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HYBRID MEMORY MODULE at the head to slow page array 1105 is advancing backwards 
to fill the gap left by fast page array 1110 . 

FIELD OF THE INVENTION 
DETAILED DESCRIPTION 

The disclosed embodiments relate generally to memory 
systems , components , and methods . A memory module includes cache of relatively fast , 

durable , and expensive dynamic , random - access memory 
BRIEF DESCRIPTION OF THE DRAWINGS ( DRAM ) in service of a larger amount of relatively slow , 

wear - sensitive , and inexpensive flash memory . Local con 
The detailed description is illustrated by way of example , 10 troller on the memory module manages communication 

and not by way of limitation , in the figures of the accom between the DRAM cache and flash memory to accommo 
panying drawings and in which like reference numerals refer date disparate access granularities , reduce the requisite num 
to similar elements and in which : ber of memory transactions , and minimize the flow of data 

external to flash memory components . The memory module FIG . 1A depicts a memory system 100 in which a moth 15 thus combines the nonvolatility and reduced per - bit price of erboard 105 supports a memory controller 110 that commu flash memory with the speed and durability of DRAM . nicates with a memory module 115 via twenty pairs of FIG . 1A depicts a memory system 100 in which a moth nibble - wide ( four - bit , or x4 ) primary data ports DQu / DQv erboard 105 supports a memory controller 110 that commu and two primary command - and - address ( CA ) ports DCAO nicates with a memory module 115 via twenty pairs of 
and DCA1 . 20 nibble - wide ( four - bit , or x4 ) primary data ports DQu / DQV FIG . 1B depicts memory system 100 of FIG . 1A , but and two primary command - and - address ( CA ) ports DCAO 
includes bold , dashed arrows to illustrate how a 64 B cache and DCA1 . Memory module 115 is logically divided into 
line of data is distributed from a single flash component two module halves 115 ( 0 ) and 115 ( 1 ) that can be controlled 
130F - highlighted using bold boundaries — to a rank of ten separately or together to communicate either forty - bit or 
similarly highlighted DRAM components 130D . 25 eighty - bit data over a module connector 116. Halves 115 ( 0 ) 
FIG . 2 depicts memory slice 125 [ 4 ] of FIGS . 1A and 1B and 115 ( 1 ) are identical for purposes of this disclosure ; the 

in accordance with one embodiment . following discussion focusses on low - order module half 
FIG . 3 depicts memory system 100 of FIG . 1 in a manner 115 ( 0 ) . Links 117 between halves 115 ( 0 ) and 115 ( 1 ) allow 

that emphasizes functional aspects of low - order module half both to respond to the same commands in the eighty - bit 
115 ( 0 ) . 30 mode . 
FIG . 4 illustrates how 64 B cache lines in flash memory Module 115 supports DRAM caches that hasten read and 

space 335 of FIG . 3 map to 64 B cache lines in DRAM write access and reduce wear for a larger amount of non 
memory space 330 in accordance with one embodiment . volatile memory . Module half 115 ( 0 ) includes a local mod 

FIG . 5 is a flowchart 500 illustrating a read access to ule controller 118 ( 0 ) , sometimes referred to as a register or 
module half 115 ( 0 ) , and refers to signals and signal lines 35 registering clock driver ( RCD ) , an integrated - circuit com 
introduced in FIG . 3 . ponent that manages five memory slices 125 [ 4 : 0 ] at the 

direction of external controller 110. Each slice 125 [ 4 : 0 ] FIG . 6 is a timing diagram illustrating a direct - cache includes two flash memory components 130F , two DRAM miss / multi - set - cache hit ( MissD / HitM ) in accordance with components 130D , and a data - buffer ( DB ) component 135 . 
one embodiment . 40 DRAM components 130D collectively have e.g. one one 
FIG . 7 is a timing diagram a direct - cache miss / multi - set sixteenth ( 1 / 16th ) the storage capacity of flash components 

cache miss ( MissD / MissM ) in accordance with one embodi 130F . Among other tasks , each DB component 135 works 
ment . with a module controller 118 to manage the flow of data 
FIG . 8 is a flowchart 800 illustrating a write access to between DRAM components 130D of the same slice and 

module half 115 ( 0 ) , and refers to signals and signal lines 45 flash components 130F from the same or different slices . 
introduced in FIG . 3 . The following discussion focuses on memory slice 125 [ 4 ] , 
FIG . 9 depicts a single flash device 900 and an associated the slice in module half 115 ( 0 ) closest to module controller 

portion of a DRAM cache 905 in accordance with one 118 ( 0 ) . The remaining slices 125 [ 3 : 0 ] are essentially iden 
embodiment . tical . DRAM and flash memories can be arranged differently 
FIG . 10 depicts a form of address mapping 1000 that 50 in other embodiments . Where DRAM components 130D are 

reduces the time required for module controller 118 ( 0 ) to organized in slices , for example , it could be that flash 
read a cache line TagsDM to identify dirty cache line entries components are separate from all or a subset of these slices . 
for cache write - back operations . For example , only every other slice with one or more 
FIG . 11 depicts a flash device 1100 in accordance with an DRAM component might also include flash memory . 

embodiment in which module controller 118 ( 0 ) manages Module controller 118 ( 0 ) receives commands from exter 
two data structures that each work their way through flash nal controller 110 via links CA0 [ 15 : 0 ] and returns status 

information via links Stat0 [ 1 : 0 ) . Module controller 118 ( 0 ) memory simultaneously . also controls : DB components 135 [ 4 : 0 ] via a local commu FIG . 12 depicts flash device 1100 of FIG . 11 at a time nication bus BCOM ; DRAM components 130D via a when slow and fast page arrays 1105 and 1110 have each 60 DRAM control bus QC ; and flash components 130F via a advanced in their respective directions relative to the flash data and control bus ADQf . In one embodiment , bus example of FIG . 11 . ADQf conforms to an interface specification known as 
FIG . 13 depicts flash device 1100 of FIGS . 11 and 12 at ONFI , for " Open NAND Flash Interface . ” Other embodi 

a time when slow and fast page arrays 1105 and 1110 have ments can use different interfaces and different types of 
each advanced relative to the example of FIG . 12 . 65 volatile and nonvolatile memory . 
FIG . 14 depicts flash device 1100 of FIGS . 11-13 at a time Remaining focused on slice 125 [ 4 ] , DB component 135 

when fast page array 1110 is reformed and a subrange 1105H [ 4 ] communicates with controller 110 via eight primary data 

