WD 03/091883 PCT/ US03/ 10746 FI S920010335 DESTRUCTI VE- READ RANDOM ACCESS
MEMORY SYSTEM BUFFERED W TH DESTRUCTI VE- READ MEMORY CACHE [ h4] Background
of the | nwerBioorssy pl] The present invention rel ates gener CMUSKP147m¢ egr at ed
circuit nmenory devices and, nore particularly, to a random access nenory
system of destructive-read nmenory cached by destructive-read nenory. [p2]
The evol ution of sub-mcron CMOS technol ogy has resulted in significant

i Mpr oved@pdo1d38s M Ccr opr ocessor speeds. Quadrupl i ng roughly every three
years, mcroprocessor speeds have now exceeded 1 Ghz. Along with these
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application thereof. Accordingly, there is an increasing denmand for | arger
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(tRAC) and its random access cycle tinme (tRC), has not inproved in a
simlar fashion. As a result, there is a w dening speed gap between the
DRAMs and the CPU, since the clock speed of the CPU steadily inproves over
time. [p4] The random access cycle tine (tRC) of a DRAM array is generally
det er miped Badkgrowndof thenlbhvent$onnt, whi ch represents the anount of tine
to conplete all of the random access operations. Such operations include
wordl i ne activation, signal devel opnent on 1 WD 03/091883 PCT/ US03/ 10746
[p1]  The present invention relates generally to integrated circuit memory devices and, more

particularly, to a random access memory system of destructive-read memory cached by

destructive-read memory.

[p2] The evolution of sub-micron CMOS technology has resulted in significant
improvement in microprocessor speeds. Quadrupling roughly every three years,
microprocessor speeds have now exceeded 1 Ghz. Along with these advances in
microprocessor technology have come more advanced software and multimedia
applications, which in turn require larger memories for the application thereof.
.Accordingly, there is an increasing demand for larger Dynamic Random Access

Memories (DRAMs) with higher density and performance.

(P31 DRAM architectures have evolved over the years, being driven by system requirements
that necessitate larger memory capacity. However, the speed of a DRAM, characterized
by its random access time (tRAC) and its random access cycle time (tRC), has not
improved in a similar fashion. As a result, there is a widening speed gap between the

DRAMs and the CPU, since the clock speed of the CPU steadily improves over time.

[p4]  The random access cycle time (tRC) of a DRAM afray is generally determined by the
array time constant, which represents the amount of time to complete all of the random

access operations. Such operations include wordline activation, signal development on



FI1 S920010335 the bitlines, bitline sensing, signal wite back, wordline
deactivation and bitline precharging. Because these operations are
performedweeguerssi al |y in a conventional DRAM architect uPer/tisngtgasi ng t he
transfer speed (or bandw dth) of the DRAM becones problematic. [p5] One
way to inprove the row access cycle tinme of a DRAM system for certain
applications is to inplenment a destructive read of the data stored in the
DRAM celsb®p10333nd then tenporarily store the destructively read data into a

buf fer cellng MRS IEGiNE enbihg sigh@e@e 8RR, WhidBhe MaciRBosaMidipgal nenmory
array. (See, for exanple, U'S. Patent Nos. 6,205,076 and 6,333,883 to

Wakayane, etregarging. Beepise thassmperations g porormert segppnéipliyie 8 cppvenigonabeal menory
array conneg ifecRTIRRSENS ORI hd A dG5Br BED ructively
read sequent?gkﬁ/‘féﬁ?lorc a nurrta)ler o? t rrers‘?{) ev\kg?llgﬁg%dszlt t@y g%zﬁpl us the
nunber of theeoméyfrbdematel | s per sense anplifier. However, the nunber of
buffer cells that can be practically inplenented in this approach is
small, due to the large area required for both the buffer cells and

associ gisgd OMWiyh imP@vE the edw 86 clysle tine DRAMRAM ayttentfor EdiRiOre, so | ong
as the nunber_of, buffer Hi‘?el s is less than the nunmber of wordlines in the
original  ca@plicatiopsyy o impigmenta despstiyp Fepdiohiedostorddp the RRAMEells. e for a

