable latency period, wherein the register is configured to store a maximum
variable latency period for write operations and store a maximum variable latency period for read

operations.

23. The apparatus of claim 22 wherein the register is configured to store information

related to a maximum latency period for read and write operations.

24, The apparatus of claim 23 wherein the memory operation controller is configured
to determine whether to suspend a current memory operation in progress or to allow a current

memory operation to complete based at least in part on the maximum latency period.

25. The apparatus of claim 22 wherein the register is included in the memory

operation controller.

26. The apparatus of claim 22 wherein the memory operation controller is configured
to suspend a memory operation in progress to begin performing a new memory operation during
the variable latency period based at least in part on stored information related to a maximum

latency period.
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217. The apparatus of claim 22 wherein the memory operation controller is configured
to complete a memory operation during the variable latency period based at least in part on

stored information related to a maximum latency period.

28. A method, comprising:

receiving at a memory a read instruction and an address from which read data is to be
read;

during a variable latency period for the read instruction, suspending a write operation
responsive to the read instruction;

providing an acknowledgement indicative of an end of the variable latency period;

providing the read data for the read instruction;

continuing to suspend the write operation for a hold-off period following completion of
the read operation, wherein the memory waits for additional memory instructions during the
hold-off period;

receiving another read instruction during the hold-off period;

further suspending the write operation responsive to receiving the another read
instruction; and

performing a read operation for the another read instruction and restarting the hold-off

period at the end of the read operation.

29. The method of claim 28 wherein the read data for the read instruction is provided

following providing the acknowledgement.

30. The method of claim 28, further comprising:
receiving a write instruction during the restarted hold-off period;

resuming the suspended write operation responsive to receiving the write instruction.
31. The method of claim 28, further comprising:
resuming the suspended write operation responsive to the restarted hold-off period

expiring.
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