55 
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links DQp [ 39:32 ] and with DRAM components 130D via a FIG . 2 additionally shows a packaging option 215 for 
corresponding eight secondary data links DQs [ 39:32 ] . Read flash components 130F and alternative packaging options 
and write memory accesses are accomplished in sixteen - bit 220 and 225 for DRAM components 130D . Flash packaging 
bursts , so DB component 135 [ 4 ] communicates 128 bits option 215 includes two stacks of eight flash devices , or 
( 4x2x16 b = 128 b ) for each memory access , and the five 5 “ dies , " interconnected by e.g. through - silicon vias ( TSVs ) . 
slices 125 [ 4 : 0 ] of module half 115 ( 0 ) communicate a cumu Flash components 130F are on either side of module sub 
lative 640 bits ( 5x128 b = 640 b ) with external controller 110 . strate 230 in this example . DRAM packaging option 220 Using ten - bit bytes , module half 115 ( 0 ) thus exhibits an includes two stacks of eight DRAM dies interconnected by access granularity of sixty - four bytes ( 64 B ) . DRAM com e.g. TSVs . Module controller 118 ( 0 ) thus selects a rank of ponents 130D are collectively employed as cache memory , 
and the 64 B data sets transferred between DRAM compo DRAM dies , one from each DRAM component 130D , for 

each memory access . Each DRAM stack includes a master nents 130D memory and either controller 110 or flash die 235 with data - buffer logic . In packaging option 225 , components 130F are termed " cache lines . ” 
External controller 110 issues read commands that request DRAM components 130D are two - package stacks , one 

information from specific addresses in flash components 15 package on either side of module substrate 230. DRAM 
130F . If a requested address is cached in DRAM compo components 130D serve as cache storage for up to e.g. one 
nents 130D , then module controller 118 ( 0 ) manages the sixteenth of the storage space afforded by flash components 
delivery of that cache line from a rank of ten DRAM 130F . Other alternative arrangements with the same or 
components 130D dies via five DB components 135 [ 4 : 0 ) . In different numbers of DRAM or nonvolatile memory dies or 
this context , a “ rank ” refers to a set of components that 20 packages can also be used . 
module controller 118 ( 0 ) accesses ( read or write ) responsive FIG . 3 depicts memory system 100 of FIG . 1 in a manner 
to a host - side memory request . Each DRAM component that emphasizes functional aspects of low - order module half 
130D has a data width of four bits , so module half 115 ( 0 ) has 115 ( 0 ) . DB component 135 [ 4 ] and module controller 118 ( 0 ) 
a rank width of forty bits . include numerous triangles suggestive of buffers and 

If the requested data is not in cache so - called cache 25 included to highlight the directions of information flow . 
miss — module controller 118 ( 0 ) reads the requested data Selection and placement of signal buffers , and the routing of 
from a cache - line address of one or more of flash compo signals in general , is within the skill of those in the art . Each 
nents 130F via local bus ADQf and distributes the resultant DB component 135 communicates with memory controller flash cache line evenly across all ten DRAM components 
130D of module half 115 ( 0 ) . A local bi - direction or paired 30 to a read queue 300 and receiving write data from a write 

110 via eight primary data links DQp , delivering read data 
unidirectional daisy - chain data bus Dot provides point - to queue 301 into a data buffer 302. Queues 300 and 301 and point connections between module controller 118 ( 0 ) and the other elements of controller 110 are conventional , so a each slice 125 [ 4 : 0 ] . Caching a subset of each cache line in detailed discussion is omitted . each DRAM component 130D supports parallel , high - speed 
read and write access for host controller 110. Storing com- 35 Module controller 118 ( 0 ) includes a buffer 303 , tag 
plete flash cache lines in individual flash components 130F comparison logic 305 , address mapping logic 310 , a com 
facilitates fast and efficient cache write - back and garbage mand / address multiplexer 315 , status logic 320 , data / ad 
collection processes . dress selection logic 324 , and a tag block 325. Module 

FIG . 1B depicts memory system 100 of FIG . 1A , but controller 118 ( 0 ) receives commands and addresses from 
includes bold , dashed arrows to illustrate how a 64 B cache 40 read and write queues 326 and 327 of controller 110 , and 
line of data is distributed from a single flash component passes status information back to a status register 328 in 
130F - highlighted using bold boundaries — to a rank of ten controller 110 . 
similarly highlighted DRAM components 130D . In a wide The ten DRAM components 130D of module half 115 ( 0 ) 
mode , module 115 supports ranks of twenty DRAM com that were introduced in connection with FIG . 1 are depicted 
ponents 130D ; links 117 between module controllers 118 ( 0 ) 45 collectively as DRAM address space 330. DRAM address 
and 118 ( 1 ) allow cache lines from one or more flash com bit AD [ 35 ] distinguishes between caches of different asso 
ponents 130F to be distributed across all twenty DRAM ciativities and latencies . Module controller 118 ( 0 ) sets 
components 130D . address bit AD [ 35 ] to zero to access a relatively fast direct 
FIG . 2 depicts memory slice 125 [ 4 ] of FIGS . 1A and 1B cache of thirty - two 64 B cache lines ( white ) , and to one to 

in accordance with one embodiment . Each of DRAM com- 50 access a relatively slower multi - set cache of thirty - one 64 B 
ponents 130D includes a DRAM - component interface cache lines ( shaded ) . A special cache line entry TagsDM 
DQ [ 3 : 0 ] supporting a four - bit data width ( the “ volatile data does not cache flash data , but instead stores a cache tag and 
width ” ) connected to data - buffer component 135 via a dirty bit for every direct and multi - set cache entry . The ten 
respective one of the two secondary data link groups DQs flash components 130F of module half 115 ( 0 ) are depicted 
[ 35:32 ] and DQs [ 39:36 ] . Each of flash components 130F 55 collectively as an array of 64 B flash cache lines ( white 
includes a flash - component interface FQ connected to mod squares ) in flash address space 335. Flash address space 335 
ule controller 118 ( 0 ) ( FIGS . 1A and 1B ) via multi - drop bus stores sixteen times as many cache lines as DRAM space 
ADQf [ 15 : 0 ] . Component interfaces FQ and bus ADQf each 330 so flash addresses are specified using four more bits than 
support a sixteen - bit data width ( the “ nonvolatile data DRAM address space 330 ( AF [ 39:30 ] vs. AD [ 35:30 ] ) . 
width ” ) . Steering logic 200 and 205 allow DRAM compo- 60 Any 64 B cache line in flash space 335 can have a 
nents 130D to communicate data with controller 110 , via corresponding entry in the direct cache of DRAM address 
primary data links DQp [ 39:32 ] , or with flash components space 330 provided the flash address bits AF [ 34:30 ] match 
130F via local bus DQt . Steering logic 205 and links DQt the corresponding DRAM address bits AD [ 34:30 ] . The 
through DB component 135 additionally allow slice 125 [ 4 ] multi - set cache does not have the same limitation on the 
to communicate data between module controller 118 ( 0 ) and 65 lower - order address bits ; any 64 B cache line in flash address 
neighboring slices 125 [ 3 : 0 ] . This functionality is detailed space 335 can have a corresponding entry in any of the 
below in connection with FIG . 3 . thirty - one multi - set cache lines ( shaded squares ) of DRAM 
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address space 330. Relative to the direct cache , this multi - set thirty - two 20 b tag entries Ta through Tf , one for each of the 
flexibility improves the cache hit rate but increases cache thirty - two cache rows in DRAM memory space 330. Each of 
latency . tag entries Ta through Tf includes five fields , as illustrated 
FIG . 4 illustrates how 64 B cache lines in flash memory for tag entry Tf ( row five , or AD [ 34:30 ] = 00101 ) . From right 

space 335 of FIG . 3 map to 64 B cache lines in DRAM 5 to left , the ten low - order bits Tf [ 9 : 0 ] specify a multi - set tag 
memory space 330 in accordance with one embodiment . The for the corresponding cache row five ; the eleventh bit Tf [ 10 ] 
top of the page depicts the address fields for flash addresses is a multi - set dirty bit Mf indicating whether the contents of 
AF [ 39 : 0 ] , DRAM addresses AD [ 35 : 0 ) , and controller the multi - set entry in row five is dirty ; bits Tf [ 13:11 ] are 
addresses AC [ 39 : 0 ] in accordance with one embodiment . reserved ; the fifteenth bit Tf [ 14 ] is a direct dirty bit Df 
The flash addressing accommodates up to 64 ( 26 ) flash 10 indicating whether the contents of the direct entry in row five 
devices in a stack , with each device having 16K ( 2914 ) erase is dirty ; and the five high - order bits Tf [ 19:15 ] specify a 
blocks . Each erase block , in turn , includes 64 pages , each direct tag for the corresponding cache row five . Each of the 
with 256 ( 28 ) 64 B cache lines . The six byte - address bits are remaining tag entries is similar , with the exception that the 
not used . The DRAM addressing accommodates up to eight last tag entry Tf lacks multi - set dirty - bit and cache - tag 
( 23 ) DRAM devices in a stack , with each device having 15 fields ; bits Tf [ 13 : 0 ] are reserved . The direct tag in each tag 
sixteen ( 2 ° 4 ) banks . Each DRAM bank , in turn , includes entry is redundant with the similar direct tag stored with the 
64K ( 2916 ) rows , each with 128 ( 2 ̂ 7 ) 64 B cache lines . corresponding cache line and used to detect direct read hits . 

Turning to the lower portion of FIG . 4 , flash memory As detailed below , including redundant direct tags with the 
space 335 is divided into 16M ( 2 ̂ 24 ) logical slices specified multi - set tags and dirty bits at a common address allows 
by flash address bits AF [ 29 : 6 ] . Each logical slice includes 20 module controller 118 ( 0 ) to minimize data transfers during 
thirty - two rows and thirty - two columns of 64 B cache lines , write backs . 
the rows and columns respectively specified using flash FIG . 5 is a flowchart 500 illustrating a read access to 
address bits AF [ 39:30 ] . DRAM memory space 330 is module half 115 ( 0 ) , and refers to signals and signal lines 
divided into the same number ( 2 ̂ 24 ) of logical slices as is introduced in FIG . 3. In general , signals and their associated 
flash memory space 330 , with each DRAM slice specified by 25 nodes carry the same designations . Whether a given moniker 
DRAM address bits AD [ 29 : 6 ] . However , each DRAM slice refers to a signal or a corresponding node will be clear from 
includes one - sixteenth the cache lines in flash . In particular , the context . 
each DRAM slice includes thirty - two rows and two columns A read transaction begins when external controller 110 
of 64 B cache lines , the rows and columns respectively issues a read request over primary links CSp / CAp specifying 
specified using DRAM address bits AD [ 35:30 ] . The left 30 a controller address AC [ 39 : 6 ] ( 505 ) . Module controller 
column of 32 DRAM cache lines ( AD [ 35 ] = 0 ) is used as a 118 ( 0 ) , using multiplexer 315 , directs a portion of this 
direct cache for the corresponding flash slice , whereas the address over secondary links CSs / CAs to DRAM memory 
right column ( AD [ 35 ] = 1 ) is used as a multi - set cache . space 330 as a direct address specifying DRAM 

Considering first the direct cache , entries of which are address AD [ 35 : 6 ] ( 510 ) . DRAM memory space 330 respon 
illustrated using capital letters , any cache line in a given row 35 sively delivers the addressed direct - cache data LineD and 
of flash entries can be cached in the direct DRAM entry for corresponding five - bit direct tag TagD over secondary data 
the corresponding row . Flash cache line E in row four links DQs ( 515 ) . Data LineD is sent to controller 110 via 
( AF [ 34:30 ] = 00100 ) , for example , maps to the direct DRAM primary links DQp and direct tag TagD is stripped off and 
entry at row four ( AD [ 34:30 ] = 00100 ) . Any other flash cache conveyed via local links Qt to tag - comparison logic 305. If 
line in flash row four can likewise be mapped to the direct 40 the tag Tag D matches address bits AC [ 39:36 ] , then the cache 
entry at DRAM row four . Though not shown , each cache line LineD read from DRAM memory space 330 is the 
line in the direct cache additionally stores a cache tag to sought - after data ; this condition is referred to as a direct 
sub - specify the flash column of the DRAM cache entry . cache hit ( 520 ) . Module controller 118 ( 0 ) responsively 
Cache line E , for example , would be stored in the DRAM instructs status logic 320 to issue a direct - hit signal HitD to 
direct cache with a direct tag TagD = 00001 to identify flash 45 status register 328 ( 525 ) to let controller 110 know that the 
column one ( AF [ 39:35 ] = 00001 ) . Read accesses directed to delivered read data LineD is the requested data . Thus ends 
a given cache line read this tag with the corresponding cache the read transaction . 
line and use the tag to quickly determine whether the If the attempted access to the direct cache is a miss , then 
retrieved cache line is the sought - after data . Numerically , module controller 118 ( 0 ) issues a direct - miss signal MissD 
DRAM memory space 330 includes one direct cache line for 50 to status register 328 ( 530 ) so that controller 110 ignores the 
thirty - two flash cache lines . However , the likelihood of a delivered data LineD and attempts to find the requested 
given access finding the data in the direct DRAM cache a cache line entry in the multi - set cache . Module controller 
direct - cache " hit " —is considerably greater than one in 118 ( 0 ) retains data LineD in DB components 135 [ 4 : 0 ] in 
thirty - two due to the principle of cache locality . buffers 302 so that LineD can be written to the multi - set 

Multi - set cache - line entries are illustrated using lower- 55 cache and its DRAM cache line overwritten by a new flash 
case letters . Any of the 1,024 ( 32x32 ) 64B cache - line entries cache line should the multi - set cache also result in a miss . 
in the flash slice ( addresses AF [ 39:30 ] , flash memory space To access the multi - set cache , module controller 118 ( 0 ) 
335 ) can be cached in any of thirty - one multi - set DRAM directs a read request with the address ATAG - BLK of cache 
entries ( address AD [ 35 ] = 1 , DRAM memory space 330 ) . For line TagsDM of DRAM address space 330 via multiplexer 
example , flash line fin flash row four ( AF [ 34:30 ] = 00100 ) 60 315 ( 535 ) . The 64 B cache line TagsDM is conveyed from 
maps to the multi - set entry at DRAM row five ( AD [ 34:30 ] = all five DB components 135 [ 4 : 0 ] to tag - comparison logic 
00101 ) , but could map to any of the thirty - one multi - set 305 via links Qt ( 540 ) . As noted above in connection with 
entries . Some flash lines may be cached in both the direct FIG . 4 , cache line TagsDM includes a multi - set tag TagM 
and the multi - set caches in this embodiment , as indicated [ a - f ] for each of thirty - one multi - set cache - line entries 
using the entries g / G and k / M . 65 T [ a - f ' ] . Tag - comparison logic 305 compares multi - set tags 

Cache line TagsDM , stored at DRAM address AD TagM [ a - f ] with address bits AC [ 39:30 ] to determine which , 
[ 35:30 ] = 11111 , is a 64 B ( 640 b ) cache line divided into if any , multi - set cache line includes the requested data ( 545 ) . 

ADIRECT 
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For a multi - set cache hit to a multi - set cache line TagM [ x ] , issues the read request highlighted using a bold border on 
module controller 118 ( 0 ) issues a read request to the multi links CSp / CAp [ 15 : 0 ] . Module controller 118 ( 0 ) buffers 
set address AMULTI SET associated with the identified cache these command and address signals and conveys them to 
line TagM [ x ] ( 550 ) . DB components 135 [ 4 : 0 ] convey the DRAM address space 330 via multiplexer 315 and second 
requested data to controller 110 and module controller 5 ary links CSs / CAs after a buffer delay tBUF . DRAM address 
118 ( 0 ) conveys a multi - set hit signal HitM from status space 330 then delivers the contents of the requested cache 
register 320 ( 555 ) to let controller 110 know that the new set line to secondary data links DQs [ 39 : 0 ] after the sum of a 
of read data is the requested data . This ends a read transac row - to - column read delay trcs and column access time 
tion that results in a multi - set hit . tCac . After another buffer delay tbUf , the requested data is 
A multi - set hit returns requested data using three succes- 10 conveyed to controller 110 via primary data links DQp [ 39 : 0 ] 

sive DRAM accesses ( read the direct cache , read the mul and the direct tag TagD is presented to module controller 
tiset tags of cache line TagsDM , and read the multi - set cache 118 ( 0 ) via link Qt for consideration by tag - comparison logic 
line identified as a “ hit ” ) . The read latency for multi - set hits 305 . 
is thus about three times the read latency of direct - cache hits . If tag - comparison logic 305 identifies a cache hit , module 
This speed penalty is offset by the increased likelihood of a 15 controller 118 ( 0 ) sends a direct - hit signal HitD to controller 
cache hit provided by the multi - set mapping flexibility . The 110 to complete the read access . Given the timing in this 
impact on memory bandwidth can be minimized by inter example , the overall read latency is thus about twenty 
leaving the three memory accesses with other cache nanoseconds for a direct - cache hit . For a direct - tag miss , 

however , module controller 118 ( 0 ) issues a MissD signal 
The worst case , from a read - latency perspective , is a 20 over status links STATO and issues a second local read 

multi - set miss at decision 545. In that case module controller command ( bold A2 ) seeking the cache tags from cache line 
118 ( 0 ) chooses a clean entry TagM [ y ] in multi - set cache TagsDM , which is delivered on secondary data links DQs 
( 560 ) . This selection is facilitated by the inclusion of the [ 39 : 0 ] ( bold Q2 ) . The third and final access for this direct 
multi - set dirty bits in cache line TagsDM , which was read cache miss / multi - set - cache hit ( MissD / HitM ) example 
from DRAM in support of decision 545 and can therefore be 25 begins with the third local read command ( bold A3 ) . The 
considered without another DRAM access . If none of the overall read latency is thus about sixty - five nanoseconds for 
multi - set entries is clean , then module controller 118 ( 0 ) a multi - set cache hit . The memory transactions represented 
performs a cache write - back , a process that is detailed below using signals with relatively thinner boundaries are unre 
in accordance with one embodiment , to obtain a clean lated transactions that can be interleaved . 
multi - set cache line . Assuming a clean multi - set cache line 30 FIG . 7 is a timing diagram a direct - cache miss / multi - set 
TagM [ y ] is available , the data LineD read from the cache miss ( MissD / MissM ) in accordance with one embodi 
requested direct cache line , which module controller 118 ( 0 ) ment . Beginning at the far left , controller 110 issues the read 
retained in DB components 135 [ 4 : 0 ) , is copied to the clean request highlighted using a bold border on links CSp / CAP 
multi - set location TagM [ y ] ( 565 ) . [ 15 : 0 ] . The flow proceeds as in the example of FIG . 6 until 

Module controller 118 ( 0 ) then reads the requested data 35 tag - comparison logic 305 identifies a multi - set - cache miss 
LineF from flash address space 335 , conveys data LineF to ( bold T2 ) . Module controller 118 ( 0 ) derives flash address 
DB components 135 [ 4 : 0 ] , and writes data LineF and direct AFLASH from the original read request and uses this address 
tag TagD to the direct - cache address specified by the original to initiate a flash read operation ( bold Al ' on links ADQf 
read request from controller 110 ( 575 and 580 ) . To accom [ 15 : 0 ] ) . A 64 B cache line is Q3 is conveyed to module 
plish this data and tag transfer to DRAM , module controller 40 controller 118 ( 0 ) links ADQf [ 15 : 0 ] after a flash read delay 
118 ( 0 ) derives a flash address AFLASH from the original read TRDF and over a transport time ttre . Module controller 
request and uses this address to initiate a flash read opera 118 ( 0 ) then writes this data to DRAM address space 330 and 
tion . A 64 B cache line is conveyed to module controller conveys it to controller 110. Alternatively , module controller 
118 ( 0 ) via links ADQf . Tag block 325 combines data tag 118 ( 0 ) can simply load the flash data into the DRAM cache 
Atag from address logic 310 with the associated 64 B cache 45 to await a subsequent retry from controller 110. In this 
line on flash data bus Qf . Module controller 118 ( 0 ) , via data example , the overall read latency for a cache miss is about 
bus DQt and DB components 135 [ 4 : 0 ] , conveys the 64 B 1,100 nanosecond , which is dominated by the 1,000 nano 
cacheline to controller 110 and writes both the tag and second ( 1 us ) flash read delay trdi : 
cacheline to DRAM address space 330. Module controller FIG . 8 is a flowchart 800 illustrating a write access to 
118 ( 0 ) also updates the value of cache line TagsDM to 50 module half 115 ( 0 ) , and refers to signals and signal lines 
reflect the new direct tag for data LineF and the new introduced in FIG . 3. A write transaction begins when 
multi - set tag for data LineD . In one embodiment , address controller 110 issues 64 B of write data LineWD over 
logic 310 combines the tags and dirty bits from read request primary links DQp with a corresponding write request over 
of 535 with the new direct and multi - set tags and corre primary links CSp / CAP ( 805 ) . DB components 135 [ 4 : 0 ] 
sponding direct and multi - set dirty - bits and passes this 55 store write data Line WD in buffers 302 ( 810 ) at the direction 
information to tag block 325 for delivery to DRAM address of module controller 118 ( 0 ) . 
space 330 via DB components 135 [ 4 : 0 ] ( 585 and 590 ) . The The write request from controller 110 specifies an address 
process then returns to 510 where module controller 118 ( 0 ) AC [ 39 : 6 ] that may have a corresponding direct or multi - set 
requests the updated cache line in the direct cache for entry in the DRAM cache . Module controller 118 ( 0 ) first 
delivery to controller 110. Alternatively , LineF can be deliv- 60 considers the direct cache , using multiplexer 315 to convey 
ered to controller 110 and the DRAM cache concurrently , or address AMULTI - SET over secondary links CSs / CAs ( 810 ) . 
the process can end at 590 to await a subsequent request DRAM memory space 330 responsively delivers cache line 
from controller 110 , which this time will result in a direct TagsDM over secondary data links DQs , with each of DQ 
cache hit . components 125 [ 4 : 0 ] conveying their contribution to tag 
FIG . 6 is a timing diagram illustrating a direct - cache 65 comparison logic 305 of module controller 118 ( 0 ) via links 

miss / multi - set - cache hit ( MissD / HitM ) in accordance with Qt ( 815 ) . Alternatively , the direct cache line entry can be 
one embodiment . Beginning at the far left , controller 110 queried for the corresponding tag TagD , as is done in the 
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read case ; however , cache line TagsDM contains both the FIG . 9 depicts a single flash device 900 and an associated 
direct and the multi - set tag entries so that module controller portion of a DRAM cache 905 in accordance with one 
118 ( 0 ) can detect both direct and multi - set hits using a single embodiment . Flash device 900 includes a non - volatile array 
DRAM read access . 910 and a volatile page register 915. Module controller 

If the direct tag for the target write matches bits AC [ 39 : 5 118 ( 0 ) maintains one or more data structures in each such 
36 ] , then the cache line under consideration is the target of flash device 900 in a manner that evenly distributes write 
the write request , a direct - cache hit ( 820 ) . Module controller operations and minimizes the need to communicate data 
118 ( 0 ) issues a write command to the direct cache line ( 825 ) , with devices external to flash device 900. Distributing write 
which causes the write data Line WD and corresponding operations prolongs the service life of the flash memory , and 
direct tag to be written to the specified direct cache line from 10 minimizing external data transfers reduces the demands on flash bus ADQf to improve overall speed performance . data buffer 302 over secondary links DQs ( 830 ) . Module Flash device 900 stores data in terms of " access units , " controller 118 ( 0 ) then updates cache line TagsDM to set the which may be defined as the smallest memory areas handled dirty bit of the direct cache line under consideration , thereby as a single chunk of data . In the instant example , each indicating that the direct cache line entry does not match the 15 nonvolatile access unit is a sixteen kilobyte ( 16KB ) page corresponding information in flash address space 335 ( 835 ) . 920 , and each page stores 256 64 B cache lines . Reads and 
A cache hit to a direct cache line entry thus requires three writes to flash array 910 are performed one page at a time . 
DRAM accesses , one to read cache line TagsDM , a second Erasures are carried out on 64 - page erase blocks 925. Flash 
to write to the direct cache , and a third to update the direct array 910 is therefore divided into erase blocks 925 , some 
dirty bit in cache line TagsDM . ( This last step is optional if 20 times called “ erase units , ” each of which is divided into 
cache line TagsDM already identifies the newly written pages 920. A page 920 , once written to , cannot be overwrit 
cache line as dirty . ) ten until the entire corresponding erase block 925 is erased . 

Returning to decision 820 , if the attempted access to the While shown as a 5x5 array , a practical flash device will 
direct cache is a miss , then module controller 118 ( 0 ) com have e.g. on the order of a million erase blocks 925 . 
pares the thirty - one multi - set tags TagMa through TagMe ' in 25 Pages 920 are marked as erased , valid , or invalid in tables 
cache line TagsDM with the corresponding address bits of maintained in DRAM by module controller 118 ( 0 ) . Erased 
the write address under consideration to determine whether pages 920 are empty , ready to receive write data . Valid pages 
any of the multi - set cache entries is the target of the data to 920 include data that accurately reflects the information for 
be written ( 840 ) . If one of the multi - set addresses M [ x ] is a the associated physical page address , or that or are associ 
hit , then module controller 118 ( 0 ) issues a write request to 30 ated with a DRAM cache line entry that contains such data . 
the specified multi - set address ( 845 ) and directs the move Pages 920 are marked “ invalid ” when their local and cached 
ment of write data LineWD from data buffers 302 in DB data entries are moved to a new page to allow entries to be 
components 135 [ 4 : 0 ] to the multi - set location in DRAM effectively overwritten . This movement is directed by con 
address space 330 ( 850 ) . Module controller 118 ( 0 ) then troller 118 ( 0 ) , which maintains tables in DRAM that map 
updates cache line TagsDM to set the dirty bit of the 35 physical addresses to flash addresses . 
multi - set cache line under consideration ( 835 ) . A multi - set Flash array 910 extends between a minimum address 
cache hit thus requires three DRAM accesses , one to read ADDRmin ( upper left ) and a maximum address ADDRmax 
cache line TagsDM , a second to write to the multi - set cache , ( lower right ) , and includes a page array 922 of contiguous 
and a third to update the dirty bit of cache line TagsDM . As valid and invalid page entries . Page array 922 is a data 
in the direct case , this third step is optional if the overwritten 40 structure that module controller 118 ( 0 ) maintains between a 
cache line entry is already marked dirty . head pointer Head and a tail pointer Tail , both of which are 

Returning to decision 840 , module controller 118 ( 0 ) looks maintained in registers ( not shown ) within module controller 
for a clean multi - set cache line by reviewing the multi - set 118 ( 0 ) . Head pointer Head points to an address of the next 
dirty bits Ma - Me ' ( bit ten of each of tag entries Ta - Te ' ) of empty one of flash pages 920 to receive data writes . Tail 
cache line TagsDM ( 855 ) . If there are no clean multi - set 45 pointer Tail points to the one of pages 920 storing the eldest 
cache lines , module controller 118 ( 0 ) writes the data from data entry , which is to say the data entry that was written 
one of the dirty multi - set cache lines back to flash memory least recently . The number of invalid flash pages 920 in each 
space 330a flash write backto create a clean multi - set cache erase block 925 tends to increase over time , so the erase 
entry ( 860 ) . When a clean multi - set cache line M [ y ] is block 925 with the eldest entries thus tends to be among the 
available , module controller 118 ( 0 ) writes the data from 50 erase blocks with the most pages marked invalid . 
buffers 302 to address AD [ y ] of the multi - set cache ( 860 and A garbage collection process is triggered when the sepa 
865 ) . Module controller 118 ( 0 ) then updates cache line ration of the head and tail pointers exceeds a threshold . 
TagsDM to include the dirty bit and multi - set tag entry for Module controller 118 ( 0 ) copies each page 920 marked valid 
the newly cached data ( 870 ) . A multi - set cache miss thus in the erase block with the eldest entries to the address 
requires three DRAM accesses , one to read tagline TagsDM , 55 marked by head pointer Head , incrementing the head and tail 
a second to write a cache line from flash to the multi - set pointers Head and Tail for each transferred page 920 , until 
cache , and a third to update the corresponding dirty bit in all the valid pages from the eldest erase block are moved to 
cache line TagsDM . Write transactions can be interleaved in the head of page array 922. The eldest erase block 925 is 
the manner discussed above in connection with read then erased and page array 922 shortened by the number of 

The determinations made at 820 and 840 are both 60 invalid page entries associated with the erased page . The 
based on the incoming address and cache line TagsDM , and data structure thus snakes through flash array in a manner 
can be carried out concurrently . If a requested address is in that , over time , writes to each flash page an equal number of 
both the direct and multi - set caches , then module controller times , maximizing the endurance of flash device 900. A 
118 ( 0 ) only updates the direct entry , along with the corre similar data structure is detailed in U.S. Pat . No. 8,745,315 
sponding tag and dirty bits in cache line TagsDM . The 65 to Frederick A. Ware and Ely K. Tsern . 
relevant multi - set dirty bit can be cleared to indicate that the Volatile page register 915 , itself storing a 16 KB page in 
multi - set entry is available . this embodiment , facilitates the transfer of data to and from 

accesses . 
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flash pages 920. Module controller 118 ( 0 ) takes advantage memory simultaneously . A relatively long page array 1105 
of this resource to minimize the flow of data external to flash extends between flash addresses indicated by tail and head 
device 900 , thereby freeing data and control bus ADQf to pointers Tail S and HeadS and a relatively short page array 
support flash read and write transactions of other flash 1110 extends between flash addresses indicated by tail and 
devices . In the foregoing garbage - collection process , for 5 head pointers TailF and HeadF . Module controller 118 ( 0 ) 
example , the head and tail of each data structure is located maintains these and other pointers for each flash device 900 . 
within the same flash device 900 ; moving page entries from For each write back to flash device 1100 , the entries from the 
the tail to the head of data structure 922 can thus be source page are written to the page address specified by 
accomplished without external data connections . either of head pointers HeadS or HeadF according to the 

Module controller 118 ( 0 ) also uses page register 915 to 10 number of dirty cache lines in the source page . Relatively 
reduce external data flow during cache write - back opera dirty pages are written to pointer HeadF , whereas relatively 
tions . If , for example , a write back from cache 905 requires clean pages are written to pointer HeadS . 
one cache line from DRAM to overwrite a corresponding Due to the principle of cache locality , relatively clean 
line of a flash page 920 , the unaffected lines of the flash page pages tend to accumulate writes more slowly than relatively 
are read into page register 915 , updated with the one new 15 dirty pages . The erase blocks 925 of page array 1105 are thus 
entry from DRAM , and the resulting updated page is written expected to accumulate invalid page entries more slowly 
from page register 915 to a new flash page 920 identified by than the erase blocks 925 of page array 1110. Slow page 
head pointer Head . The old flash page 920 is then marked array 1105 is therefore maintained to be longer than fast data 
invalid . In this way , a write back requires data and control structure 1110 so that garbage collection tends to move 
bus ADQf to communicate only dirty cache lines from 20 pages from erase blocks 925 with relatively high percent 
DRAM cache . ages of invalid page entries . The threshold number of dirty 

Each flash page 920 includes 256 cache lines , and the lines for selecting between the heads of the slow and fast 
1,024 cache lines in flash address space 335 represent four page arrays 1105 and 1110 and the relative sizes of the page 
of those pages . Cache line TagsDM includes all the direct arrays can be selected to maximize the average number of 
and multi - set dirty bits for those four pages , so all the dirty 25 invalid page entries for recovered flash pages . 
entries for a given flash page 920 can be identified by FIG . 12 depicts flash device 1100 of FIG . 11 at a time 
reading the corresponding cache line TagsDM . For a write when slow and fast page arrays 1105 and 1110 have each 
back to a target page 920 , module controller 118 ( 0 ) transfers advanced in their respective directions relative to the 
the 256 lines in the target page to page register 915 ; reads example of FIG . 11. Page arrays 1105 and 1110 share the 
cache line TagsDM to identify each dirty cache entry ; writes 30 same address range in the same flash device in this embodi 
the dirty cache lines from DRAM into page register 915 to ment , and therefore interfere with one another over time . 
overwrite the stale data ; copies the merged data to the page This interference occurs as head - on collisions in this 
of page array 922 indicated by head pointer Head ; marks the embodiment in which slow and fast page arrays 1105 and 
original flash page invalid ; and increments head pointer 1110 move in opposite directions . Each page array is divided 
Head . The snaking data structure will thus increase in length 35 into two parts in this example , with slow page array 1105 
until the next garbage - collection process moves the eldest divided into head and tail portions 1105H and 1105T and fast 
valid entries to the head of the page array and erases the page array 1110 divided into head and tail portions 1110H 
erase block with the eldest entries . and 1110T . Module controller 118 ( 0 ) maintains state infor 

The frequency of garbage collection and the wear life of mation for flash array 910 , depicted here as fast and slow 
flash device 900 will depend in part on the number of erase 40 links LinkF and Links , that allows the data structures to 
blocks 925 beyond what is required for physical memory . In jump through and around one another . 
a module in accordance with one embodiment the ratio of FIG . 13 depicts flash device 1100 of FIGS . 11 and 12 at 
flash device capacity to physical memory space is ten - to a time when slow and fast page arrays 1105 and 1110 have 
eight ( 10/8 ) , which leaves a gap between head and tail each advanced relative to the example of FIG . 12. Garbage 
pointers Head and Tail of up to about 25 % of the flash 45 collection has advanced tail pointer TailF of fast page array 
address space . Increasing flash capacity relative to the 1110 to open a gap of erased pages between the tail portion 
physical memory space reduces the frequency of garbage 1110T of the fast page array and the head portion 1105H of 
collection and consequently increases the life of the flash the slow page array . When this happens , module controller 
devices . 118 ( 0 ) freezes head pointer Heads for slow page array 1105 
FIG . 10 depicts a form of address mapping 1000 that 50 and begins maintaining a second head pointer Heads that 

reduces the time required for module controller 118 ( 0 ) to increments in the opposite direction to fill the gap . Once the 
read a cache line TagsDM to identify dirty cache line entries gap is filled , module controller 118 ( 0 ) returns to writing to 
for cache write - back operations . Recalling that each cache head pointer HeadS . The size of the gap is proportional to 
line TagsDM is 64 B , or 640 b , this information can be read the length of fast page array 1110. In an embodiment in 
most quickly if distributed across all ten DRAM components 55 which the number of erase blocks 925 is about 25 % greater 
130D of slices 125 [ 4 : 0 ] to be accessed simultaneously and than what is required for physical memory , fast page array 
in parallel responsive to the same read request . To accom 1110 is maintained to be about one - sixteenth the length of 
plish this , flash page addresses are mapped to DRAM line slow page array 1105 . 
addresses . Module controller 118 ( 0 ) can thus use the flash If the gap becomes too large , or remains open for too long , 
page address of the write - back target to read from the same 60 module controller 118 ( 0 ) can move move the eldest entries 
row and line of ten DRAM devices to retrieve the requisite from either or both of the fast or slow page arrays 1105 and 
cache line TagsDM . The direct and multi - set dirty bits for an 1110 until the gap is filled . Fast page array 1110 can likewise 
entire flash page can thus be read using a single DRAM read be segmented and reformed . Module controller 118 ( 0 ) thus 
transaction . maintains each of slow and fast page arrays 1105 and 1110 

FIG . 11 depicts a flash device 1100 in accordance with an 65 as either a contiguous range of addresses , at times wrapping 
embodiment in which module controller 118 ( 0 ) manages around , or two address sub - ranges . Other embodiments 
two data structures that each work their way through flash allow fragmentation into more subranges . 
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FIG . 14 depicts flash device 1100 of FIGS . 11-13 at a time 10. The memory module of claim 9 , wherein the common 
when fast page array 1110 is reformed and a subrange 1105H DRAM address comprises a DRAM cache - line address 
at the head to slow page array 1105 is advancing backwards identifying a DRAM location distributed across the DRAM 
to fill the gap left by fast page array 1110 . components . 

While the subject matter has been described in connection 5 11. The memory module of claim 9 , wherein the cache tag 
with specific embodiments , other embodiments are also bits express first cache tags of a first cache associativity , the 
envisioned . Other variations will be evident to those of skill module controller maintaining second cache tags of a second 
in the art . Therefore , the spirit and scope of the appended associativity at the common DRAM address . 
claims should not be limited to the foregoing description . 12. The memory module of claim 11 , wherein the first 
Only those claims specifically reciting “ means for " or " step 10 cache tags are direct - mapped cache tags . 
for ” should be construed in the manner required under the 13. The memory module of claim 12 , wherein the second 

cache tags are multi - set cache tags . sixth paragraph of 35 U.S.C. $ 112 . 14. The memory module of claim 12 , wherein the first 
cache exhibits a first cache latency and the second cache 

What is claimed is : exhibits a second cache latency greater than the first cache 
1. A memory module comprising : 
a rank of dynamic random - access memory ( DRAM ) 15. The memory module of claim 1 , the nonvolatile cache 

components , each of the DRAM components of a lines designated using nonvolatile cache - line addresses hav 
DRAM data width , the rank of DRAM components ing nonvolatile - line bits and nonvolatile - device bits , the 
having a rank width of the sum of the DRAM data DRAM components collectively storing DRAM address 
widths ; 20 lines designated using DRAM cache - line addresses having 

a nonvolatile memory component of a nonvolatile data DRAM - line bits and DRAM - device bits ; the module con 
width less than the rank width , the nonvolatile memory troller including address - mapping logic to map the nonvola 

tile - line bits to the DRAM - device bits . component storing nonvolatile cache lines ; and 
a module controller coupled to the DRAM components 16. The memory module of claim 15 , the address - map 

and the nonvolatile memory component , the module 25 ping logic to map the DRAM - line bits to the nonvolatile 
controller to distribute the nonvolatile cache lines from device bits . 
the nonvolatile memory component across the DRAM 17. The memory module of claim 1 , each of the nonvola 

tile cache lines designated using a set of nonvolatile - page components , each DRAM component caching a subset 
of each distributed nonvolatile cache line . bits , wherein the module controller includes address - map 

2. The memory module of claim 1 , further comprising 30 ping logic to map each external controller page address to 
data - buffer components coupled to the DRAM components any of the sets of nonvolatile - page bits . 
to communicate the subsets of each distributed nonvolatile 18. The memory module of claim 1 , wherein the non 
cache line with the nonvolatile memory component . volatile memory components comprise flash memory . 

19. A method of writing to a cache memory having a 3. The memory module of claim 2 , further comprising a module connector coupled to the data - buffer components , 35 direct cache and a multi - set cache , the method comprising : 
the module connector to communicate the subsets of each receiving a write command directing write data to a 
distributed nonvolatile cache line from the memory module . nonvolatile - memory address ; 

4. The memory module of claim wherein the nonvola reading from the cache memory a tag cache line of direct 
tile memory component is one of a number of nonvolatile cache tags and multi - set cache tags ; 
memory components , the module further comprising a determining , from the cache tag line , whether the non 
multi - drop data bus from the module controller to the volatile address has a corresponding entry in the cache 
nonvolatile memory components . 

5. The memory module of claim 1 , further comprising a if the data cache line is in the cache memory , writing the 
set of point - to - point links between the module controller and write data to the cache memory and updating the tag 

cache line . the DRAM components , the point - to - point links to convey 
the subsets of the distributed nonvolatile cache lines to the 20. The method of claim 19 , further comprising deter 
DRAM components . mining , from the cache tag line , whether the corresponding 

6. The memory module of claim 1 , wherein the nonvola entry is in the direct cache . 
tile memory component stores the nonvolatile cache lines at 21. The method of claim 19 , further comprising deter 
corresponding nonvolatile cache - line addresses having non- 50 mining , from the cache tag line , whether the corresponding 
volatile - page bits , the module controller mapping the non entry in the cache memory is dirty . 

22. The method of claim 21 , further comprising writing volatile - page bits to select among the DRAM components . 
7. The memory module of claim 6 , each DRAM compo the corresponding entry from the cache memory to a non 

nent comprising DRAM dies , the nonvolatile - page bits to volatile memory if the corresponding entry in the cache 
select among the DRAM dies . 55 memory is dirty . 

23. The method of claim 22 , wherein writing the corre 8. The memory module of claim 1 , the rank of DRAM 
components caching the nonvolatile cache lines as DRAM sponding entry from the cache memory to the nonvolatile 
cache lines , each DRAM cache line including cache tag bits . memory comprising reading the corresponding entry in 

9. The memory module of claim 8 , the DRAM compo parallel from a rank of DRAM components and writing the 
nents further caching the cache tag bits at a common DRAM 60 corresponding entry into a single nonvolatile memory die . 
address . 

40 

memory ; and 

45 
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