limted nyrg?l@rthéﬂfterﬂﬁ&ﬁ*ﬂ?r H6£EBSIS ARG ly FAl S ilid AButd 6ell MRAHYBIGS ARSS cycle
time required in general applications. [p6] "A nore practical way to

i nprove t hesepserignpifisicdf dhessapy dqcal memery gfrayy Kerepameeny.8. Ragent Napl emrent  a
destructiv I ”F)Bﬁ]}g! I .
tenporaril ;e/s %‘?’ﬁ‘f’&%ﬁé%ﬁ?ﬁﬁ@?ﬁ% y’%%é’?ﬁga a n%%’gﬁfeé%i%ﬁ{)dggé "cache

out si de of #lheal mmiory amepoonpeaedtay continen SRAMAhEFredblododae bhdstradtivelgast t he
sanme nunber_of wordlines as on si ngl e-bank DRAM array. (The term "bank"
as descri beraacilsgﬂléei“g‘alhyeg’é? gmﬁ‘%:r 81ﬁt’1m%§r ?Ngﬁfgé Seﬁé’hﬁqﬁy"l}{l{?gﬁ’q @%’gﬁg‘?ﬂﬁ% the same
sense anpl idufRf Seliy pditefsetag@lifier] R weSer@6 Glimb@@f biffer kbIS.thdPainedt  appl i cati on

serial nunber 09/843,504, entitled "A Destructive Read Architecture for
Dynani ¢ RarRigftcalbdmelemeaiod pm this appreach dssmely due to the lasggpiea regrred for both -

the buffer cells and associated control logic for each local DRAM array. Furthermore,
so long as the number of buffer cells is less than the number of wordlines in the original
cell arrays, this system only improves access cycle time for a limited number of data

access cases, rather than the random access cycle time required in general applications.

[p6] A more practical way to improve the random access cycle time of a DRAM system is to
implement a destructive read of the data stored in the DRAM cells, and then
temporarily store the destructively read data into an SRAM based cache outside of the
main memory array. The SRAM based cache has at least the same number of wordlines
as one, single-bank DRAM array. (The term “bank” as described herein refers to an
array of memory cells sharing the same sense amplifiers.) This technique is described
in U.S. Patent application serial number 09/843,504, entitled “A Destructive Read
Architecture for Dynamic Random Access Memories”, filed April 26, 2001, and
commonly assigned to the assignee of the present application. In this technique, a
delayed write back operation is then scheduled for restoring the data to the appropriate
DRAM memory location at a later time. The scheduling of the delayed write back
operation depends upon the availability of space within the SRAM based cache. While



commonly assigned to the assignee of the present application. In this
technique, a delayed wite back operation is then scheduled for restoring
t he dat a wo osheisappropri ate DRAM nenory | ocation at a | arem/usosren746lhe
scheduling of the delayed wite back operation depends upon the
availability of space within the SRAM based cache. Wile 2 W 03/091883
PCT/ US03/ 10746 FI S920010335 such an approach is effective in reducing
randomrFegewers3scycl e tine, the use of an SRAM based cache may occupy an
undesi red asmbnt apfroghiipefifetive ipstdating radomealdesasyclertasythe ukaofrmr e conpl ex
i nt er connec Lfing.to transfer data between the. and th cache. \Were
chip area i éR}(%M fﬁ)agg(% Fat gAY S%H@'e%?n%?% 8’?18?‘5,0?%‘9 [ﬁ?k??f?é% a%l%%l #able to
reduce randasulaneass caypleeintdrddansbt Wiiglo OSRER AR BetdesrthabR WS Mdligd ge devi ce
SRAM based cache, [h5] Brief Summary of the Invention

area b usin n | f ' )
[ p7] The ab%?ge-SWQE%E@@%?@OM@PMHF%\%%%?@W itchepqrees dpiiebls tof t he prior
art are ovefad¥Randdn &cbS %M Bde R¥hdut BB gg"ré?étﬁzgfgllérgéa{le%@e aJe?b n exenplary

enbodi ment, the nenor storage system i nclUdes a Ity o nory

st orage banksingands daghe. communi cation therewith. Both the plurality
of menory storage banks and the cache further include destructive read
menory storage elenents. [p8] In a preferred enbodi nent, the destructive
read mghbbr yBeiehSwogmary efithalisveatien dynam ¢ random access nenory ( DRAM
storage cells. In addition, the systemfurther includes a line buffer
structure in communication with the plurality of nmenory storage banks and

the cagiig. Thdubbiedisdua@diafid B Afivdhead akd ddticlcR8ied b Jdf £rBhre Stidipicur e, and a
cache tag is _associated with the cache. The line buffer structure includes

a pair of re¥giiStiapd by papEory ¥easy sydpRbIangwerploni arpodintent, Fhepergeernt  wor dl i ne
data, as i NygabRHMeAhANdes lﬁ‘%ﬁit&%ﬁﬁf 6né?9c§r9 StorabD Barlid A% PULASL Structure

includes two registers per
communication therewith. Both the plurality of memory storage banks and the cache

further include destructive read memory storage elements.

[p8] In a preferred embodiment, the destructive read memory storage elements are dynamic
random access memory (DRAM) storage cells. In addition, the system further includes
a line buffer structure in communication with the plurality of memory storage banks and
the cache. A buffer tag is associated with the line buffer structure, and a cache tag is
‘associated with the cache. The line buffer structure includes a pair of register arrays,
each capable of storing a full page of wordline data, as in a DRAM array. In other

words, the line buffer structure includes two registers per data I/O.

[p9] The plurality of memory storage banks further comprises a number, n, of DRAM
storage banks each having a number, m, of wordlines associated therewith. The cache
further includes a pair of DRAM cache banks, each having the same number, m, of
wordlines associated therewith. Furthermore, each buffer is capable of storing a data
page therein, the data page including data bits destructively read from a selected
wordline of a selected DRAM storage bank, or a selected wordline of a selected DRAM
cache bank. Data originélly contained within one of the DRAM storage banks may be

stored in one of the DRAM cache banks. Any data contained in the pair of DRAM



[p9] The plurality of menory storage banks further conprises a nunber, n,
of DRAM storage banks each having a nunber, m of wordlines associated

t her ewi t WOTh@9Baxhe further includes a pair of DRAM caclreThsnksn74€ach
havi ng the sanme nunber, m of wordlines associated therewith. Furthernore,
each buffer is capable of storing a data page therein, the data page
including data bits destructively read froma selected wordline of a

sel ect egdodolbgsst or age bank, or a selected wordline of a sel ected DRAM

cache bank. cdoné RanRs ihgi iR afidiNally@sKoaiare d/im/itﬂehbmmr@ge tahie iR BleRipge banks
may be stored in one of the DRAM cache banks. Any data contained in the
pair of DRADFON DTt (RRPRINE Stheme . Ydiptein data Bssoriad 0 1@ es werlihe banks t hat

i's original édﬂre’%§§/ﬁﬁfn%€%e%ﬁmtsﬂﬁ ahsSt 51%9%11@%5&% WoRd dﬁltegﬁcﬁ stherein

through a direct mapping schene, erel n ata assocl at e a given
wordline awithiaese of thiyDiR A eachibarBRAM st or age banks is stored within that
wordline address w thin one of the DRAM cache banks. [pl0] In another
aspect, a nethod for controlling the novenent of data within a dynam c
r andon 0t elmsmokernasyect, BRAModSysdoamolias the nuveinest,of Bata ¢fthipRAYh&hier age banks,

a |line buffer structure a ache. In an exenpl ary enbodi nent, the

met hod i nclGHEE™ *GEFITYY Qg%&/ﬁé}fmg} P e mbers it Mrsm&a&leibéfﬂiﬂa‘% a to exist
Wi thin the isdedufgesdisfksandatecheb uf &ﬁéxeﬁlbraw%nwoalmﬁﬂ%éxﬂ&h&ﬁﬁaﬁdesThe DRAM
systemis initiali Zedwﬁ“ or to a first random access request for data

stored wit hiehininga serafilley lagidesiankalid datade exist within tha stofage banksghe conf orms t o
the defined,sgtsfondl LOYRRLERS! Al Letewmufanﬁ g L O

request for data, and follow ng any su uent random access request for
dat a t her eadceess requﬂzShﬁorrd@tqa@@td@dﬂmatha meeagabmklsaﬁiemm thetikigtallrirfef er

str UC_t ure, nc%ggm%lggo th g%?nfﬁcé g t oP \a’iﬁ)wagle s?attest %Sllowmg Blh %rs(ii ranLlan]acclggsl ef

Descriptio
request for data, and following any subsequent random access request for data thereafter,

the requested data is made available in the buffer structure, and the set of allowable
states is upheld.

[h6]  Brief Description of the Drawings

[p11] Referring to the exemplary drawings wherein like elements are numbered alike in the

‘several Figures:

[p12] Figure 1 is a schematic block diagram of a destructive read, dynamic random access

memory (DRAM) system, in accordance with an embodiment of the invention;

[p13] Figure 2 is a table which illustrates the structure of a cache tag included iﬁ the DRAM

systefn;

[p14] Figure 3 is a table which illustrates the structure of a buffer tag included in the DRAM

system,;

[p15] Figure 4(a) is a schematic diagram which illustrates one embodiment of a buffer



[pll] Referring to the exenplary drawi ngs wherein |like elenents are
nunbered alike in the several Figures: [pl2] Figure 1 is a schematic bl ock
di agram ovoa3desss ucti ve read, dynam c random access nenPCY/USDRAVY6 syst em
in accordance with an enbodi nent of the invention; [pl3] Figure 2 is a
table which illustrates the structure of a cache tag included in the DRAM
system [pl4] Figure 3 is a table which illustrates the structure of a

buf f er Fisagoioawl uded in the DRAM system [pl5] Figure 4(a) is a schematic
di agr am whi eifuctdrd i18futied @sheODRABIGOE@AENt of a buffer 4 WO 03/091883

PCT/ US03/ 10746 FI S920010335 structure included in the DRAM system [ pl6]
Figure 4(b) is a schematic diagramwhich illustrates exenplary connections

for daggyie)l FRR 4MAVA sdnBmOHERarft (loh illiskriles By Aiftdctions f?)f Pﬁ? le

illustrating exanples of possible data transfer "operations allowed under

t he DRAM sybpesghewninignrat@bn; [pl8] Figure 5(b) is a timng di agram which
illustrates the operation of the buffer structure shown in Figure 4; [pl9]
Figure 5(c) is a schematic diagramof an alternative enbodi nent of the

buf f er [isit7l uBigurees (a)ihowhleiiliuskhtijgresamples EAdksible dats eafsfet opératichs bidl

iIIustratingh g% %%gge %chqu associated with the buffer structure of
Fi gure 5(c),‘€b ‘F) Sy BPEUBEPY are state di agrams representing

various data transfer operations under a strong formalgorithmused in
conjunction with the DRANIsystenL.EpZZ] ﬁhgure 7 is a state diagram
i |1 ust FRASH nigss Siiis ¢ Bminggidssm phisk dingietes the apargiion 9é the hpffergtructure

shown in Figure 4;

[p19] Figure 5(c) is a schematic diagram of an alternative embodiment of the buffer structure

shown in Figure 4;

[p20] Figure 5(d) is a table illustrating a pipeline scheme associated with the buffer structure
of Figure 5(c);

[p21] Figures 6(a)-6(f) are state diagrams representing various data transfer operations under

a strong form algorithm used in conjunction with the DRAM system;

[p22] Figure 7 is a state diagram illustrating an initialization procedure used in the strong

form algorithm;

[p23] Figure 8 is state diagram illustrating an optional data transfer operation in the strong
form algorithm;

[p24] Figure 9 is a state table illustrating the allowable states under the strong form algorithm;

[p25] Figures 10(a)-10(d) are state tables illustrating allowable states under a general form

algorithm which alternatively may be used in conjunction with the dram system; and



formalgorithm [p23] Figure 8 is state diagramillustrating an opti onal
data transfer operation in the strong formalgorithm [p24] Figure 9 is a
state tabwe mlpsirati ng the all owabl e states under the sPCIAFOS/CI7HO

al gorithm [p25] Figures 10(a)-10(d) are state tables illustrating

al l owabl e states under a general form algorithmwhich alternatively may be
used in conjunction with the dramsystem and 5 WO 03/091883 PCT/ US03/ 10746
Fl S9208K038m335p26] Figures 11(a)-11(f) are state diagrams representing

var i ougpabat RighreaDEERI 1 (DRAY @itt Gigramy Rpedseithg veens Hat thTeNopbd@idst hm used in
conjunction with the DRAM system [hl] Detail ed Description of the

| nvent i on [ PP theisenerad Suen ahearidh used n coniyngtion Witk die PRAMSYSiemy st em based
upon a destructive-read nenory that is also cached by destructive read
menory. A destructive-read nmenory describes a nenory structure that |oses
its data after a read operation is perfornmed, and thus a subsequent
write-back operation is perforned to restore the data to the nenory cells.

| f t hepdpt aDetailed Debtiptiors ofitheriag@ntidgmout an i medi ate write-back
thereto, then the data will no longer reside in the cells thereafter. As

stated above, one way to inprove random access cycle tine has been to
operate a nenory array in a destructive read node, conbined with

schedul ing |l aved write back usin SRAM, dat a , cache. al so stated
pr evi otﬁ)s y,BSB\R/See\%SIFI, TSR a@ﬁﬂ?\ﬁ“ﬁ‘@%ygéi}e%?@sﬁﬁﬁp%dgswﬁf@a real estate,
and usual Iy _incl .four qr re transistors per cell as opposed to a DRAM
cel I havi ng™g"gy g‘gﬁ%és ais(?ésé‘g'fdg? drrbiugsread fpemagrg AGES SRS eRONeNAY ¢ or di ngl y,

t he present deséribesn idefbryaibadictRn i esitd daw dilea SadBped@dh iyktfoMeed #ad DRAM
banks to also function as the cache, thereby saving device real estate,

anong ot her thaYY sibseqyent v -Prck gperatirsie gerformed fa5stere the data to the memory

cells. If the data within DRAM cells are read without an immediate write-back thereto,
then the data will no longer reside in the cells thereafter. As stated above, one way to
improve random access cycle time has been to operate a memory array in a destructive
read mode, combined with scheduling of a delayed write back using a SRAM data
cache. As also stated previously, however, existing SRAM devices occupy more device
real estate, and usually include four or more transistors per cell as opposed to a DRAM
cell having a single access transistor and storage capacitor. Accordingly, the present

- invention embodiments allow the same destructive read DRAM banks to also function
as the cache, thereby saving device real estate, among other advantages to be discussed

hereinafter.

[p28] Briefly stated, in the present embodiments, the data that is destroyed by being read from
a plurality of DRAM banks are now cached by (i.e., written to) a dual bank DRAM data
cache that is also operated in a destructive read mode. In addition to the DRAM banks
and the dual-bank cache, there are also included a pair of register line buffers, each for
storing for a single page of data. A cache tag stores the bank information for each
wordline of the cache, as well as flags to indicate if a particular bank in the dual-bank
cache has valid data present. There is also a buffer tag that, for each buffer, contains a
flag indicating if valid data exists therein, as well as the bank and row information

associated with the data. Another flag indicates which one of the two buffers may

6



[p281 Briefly stated, in the present enbodi nents, the data that is
destroyed by being read from a plurality of DRAM banks are now cached by
(i.e., wwoDtanosed a dual bank DRAM data cache that is alPso/uspgrEted in a
destructive read node. In addition to the DRAM banks and the dual - bank
cache, there are also included a pair of register line buffers, each for
storing for a single page of data. A cache tag stores the bank information
for eagdsox00nsgd i ne of the cache, as well as flags to indicate if a

particul ar baitkin e rifiemitialnddRnkata GRG8e PRSIHALLM. data present. There is
also a buffer tag that, for each buffer, contains a flag indicating if

valid data exists therein, as well as the bank and row i nformati on

Dot 1 or S W b B s AR P R O R S A Rl B
random y r esfates’t e olatose pattoimdefeedqt elgbmthsis mpg bedeiged 8 ddamivieldataal so be
descri bed i n.ax eat er

.detail, .based .upon a.concept of "rules qf allowable
states", onS3Br9BY t108§? ef%%@ﬁ@éﬂtpmgﬁrﬁg?‘} I{gﬁﬁ’g nﬁ‘ﬁfloