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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 1o monitor the progress of a write operation. Read operations may be slower
than for conventional RAM and read operations cannot be performed on a mamory
iocation that 1s ivolved in a concurrent write operation.

[006] As s 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 opsrations
mav ot be performed af @y time on any memory location.  Satus registers used for
momtoring the progress of wrile opevations mway be regularly polled {o delermine
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

{80871 Apparatuses and mwethods for performing memory operations agre desenibed.  An
exanple apparatus wcludes @ memory operation controller,  The memory operation
controfler is configured to receive memory mstructions and decode the memwory
mstructions {0 provide mternal signals for performimg memory operabions for the
memory stractions.  The memory operation controller is further configured to provide
mformation indicative of a time for a variable latency period of a memory instraction
during the variable latency period.

{008] Another example apparatus Includes a memory coupled to a memaory controlter. The
memory is configured 1o receive a wrile nstruction front the memory controller and
perform a memory operation responsive 1o the write instruction, The memaory is further
configured to provide an acknowledgement mdicative of an end of a variable latency
period for the write nstruction and wait a varjable bus twrnsround time after the

acknowledgement belore receiving wiite data.
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{009 1o an example method, a memory instruction and an address are provided to a
memory, and information indicative of 3 remaining time {or a variable latency period for
the memory instruction is vecgived.

[810] Another example method includes receiving a write instruction and an address w
which write data Is © be written is received at a memory.  An acknowledgement
mdicative of an end of a variable latency period for the write instnuction s provided.
After waiting a variable bus tamaround following the acknowledgement, write data for

the write nstruction is recetved,

BRIEF DESCRIPTION OF THE DRAWINGS

j011] Figure 1 s g block diagram of an apparatus according to an embodiment of the
mvention,

[812] Figore 2A 1s a timmng diagram of vanous signals for o write operation according to an
embodiment of the mvention. Figure 28 is a timing diagram of vanous sigoals for g
write operation aecording to another embodiment of the mvention.

{813} Figwre 3 is a tinung diagram of various signals for & read operation according {o an
embodiment of the invention.

[14] Figure 4A 15 a table of walt states secording to an embodiment of the nvention.
Flpure 48 is 2 nnung diagram of various signals for a memory operation according {o an
embodment of the vention.

[815] Figure 5 is a table of information provided by an ackuowledgement according o an
embodiment of the mvention.

[816] Figure 6 is a sequence of read and write instractions according o an embodiment of
the imvention Hustrating an example operation.

{017 Figure 7 is a sequence of read and write instructions according to an embodiment of
the wvention Husizating an example operation.

{018] Figure 8 is a block diagram of an apparatus according to an embodiment of the

mveniton,

DETAILED DESCRIPTION

[019] Certain details are set forth below to provide 8 sufficient understanding of

embodiments of the invention. However, it will be ¢lear to one skilled i the ant that

Las
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embodiments of the invention may be practiced withow these particular details.
Moreover, the particular embodiments of the present invention described herein are
provided by way of example and should not be used o Tt the scope of the invention
to these paticudar embodiments.  In other instances, well-known circuits, control
signals, timing protocols, and software operations have not been shown i detail i order
to avoid wnnecessanty obscuring the invention.

[820] TFigwre 1 illustrates an appavatns according to an embodiment of the imvention. The
apparatus may comprise circuilvy, one or more semiconductor dice, a packaged
senticonductor, a device inchuding such cwewmtry, die, or package, andior a system
ncluding such a device, and may mclade a memory controller 10 that 3s coupled to a
memory 100, The memory controller 10 is also coupled 1o g svstem bus 200 The
memory controller 10 provides the memory 100 memory instructions and memory
addresses on a bus 110, The memory 100 includes a memuory anray 170 having memory
cells for stonng data, and firther includes a memory operation controller 140 configured
to receive the memory instructions and control menwwy operations of the memory 100
A write buffer 130 included in the mameory 100 may be used to store wrile mstiuciions
and data and a register 160 may be used to store values related to the configuration and
operation of the memory 10, as will be deseribed in more detail below.  Although
shown as separate elements in Figure 1, the memory operation controlier 140, wnis
buffer 130, and register 160 may be combined m various different arrangemenis that
include one or more of the memory operation controller 140, write buffer 156, and
register 160, For example, the memory operation controller 140 may inclode the
register 160 in some entbodiments,

[821] The memory 10 performs memory operalions in response 1 the memory mstructions
and addresses. The memory 100 provides various mformation to the memory controller
Hion a bus 1200 As will be described in more detail below, the mformation provided
by the memory 100 may mclude mformation related to 3 memory operation performed
for a wmemory instruction, remwaining time of a varable latemcy perod, an
acknowledgement indicating an end of the variable latency period, as well as other
nformation that may be related {0 the memaory 100. Data may be exchanged with the
memory 100 over bus 130, for example, read data is provided by the memaory 100 to the
memory controller 10 for a vead instruction, and in another example, write data 18

provided by the memory controller 10 1o the memory 100 for a write insiruction,
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{023} The wformation provided by the memory 100 may be used s managing operstions
between the memory controller 10 and the memory 0. For example. the
acknowledgement may be used as 8 wait signal for the systens bus 20, which remains
busy until a memory operation ends. Apother example is using the acknowledgement o
determuine whether to keep the svstem bus 20 busy until a memory opsaration is
completed, or abort an operation (for example, deselecting the memory 100} in order to
free the system bus 20 (for the same master for other operations or for other
nasters/peripherals such as frame bullers, eic.) and retry at a later time.  Infomeation
refated to the remaining time of 3 vartable latency period may also be provided to assist
in detersuning whether (0 keep the svstem bus 20 bugy, or abort an operation and relry
at a later time.

[623] In operation, memory instructions and memory addresses arg received by the memory
100, for example, from the memory controfler 10 apd 2 memory operation is performed.
A vartable latency pertod 1LAT follows receipt of the memory nstruction and memory
address.  An end of the latency period is indicated by an acknowledgement
ACKNOWLEDGE provided by the mamory 100, afier which data may be exchanged
with the memory {e.g., providing data to the memory controller 1) following the
ACKNOWLEDGE, recetving data from the memory controller 10 following the
ACKNOWLEDGE, or both providing/receiving data following the ACKNOWLEDGE}.
Daring the tLAT period, the memory 100 may manage memory operations. For
example, dunng the (LAT period the memory may prepare isell for the memory
operation {e.g., such as preparing memory circuis for performing the memory
operation), complete a memory operation in progress, suspending an operation n
progress to begin performing the wmemory operation, or manage other memory
operations,  The memory 100 may also complete an operation m progress during the
tLAT penod. for example, before performing the memory operation for the memory
mstruction received.  As such, the tLAT period may vary over a range of time, from
relatively short 1o relatively long, with the ACKNOWLEDGE mdicating the end of the
tLAT period. The ACKNOWLEDGE may also be used to infonm a host if the tLAT
period is ongoing or has ended.  In some embodiments, the memory 100 may provide
information related to the time for the (LAT period during the tLAT period. In an

example, the memory 100 provides formation related to the time for the tLAT penod,

L
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and may further provide updated information related to the thme for the tLAT period.
The updated information may reflect how mach longer the tLAT period may be.

[024] In some embodiments, a memory operation controller in a memory (e.g., menory
operatton controdter 140 of memory 100} may decode memory instructions and provide
nternal signals 0 manage resaliing memory operations o allow data o be writien 1o
and allow data to be read from a memory arvay of the memory {e.g., memory amay 170
of memory 100) without the same timing Hmiations of conventional phase change
memory (PCM). For example, in some embodiments, data may be read from g location
m the memory array even if the location is currently wvolved with a write operation. In
some embodiments, suspension and resamption of mternal memeory operations {(e.g.,
write and read operations) may be less constramed in comparison to convention PCMs,
and thus provide greater operational flexilulity of the memory. For sxample, a wnie
operation mayv nol necessatily be suspended in favor of a read operatiosy, and zuspended
write operations may be resumed according to more Bexible timing conditions.

{625]  1n summary, during the tLAT period the memory is being prepared for the operation
or 10 complete an operation.  For example, during this time, the memory determines
whether @ previous operation is i progress; if not then a current operation may be

performed tmmedintely after g relatively short tLAT period. If a previous opershion 18

already in progress, the memory will decide bow to manage the current and previous
operations. It may be that the previous operation 1s suspended o allow the current
operation to be performed. In this case, the tLAT penod may be relatively short. If)
however, the memory decides to complete the previous operation before performing the
cutvent operation the LAT period may be relatively long

[#26] Embodiments of the invention may be wilized with various memory mierfaces. For
example, some embodiments may be wiilized with senal memory interfaces.  Some
embodiments of the nvention may be utilized with memory mapped derfaces,
mcluding LPDDR2-N, NQOR, as well as other memory interfaces as well

[627] Examples of memory instructions are 8 write nstruction and a read mstruction. A
write instruction causes 8 write operation o be performed by the memory 100, with
write data receivad by the memeory bemyg written (o memory locations corresponding 0
a memory address. A read instruction causes a read operation fo be performed by the
memory 100, with read data provided by the memory from memory locations

corresponding 1o a memory address.

O
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{028] Write mstructions sccording 1o an embodiment of the nvention are received by the a
memory o perform a write operation.  Generally, in such embodiments, the write
instruction and memory address are received by the wemory, and a variable latency
period follows the receipt of the instruction and the address. An end of the latency
periad 15 mdicated by an acknowledgement ACKNOWLEDGE provided by the
memory, after which arite data for the write instraction may be received by the
memory. As will be described in more detail below, in some embodiments @ maxinnam
tme for the tLAT period may be defined, for example, by programming a register that
mcludes a value for a maxtmum tLAT. Figure 2A illustrates the timing of a write
operation according (o an embodunent of the invention.

[029] Prior to time TO g memory select signal &/ (active low) and mode signals MODE
become active, causing the memory to become active. Between timas T0 and T1 a winife
mstroction 15 received by the memory on mpatiouiputs DOO-DOI of the memory
Between tmes T and T2 an address corvesponding to the Jocation for the wille
mstruction is received. Following time T2 15 a latency period tLAT. The (LAT period
may be vanable, with an end of the tLAT period indicated by an acknowledgement
ACKNOWLEDGE provided by the memory.  Between times T2 and T3 18 a bus
wrnaround  period to allow DQO-DQ3 o change dwection of the exchange of
information, i desired. Duning the bus tumarcund thme DQU-DOQ3 may be m a high-
wmpedance “Hi-Z7 state, as shown in Figure 2A. As previously discussed, the memory
provides an ACKNOWLEDGE to indicate an end of the tLAT pened. The memory
nay use one or more of DQO-DQ3 to provide the ACKNOWLEDGE., 1a the
embodiment of Figure 2A, the memory uses DQIL for the ACKNOWLEDGE.
Following time T3 the memovy provides a ogic ™07 on DO, and DOO, DOZ, and DQ3
may be any logic state (1Le., “don’t care™ ).

[030] At tme T4 the memory provides an ACKNOWLEDGE. The ACKNOWLEDGE s
represented in Figure 2A as the memory changing the logic state of DQY from logic ™07
to logic "1 The ACKNOWLEDGE may be provided by the memory for a period of
time {e.p., & nunber of clock cycles), after which write data may be received by the
memery. In Figure 24, for example, the ACENOWLEDGE is provided by the memory
on DQT over two clock cveles from time T4 to time TS, Although lustrated in Figure
1A as a change m logic state from “07 to 17 on DO, the ACKNOWLEDGE may be
provided on another DQ, or more than one DOQ. The ACKNOWLEDGE may be
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EE

vepresenied by other than changing from 07 (o ©1.7 for example, “17 10 70" Hi-Z 10 a
logic state, or other representations,  Additionally, the ACKNOWLEDGE may be
provided by the memory for shorter or longer than that specifically dhustrated in Figare
IA. Following the ACKNOWLEDGE between times T4 and T3 may be a bus
turnaround time (BT, The 1BT may be provided in order o avoid bus contention
between the memory providing the ACKNOWLEDGE and receiving the write data.
Write data is received by the memory at time T6 following the 1BT.

{031} The (BT may be g specific number of clock cyales 1K measured relative to the
ACKNOWLEDGE. In the example of Figure 2A, the BT 15 shown as 1 1CK, measured
from a first rising edge afler the ACKNOWLEDGE., In some embodiments, the tBT
may be programmable, for example, by progranuning a register thay includes a (BT
sgtting.  The (BT may be programmable as various configurable uimes or a variable
time. When the (BT is programmed a3 a conlimuwable time, one of several choices of
clock oyeles may be selected, such as a (BT of 110K, 2 1CK, or 3 UK as measured
relative 1o the ACKNOWLEDGE. In an example where the (BY is programmed as a
configurable time of 11K, Figure 2A also illustrates the resulumg (BT, For a
configurable iBT of 2 tCK the time between TS and TH would be one clock cvele longer
and for a configurable BT of 3 (CK the time between TS and T6 would be two clock
gycles longer.

[832] A variable (BT provides for the wrile data to be recetved by the memory at a variable
ume relative o the ACKNOWLEDGE. Figure 2B illustrates a timung for a write
operation having a vanable 1BT according to an embodiment of the nvention. As with
Figure 2A, & memory select signal 8/ and mode signals MODE are active prior to tme
To, AL tme TO the write mstruction 18 received by the memory and the addresy s
received ai time T1. Following T2 is the tLAY period, which as previously discussed,
may be variable and have an end indicated by the ACKNOWLEDRGE. A bus
turnaround period is shown between times T2 and T3 for DQI-DQ3 as a Hi-Z state.

The memory receives a fogic 07 on DQG. DQO 1 used to indicate an end of a variable

(]

BT, as will be described in more detail below. At time T3 the memory provides a logd
“G5° on DO, which is used o provide the ACKNOWLEDGE indicating an end of the
tLAT period, and DQ2 and DGO3 are don’t care. The ACKNOWLEDGE is provided by
the memory between times T4 and TS on DQI, as represented by changing the logic

state from 07 to 1.7 A vartable (BT follows the ACKNOWLEDGE.
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{0331 o Figure 2B, the mputfoutput DOU may be used by the memory to receive a 1B end
mdicator { BT} which mdicates the end of the variable BT, In the entbodintent of Figure
2B, the 1BT end indicator is recerved by the memory on DQO at time T6, and precedes
the write data recetved by the memory at T7. DQI-DQ3 are dow’t care. The (BT end
indicator notifies the memory of the end of the variable BT and that write data wall
follow. In this manner, the length of tBT can be determined by the host (with an end
indicated by BT, rather thon having a configurable {BT {(e.g., 1 (0K, 2 10K, 21CK, et}
and without using a separate dedicated signal line for the (87 end indicator. In other
ernbodiments the BT end mdicator may be provided on a differert DQ or on more than
one DO, Additionally, the 1BT end indicator may be longer or shorter than that shown
in Figure 2B.

{834] As previously described, duting the tLAT period the memory may manage memory
operations.  For example, during the 1LAT period the memory may prepare isell for the
write operation, such as prepanng memory circutts for performung the wiite operation,
suspending an operation in progress to begin performing the write operation, or manage
other memory operations. The memory may also complete an operation m progress
during the tLAT penod, for example, before performing the write operation for the write
metruction. The {LAT period may vary over a range of time. 1o some embodiments, the
time for a tLAT period may be charactenieed over a range from relatively shoil to
velatively long, with the ACKNOWLEDGE indicating the end of the tLAT period.

[635] 1t will be appreciated that the mvention is not limited to the particular embodiments
described with reference to Figures 2A and 2B. For example, in an embodiment of the
mvention the write mstruction s 8-bits (1 bvte) and the address is 24-bits {3 byies)
received over a plusalily of dock oveles. However, msiroctions and addresses of

different lengths may he used as well, and recetved over g pumber of clock oveles

different than that illustrated in Figures 2A and 2B, Additionally, the order in which an
mstruction and address are received by the memory may be different without departing
from the scope of the wvention. Figures 2A and 2B illustrate an embodiments where
imputiomput DOO-DO3I are shared for mstructions, addresses, and data. In some
embodiments, however, memory msiructions may be recaived on 3 dedicated input, and
addresses and data share another input/ouiput.  In some embodimenis, memory
mstructions  and  addresses may be received on a shared input, and data

receivediprovided on dedicated wnputioutputs.  The ACKNOWLEDGE is shown in

Y
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Figures 2A and 2B as being provided over two clock cycles, but in other embodiments
the ACKNOWLEDGE may be provided over a different number of clock cyveles. The
time at which the write data may be recetved may follow a speaific mumber of clock
cveles after the ACKNOWLEDGE, or in some embodiments, the write data may be
receivad at a time subseguent to the ACKNOWLEDGE, for example, as previously
discussed, after a configurable or variabie bas twrnaround time.

{68361 A bufter may be mcluded in 2 memory {e.g., memory 100 of Figure 1} 1n some
embodiments gnd used to store write data and corresponding write istructions until a
sufficient number of wnite instructions’data are accumulated, al wilach time write
operations for the buffered write nsinuchions are performed.  As a resull, several write
instructions may have relatively short tLAT periods (those buffered) followed by a wiite
mstruction having a tLAT period that is longer than the relatively short tLAT perod.
Write operations for the buffered witte instractions are performed during the longer
tLAT pertod. The buffer may be accessible so that buffered write data is accessible for
a read operation if the buffered write data is to be read, such as to keep cached data
coherency.

{8371 Read mstructions according to an embodiment of the invention are received by a
memoery o perform a read operation.  Generally, i such embodiments, the read
mstroction and memory address are received by the memory, and a variable Iatenoy
pertad follows the receipt of the nstruction and the address. An end of the latency
period s ndicated by an acknowledgement ACKNOWLEDGE provided by the
memaory, after which read data for the read mstruction s provided by the memory, As
will be described n more detail below, 111 some embodiments a maximuam tinme for the
1LAT period may be defined, for example, by programnning 3 register that mchades a
value for a maximum tLAT.  Figure 3 illustrates the timing of » read operation
according to an embediment of the invention.

{638] Prior to time T a memory select signal 8/ {active low) and mode signals MODE ae
active, causing the memory 1o be come active. Between times TO and T1 a read
mstruction is received by the memory,  Between times T1 and T2 an address
corresponding to the location for the read instruction 1s received. Following time T2 is a
lateney period 1LAT. The tLAT period may be variable, with an end of the tLAT period
mdicated by an acknowledgement ACKNOWLEDGE provided by the memory, after

which read daia may be provided by the memory. A bus turnaround penod 15 shown
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between times T2 and T3 for DQO-DO3 as a Hi-Z state. At time T3 the memory
provides a logic 07 on D1, which i3 used to provide the ACKNOWLEDGE indicating
an end of the tLAT period, and DOO, DOQ2, and DOQ3 are don’t care.  The
ACKNOWLEDGE is provided by the memory between times T4 and TS on DO, as

R}

represented by changing the logic state from “07 to 1.7 Read data is provided by the
memory at time TS

[639]  As previously desenbed, during the 1LAT period the memory may manage memory
operations. For example, during the tLAT period the memory may prepare isel! for the
read operation, such as preparing memory circuits for performing the read operation,
suspending an operation 0 progress to begin performing the read operation, or manage
other memory operations.  The memory may also complete gn operation in progress
during the tLAT period, for example, before performing the read operation for the read
mstraction. The {LAT pertod may vary over 8 range of tiume, with the
ACKNOWLEDGE ndicatng the end of the tLAT period.

{0401 1t will be appreciated that the invention is not limited to the particular embodiment
described with reference to Figure 3. For example, in an embodiment of the invention
the read nstruction is 8-bits (1 bvie) and the address is 24-bits {3 byies) received over a
phurality of clock cveles. However, instructions and addresses of different lengths may
be used ay well, and received over a number of clock cveles different than that
dlustrated 1 Figure 3. Addittonally, the order i which an instruction and address are
received by the memory may be different without departing from the scope of the
mvention.  Figure 3 illustrates an emboduments where inputioutputs DGO-DQ3 are
shared for mstructions, addresses, and datz.  In some embodiments, however, mamory
nstructions may be recetved on a dedicated input, and addresses and data share anpther
mputioutpit.  In some embodiments, memory instroctions and addresses mav be
received on & shared input, and data received/provided on dedicated mputioutputs. The
ACKNOWLEDGE 1s shown in Figare 3 as being provided over two clock cveles, bnd in
other ersbodiments the ACKNOWLEDGE may be provided over s different mumber of
clock cygcles,

{041 As previously desceribed, during a tLAT period a memory miay mapage memory
operations, The time for the tLAT period may be affected by the manner in which the
meniory manages memory operations. As previously described, the ACKNOWLEDGE

is provided by the memory to indicate an end of the tLAT pertod after which data 15 10

1
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be exchanged {e.g., write daia provided to the memory for o write operation and read
data provided by the memory for a read operation}. In the embodiments iHustrated with
reference to Figures 24, 2B, and 3, the end of the tLAT period coincides with the
beginning of the ACKNOWLEDGE. In other embodiments, the end of a tLAT period
may include the ACKNOWLEDGE and end coincident with ACKNOWLEDGE or
extend several clock cvcles after the ACKNOWLEDGE, but end before data is
exchanged with the memory.

[042] 1o some embodiments, the ACKNOWLEDGE may be used to mform g host that the
tLAT period 15 ongoing or has ended. For example, as previousty described the mamory
may provide a signal on a DO having 2 logic stale that mdicates whether the tLAT
petiad is ongoing or ended, transitiowung from one logic state to another gt the tme the
LAT period ends {e.g., as part of the ACKNOWLEDGE mdicating an end of the (LAT
periody. Wihale the 1LAT period v ongoing, signals on other DQs may be dow’t care,
andéor at least one DQ 15 used to receive a signal from a host.

{0431 In some embodiments, information may be provided by the memeory during the tLAT
period, for example, refated to the operation for a memory instruction. As previously
discussed, the memory may provide information related to the time for the (LAT period,
and may further provide apdated information during the tLAT penod related to the
remaining time of the tLAT peried. Example information that may be provided includes
a wait state which is related o how mueh longer tLAT may be. The miormation may be
represented by one or more signals, with the combination of the logic states of the
signals indicating the mformation conveyved during tLAT. For example, a first signal
{e.g.. a first DO signal) may have a logic state that indicates whether the tLAT perniod 15
ongoing o has ended, fransitiomng from one logic siate 1o the other g the tme the
tLAT penod ends {e.g.. as part of ACKNOWLEDGE indicating an end of the tLAT
period). While the tLAT period is ongoing, a second and third signal (e.g., second and
third DO signals) may have a combination of logic states that indicates 3 wail state.

[644] Figure 44 flustrates a table of wat states provided by the memory on the
inputfomputs DO and DQI. Each of the wait states 1s indicated by a respective logic
combination provided on DOQ2-D33. For exanyple, 8 “normal™ wait state 1s indicated by
a “HY combination provided on DQ2-DO3, and “short”™ and “long” wall siales are
mdicated by providing “007 and “017 combinations on DQ2-DQ3I, respectively. In

some embodiments, as previously discussed, the memory may use DQI (o provide an
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ACKNOWLEDGE indicate whether the tLAT period 1s ongoing {e.g., DQI = 0"} or
ending {e.g.. BQL = “17). The logic “07 may be provided by the memory on DQH
during the tLAT penod, with the memory providing a fogic “1” on DQI to indicate an
end of the tLAT period. The change of logic states on DQ1 may be incladed as past of
the ACKNOWLEDGE indicating an end of the tLAT penod.

[845] The walt states of short, normal, and lonyg ave relative, and in some embodiments may
be based on a mensure of time. For example, an increment of time may be used as a
measure for normal and long wait states. An example increment of time may be 20 us.
That 13, when a rematning thme for the tLAT period is greater than the time mncrement
(e.g., greater than 24 us) a "0 combmnation 1s provided by the memory on DQ2 and
DQ3 to mdicate that the walt state is long, When the remaining time for the tLAT
pericd s less than the time increment {e.g.. less than 20 usy a “107 combmation is
provided by the memory on DOZ and DO3 o indicate that the wail stade ix normal, The
memory may provide a “007 combination on DQ2 and DQ3 indicating a short want state
when the remaining time for the tLAT period is less than another time increment shorter
than the time increment used as a measure for the normal and long wait states. For
example, a short wait state may be provided when the remaining time for the tLAT
period 18 less than 1 us. Time movements other than those previously desenbed may be
used withowt departing from the scope of the mvention. Morepver, additional or

alternative wait states or other informalion may be conveved during a tLAT peried as

well as usimg other combinations of logic states to indicate the wait states or other
mformation,

jii46]  Frigure 4B illustrates the timing for a portion of 3 memory operation with the memory
providing wiormation related o the remaimmyg time of the tLAT period according to an
embodiment of the mvention, By time T0, the memory has received a memory
instruction {not shown 1 Figure 4B} for a memory operation snd the address associated
with the memory mstruction is received between times TO and T1. Between times T1
and T2 1s a bus turmaround gme to avoid bus contention between the memory receiving
the address and providing information related to the remaining time of the tLAT peried.
The bus turnarcund tme following the address is shown i Figure 4B as two (CKs loag,
however, the bus turnavound time may be other times as well, whether configurable or
variable in length.  In the embodiment of Figure 4B, mformation relaied to the

remaining time of the tLAT period is provided by the memory using DOQ2 and DQ3.

i
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The combination of logic states provided by the memory on DO2 and DO3 indicates
whether, for example, the remaining time for the tLAT period s “long,” “normal,” 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.

[847] The logic states of DQO and DQI may be used duning the tLAT period for other than
providing information related to the remaining time for the tLAT period. DQO and DQ1
are shown in Figure 4B gy being driven to "0 logic states. However, DQO and DQY
may be other logic states without departing from the scope of the invention. As
previously discussed, DO may be used by the memory during the tLAT pertod o
vecetve 3 tBT end mdicator BT (for variable tBT) and DQ1 may be used by the memory
to provide an ACKNOWLEDGE by changing the logic state from logie *07 1o logic ™17
{not shown}. In other embodiments, the memory does not provide any information on
gither or both DO and DQL, anddor provides logc states other than those specifically
lustrated in Figure 4B,

{048]  As previously discussed, the ACKNOWLEDGE mdicates an end of a tLAT period,
and m some embodiments of the mvention may also mclude mformation.  For example,
the ACKNOWLEDGE may also mclude information related to whether the memory
mstruction is accepted or rejected. I sccepted, a memory operation for the accepted
memory instruction will be performed. Information related to acosptance of a memary
mstruction may include fuvther gualification, such as the instraction has been accepied
but there 15 an ervor during an operation of a previous nstroction, or the operation has
been gecepted but there is 8 warning due to the need of a house keeping operation (e.g.,
wemy leveling, refresh, etc.). In contrast, if rejected, a memory operation for the rejected
memory instruction will not be performed. A memory instruction may be rejected, for
example, due o an ervor condition in the memory, or for other reasons that prevent the
memory from perfornung the memory operation.

[849] The ACKNOWLEDGE may be represented by one or more signals, with the
combination of logic states of the signals indicative of the wionmation conveyed by the
ACKNOWLEDGE. For example, a first signal {e.p. # first data signal) may change
lowic states o represent an end of the tLAT perind, and the combmation of logic states
of a second and third signal {e.g.. second and third data signale) at the time the first
signal has changed logic states may mdicate additional information, such ss acceplance

or rejection of the memory nstruction.
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{050 Figure § illusirates g toble of information provided by s ACKRKOQWLEDGE
according to an embodiment of the invention. DQI, D2, and DQI are used in the
embodiment, and the combination of logic states provided by the memory on DQL-DQ3
indicate the ACKNOWLEDGE information  As shown, the ACKNOWLEDGE may
indicate the end of the tLAT peniod, and may further mclude information related 1o
whether the instruction was accepted, accepted with qualification, or rejected due 1o an
SITOT.

{0511 Additional or alternative information may be included in the ACKNOWLEDGE as
well as using other combinations of logic states to indicate the information without
departing from the scope of the mvention.

[832] The time for the variable latency peniod miay be based om various factows,  For
example, the time for the variable latency pericd may be based at least i part on g
urrent memory operation.  The tme for the vanable latency pertod may be further
based at least in part on the wemory mstruction recetved.  Where the memory is idle
when a memory instruction is received, for example, the memory may begin perforning
the memory operation as soon as possible, resulting in a tLAT penod that is relatively
short. For example, receipt of a read instraction or a write instruction when the memory
15 wdle results in the memory prepanng to perform the memory operation and beginning
the operation in a relatively short time, thus the (LAT period may be relatively short and
the read data may be provided by the memory or the write data provided to the memuory
relatively soon after the read or write mstruction, respectively, s recaived,

053] In contrast, if a memory operation is in progress at the time when a memory
mstruction 18 recetved, the memory may complete the operation in progress before
begtoning performance of the memory operation for the received memory instruction.
As a result, the tLAT period may be longer than a relatively short tLAT period, and may
be a relatively long (LAY period due o the time needed to complete the operation in
progress. For example, a write operation may be in progress when a read instruction is
received by the memory.  The memory may complete the write operation before
beginning the operation for the read instruction, thus, the tLAT period for the read
instruction mayv be longer than a relatively short tLAT period. Where more than one
write instruction is being performed {e.g.. performing buffered write nstructions) the

1LAT period for the read instroction may be relatively long.
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{054) 1o some embodiments, the memory may suspend ap opergtion in progress o begin
performing the operation for a received memory instruction. The memoty operation {or
the recetved memory instruction may be completed without baving © wait for the
operatton that is suspended {0 be completed.  As a resalt, the tLAT period for the
receivad memory mstruction is shorter than a refatively long tLAT penind, and may bea
relatively shont tLAT period. When the operation for the received mstruction is
completed, the memory may resume performing the suspended operation. For example,
an operstion for a write instruction may be i progress when a read struction is
recetved by the memory, The memory may suspend the operation for the wrie
nstruction and begin performung the operation for the receaved read instruction. By not
waiting for the operation for the write instruction o complete before beginning
operation for the read instruction, the tLAT for the read instruction will be a relattvely
fong (LAT pertod.

[055] The memory may continee suspending the operation that was i progress i additional
DHMOTY  instruciions are received during performance of the received memory
mstruction, or in some embodiments, if additional memeory instruciions arg received
within a hold-off period tHOLDOFF. In some embodiments the tHOLDOFF period i
measared  from completon of the addibional memory instruction. In some
embodiments, the tHOLDOFF period 13 measured from, for example, receipt of the
additional memory instructions, or a &ifferent event related to the additional memory
instruction. Receipt of o memory instruction within the tHOLDOFF period restarts the
tHOLDOFF pertod at the completion of the memory operation so that other memory
mstryctions received in the new tHOLDOFF period will comtinug 1o cause suspension of
the suspended operation.  The tHOLDOFF period allows fiv additonal memory
mstructions  received  within the tHOLDOFF period to be performed withowt
prematurely resuming a suspended operation, as a result the addiional memory
mstructions may have a tLAT perniod that may be a relatively short tLAT period. The
HOLDOFYF period may also be used to delay stariing background operations within the
memory, such as wear leveling, consolidating fragmented blocks of data in memory,
performing device evaluation and adiustment, as well as other background opsraiions.
That s, background operations are not started unttl after the tHOLDOFT period ands in

order to avoid a relatively long tLAT period for any additional memory instructions.
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{056 For example, as i the previous example, a write operation in progress was suspended
to begin perfornung the operation for a read mstruction. A tHOLDOFF period {1e, first
tHOLDOFF period) may begin following the completion of the read instruction, duting
which an additional read fnstruction is recetved.  As a vesult, the suspended write
operation remains suspended and the read operation for the additional read instruction
begins, Due to the continued suspension of the wrile operation, the (LAT period for the
additional read nstruction may be a relatively short tLAT peried. Upon completion of
the additional read instruction, another tHOLDOFY period {i.e., second (HOLDOFF
period} begins, during which receipt of other additional read fastructions will cause the
wiite operation to be further suspended. The fiwther additional read instructions may
also have a tLAT penod that may be a relatively short (LAT period. However, i the
event no other read mstructions arve received during the second tHOLDOFF pened the
suspended wrile operation may be resamed and completed.

{057 In some embodiments, receipt of a specific type or types of memory instructions will
result in a suspended memory operation to be resumed, For example, assuming again a
write operation 1s suspended upon receipt of read instraction. The read operation for the
mstruction begms and i3 completed, at which time a tHOLDOFF period begins.  As
previously described, receipt of a read instraction during the tHOLDOFF perod may
cause the suspended wrile operation fo remam suspended.  However, if a winde
mstruction is received during the tHOLDOFF period, this fyvpe of memory instruciion
may cause the suspended write operation to reswme immediately to be completed. The
wriie operation for the new wrile instruction may be performed following completion of
the previously suspended write operation, or in sonwe ermbodiments, queusd {o be fater
performed, for exanple, due to receipt of a read mulruction after the new wrie
instruction was received but belore completion of the resumed write operation,

{038] Alithough previously described in the context of a suspended memory operstion, the
HOLDOFE period may be avaitlable even when there are not any memory operations
suspended.  That i3, a (HOLDOFF period may foltow the completion of a memory
operation, for example, a memory operation for a read instruction, during which time no
other menwyy operafions are mitiated. A memory operation {or an imstruction received
during the tHOLDOFF pertod may consequently have a relatively short tLAT given that
ne other memory operations are in progress.  In some embodiments, receipt of write

instructions during the tHOLDOFF period may force the tHOLDOFF period to

.
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pamediately expive and not be restaried.  The tHOLDOFF period may be used with
suspended operations or when no other memory operations are pending 1o allow a
memory 1o remam ready to perform a memory operation for an mstruction received
during the (HOLDOTF period, resulting in relatively short tLAT pertods.
[859] A maximum tme for tLAT and the ume for a (HOLDOFF penod may be
programmable in some embodiments of the mvention. For example, a register may be
register 160 of Figure 1} which is used {o store values

ncluded in 8 memory {eg

mdicative of a maximum 1ILAT, and store values indicative of the time for the
tHOLDOFY period. The maxumum time for tLAT may set the maximum tLAT time for
a memory operation, and may be used by a mamory, for example, to delerming whether
to suspend g current mentory operation in progress, or 1o gllow g current memory
operation to complete before twrning  the memory operation.  Separate maximum
tLATs may be set for read and write operations i some ambodunents. The maximuan
tLAT value andfor the tHOLDOFF period may in some embodiments be progranmmable
by a bost, and may be based on, for example, facilitating efficient execution of
microcede. The value programmaed for tLAT may denitfy ong of several predefined
maximum valoes i some emwbodiments. In some embodiments, a value may be stored
i the register ndicative of a maxiroum namber of operations that may be performed
durmg a AT pentod, thus estabdishing & maximuem tLAT period.

[860] Figure 6 illusirales a seguence of read and wrile instructions according fo an
embodiment o Hlustrate an example operation of a mamory.

[861] At pme TO o write instruction 604 gnd address 606 are received by the memory.
Assuming that the memory was idle pripr to time TO, the write operation for the write
instruction 604 wiall have a relatively short tLAT 608, As previousty described, a buffer
may be used 1o store instruciions, address and write data 1o provide a relatively short
tLAT period, for example. As a result, write data 612 for the write instruction 604 can
be recetved at tume T, wiuch is refatively soon afler the wiite instruction 604 was
received at time TO.  Following receipt of the write data 612 at ume T1, internal
memory operations are perfonmesd for the write operstion. As lustrated in the example
of Figure ¢, af time T2 o read instruction 616 and address 618 are recetved by the
memory. The read operation for the read nstruction 616 will have a relatively long
tLAT 620 assuming that the write operation for the write instruction 604 of time T 15 to

be completed or suspended before performing the read operation. Following the tLAT
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620, at time T3 read data 624 for the read imsiruction 616 is made available by the
memory. A (HOLDOFF 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 time T3 a read mstruction 628 and address 630 are received by the
memory.  As iHustrated m Figure 6, the read msiruction 628 is received withm the
tHOLDOFF period 626. Thus, the read operation for the read instruction 628 can begin
mmediately, and will have a relatively short (LAT 632, Read data 636 15 provided by
the memory at time T following the tLAT 632, and thwough to ume T7, which
represents the end of the read operation for the read instruction 628,

{8621 By companison, the tLAT 632 is shorter than the tLAT 620, As previously described,
the tLAT 620 may have resulted from waiting for the write operation for the write
nstruction 604 to complete ot be suspended before performing the read operation for
the read instruction 616, Dy contrast, the tLAT 632 of the read operation for the read
msiruction 628 is shorter because the memory was waiting the tHOLDOFF period 626
before turning to other memory operations.  As such, the memory was able to begin
performing the read operation for the read mstruction 628 when it was received within
the tHOLDOFF period 626 at time T3, Although not shown m Figure 6, read operations
for subseqguently recenved read operations will also have rvelatively shont 1LATs f the
read instruction is received within g $HOLDOFF period.

[863] As dlustrated by Figure 6, the write operation for the write nstruction imitially
received 18 completed or suspended before nitating the read operaton for the read
instruction 616 received at time T2, As a result, the tLAT for the read mstruction 616
will be relatively long to allow the write operation © complets or be suspended.
However, the read operation for the read mstraction 628 recatved at time T3 has 2 tLAT
that is relatively short due 1o receiving the read instruction within the tHOLDOFF
period 626, As previously discussed, memory operations for mstructions received
during the (HOLDOFF period 626 may have relatively short tLAT because the memory
remsains wdle for the tHOLDOFF period, after which it may resume a suspended memory
operation. Thus, the operation for an nstruction received during the (HOLDOFF period
626 can be performed withowt waiting for another memory operation to complete o be
suspended and consequently have a relatévely short tL AT,

[864] Figure 7 illustrates a sequence of read and write instructions according o mn

emhodiment to iHlustrate an example operation of a memory.

19



WO 2014/066843 PCT/US2013/066947

3
i
£

[865] At tme TO o wnte instrucnon 704 and address 706 are recetved by the memory.
Assuming that the memory was idle prior (o time TO, the write operation for the write
instruction 704 will have a relatively short (LAT 708, As a vesult, write data 712 for the
write instraction 704 can be received at time T1, which is relatively soon after the write
mstraction 704 was received at time T, Following receipt of the wrile data 712 at time
T1, internal memory operations occur to perform the write operation. The internal
memory operations may mchde writing the write data 712 to a write data buffer
which write data may be stored before being writien o memory.  As previously
discussed. vse of a write data buffer may allow for g write operation to be completed
velattvely quickly because wriling wrile data to the write data buffer mayv (ake legs time
than writing witie data o mentory. At a latey time, however, wiite data accumulated in
the write data buffer will be written to memory, which may {ake a relatively long time,

and may resull 1 memory operation for a subsequently received wsiruction having 3

relatively lfong tLAT. In the example of Figure 7, however, the (LAT 708 is flustrated
as relatively short.

jBe6]  As illustrated in the example of Figure 7, at time T2 g read instruction 716 and
address 718 are received by the memory. The read operation for the read instraction
716 18 tlustrated in Figare 7 with a relatvely short tLAT 7200 The tLAT 720 may be
relatively short given that the wrie operation for the wrile msintion 74 may be
completed by time T2, Following the tLAT 720, from tune T3 to T4 read data 724 for
the read wstruction 716 18 made available by the memory, A {(HOLDOFF period 726
begins at time T4 alter the completion of the read operation. As previously discussed,
during the tHOLDOFY period the memory does pot mitiate of resume any memory
opeErations.

[067] At tme T3 a write instruction 728 and address 730 are received by the memory, With
the read operation for the read mstructton 716 completing by tme T4 and the
HOLDOFE pertod 726 still elapsing, the write operation for the write mstruction 72§
may begin nmmediately by forcing the tHOLDOFF period 1o expire and 1 a relatively
short tLAT 732, After which write data 736 may be received by the memory at time T6,
Al thime T7, receipt of the write data 736 is complated.  In the exammple of Figure 7,
alihough the tLAT 732 is relatively shori, the write operation for the wrile iInsiraction
718 may begin internal memory operations fo write the write data accumulated in a

write data buffer 1o a memory wray. For example, i some emboduments, a write
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mstruction received during a tHOLDOFF period may cause a write operation to begin,
or in the event a previoys memaory operaiion has been suspended, cause the suspended
operation to resume. As a result, a write operation for a subsegquently recetved menory
mstruction may have a 1LAT longer than the relatively short tLAT 732, For example, at
tinte T¥ a write instraction 740 and address 742 ave received by the memory, Although
veceipt of the write data for the write mnstruction 728 1s completed by receipt of the write
mstruction 740 at time TR, the wrile operation for the write mstraction 740 is ustiaied
in Figore 7 as having s tLAT 744 that is longer than the relatively short tLAT 732, The
longer tLAT 744 may result from the internal memory operations bewng performed for
pravious write nstractions (g.2., write mstructions 704 and 728}, That is, 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 mstruction 728 may
mclede wrting buffered wrile data (0 a memory arvay. The write operation for the wiite
msiruction 728 may not complete by time TX when the write instruction 730 15 received
by the memory causing a longer tILAT 744, Following the longer tLAT 744, write data
for the witte nstruction 740 is received by the memory betwsen times T9 and T10.

[068]  As sflustrated by Figure 7, the write operation for the write instruction 704 initially
received has a shont tLAT 708, The write operation is also completed i a velatively
short tume, for example, through the use of a write data bufler, beforg receiving the read
mstruction 716 recetved at time T2, As a result, the (LAT 720 for the read msiruction
716 will be relatively short. The write operation {or the write wstruction 728 recetved at
time TS also has a relatively short tLAT 732, A relatively short tLAT may be due 1o the
fact that there is no suspended operations that need o be resumed and completed, for
exanple, the relatively short tLAT 732 mav be due to at least w part on the vse of a
write data buffer to store the write data vather than being stored to the memory svay,
which typically takes more time than writing to the write data buffer. For example. the
short tLAT 732 mav be due to the write mstraction 728 being received within the
HOLDOFF perted 726 following the completion of the read operation at time T4 for
the read instruction 716, In contrast, the write operation for the write instruction 740
received at time TE has a tLAT 744 that s longer than 1LAT 732 As previously
discussed, the longer tLAT 744 may be due to, for example, performing operations for
writing write data stored m the write data buffer to the memory array before receiving

the write data 748 between times T9 and T10,
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{069] Figure 8§ is a schematic tustration of g portion of an apparates (e 8 memory device,
such as & memory module, or 3 memory system, such as a solid-state drive} 800
according to an embodiment of the present invention.  The appsratas 800 ncludes an
array 802 of memory cells, which may be, for example, resistance variable memory
cells, including phase change memory cells, resistance vaniable random aecess mentory
cells, or other types of memory cells. The apparates 800 also ncludes a memory
operation controller 806 according © an embodiment of the inveuntion, thal mayv receive
nemory instructions through an instraction bus 808 and generate corresponding control
signals within the apparatus 80 to cause various memory operations (o be carried out.
For example, the memorty operation controller 806 may generate control signals for
performing read operations and write operations according 1o embodiments of the
mvention.  The memory operation controdler %06 includes a register 812 that may be
used 1o store vajues refated to the conlfimurabion and operation of the apparatus X000, In
some embodiments, the register 812 may store valaes indicative of a maximam tLAT,
and stove values mdicative of the time for the tHOLDOFF period, among other values.
The register 812 is not Hmited to being incladed in the memory operation comsroller
806, and may be separate {rom the memory operation controller and/or included in
another element of apparatus $00.

[878] Row and colman address sighals may be provided through an address bus 820 to an
address lateh 818 of the apparatus 800, In some embodiments, the address bus 331 may
be combined with the instruction bas 808, and 1 some embodiments the address bus
820 may be combined with a data bus. The address latch 810 may then outpul a
sepaate cohwnn address and a separate row address, The row and cohwmn addresses
may be mrovided by the address laich 810 to a row address decoder €22 and 3 column
address decoder 828 respectively, The cohunn address decoder 828 may select bit lines
extending through the armay 802 corresponding to respective column addresses. The
row address decoder 822 may be comnected to word line driver 824 that may aclivate
respective rows of memory cells i the aray 802 corvesponding to recerved row
addresses. The selected data line (e.g., 8 bit hine or bit lines) corresponding 1o & received
colamn addrass mav be coupled 1o readfwrite cirsuitry 3340 10 provide read data toa data
output buffer 834 via an input-output data bus 840, Write data may be provided o the

memory array 802 through a data input buffer 844 and the memory array read’write
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civenitry 830, A buffer 846 of the apparatus 800 may be used to store write data sudior
write instructions {o be performed, a previously discussed.

{671} From the foregoing 1t will be appreciated that, although specific embodiments of the
mvention have been described herein for purposes of Hlustration, varions modifications
may be made without deviating from the spirit and scope of the invention. Accordingly,

the mvention is not hmited except as by the appended claims.
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CLAIMS

1. A method, comprising:

receiving, at a memory, a write instruction and an address to which write data is to be
written;

providing an acknowledgement indicative of an end of a variable latency period for the
write instruction;

waiting a programmable bus turnaround time after the acknowledgement, wherein the
programmable bus turnaround time is programmed in the memory; and

receiving the write data for the write instruction after the programmable bus turnaround

time.

2. The method of claim 1 wherein the programmable bus turnaround time is a

configurable bus turnaround time.

3. The method of claim 1 wherein the programmable bus turnaround time is a

variable bus turnaround time.

4. The method of claim 1 wherein the programmable bus turnaround time is selected

from one of a plurality of bus turnaround times.

5. The method of claim 1 wherein an end of the programmable bus turnaround time

is indicated by a bus turnaround time end indicator.

6. The method of claim 1, further comprising:

receiving a bus turnaround time end indicator before receiving the write data.

7. The method of claim 6 wherein the bus turnaround time end indicator is provided

to the memory on an input/output.
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8. A method, comprising:

providing a memory instruction and an address to a memory;

receiving information indicative of a remaining time for a variable latency period for the
memory instruction during the variable latency period;

receiving an acknowledgement indicative of an end of the variable latency period for the
memory instruction;

waiting a programmable bus turnaround time after the acknowledgement, wherein the
programmable bus turnaround time is programmed in the memory; and

providing data associated with the memory instruction after the programmable bus

turnaround time.

9. The method of claim 8 wherein the information indicative of the remaining time
for the variable latency period includes a relatively short time, a normal time, or a relatively long

time.

10. The method of claim 8, further comprising:
receiving updated information indicative of the remaining time for the variable latency

period during the variable latency period.

11. The method of claim 8, further comprising:
managing operations with the memory based at least in part on the information indicative

of the remaining time for the variable latency period for the memory instruction.

12. The method of claim 11 wherein managing operation with the memory comprises
aborting an operation based at least in part on the information indicative of the remaining time

for the variable latency period.

13. The method of claim 11 wherein managing operation with the memory comprises
keeping a system bus busy until completion of a memory operation based at least in part on the

information indicative of the remaining time for the variable latency period.
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14. An apparatus, comprising:

a memory controller configured to provide memory instructions;

a memory coupled to the memory controller and configured to receive a write instruction
therefrom and perform a memory operation responsive thereto, the memory further configured to
provide an acknowledgement indicative of an end of a variable latency period for the write
instruction and wait a programmable bus turnaround time after the acknowledgement before
receiving write data, wherein the programmable bus turnaround time is programmed in the

memory.

15.  The apparatus of claim 14 wherein the memory controller is configured to wait a
bus turnaround time before providing write data to the memory, the bus turnaround time selected

from a plurality of bus turnaround times.

16. The apparatus of claim 14 wherein the memory controller is configured to provide

a bus turnaround time end indicator prior to providing write data to the memory.
17. The apparatus of claim 14 wherein the memory controller is configured to provide
a bus turnaround time end indicator to the memory on an input/output prior to providing write

data to the memory.

18. The apparatus of claim 17 wherein the memory controller is configured to

maintain control over the input/output during the variable latency period.

19. The apparatus of claim 14 wherein the memory is configured to provide the

acknowledgement to the memory controller on an input/output.
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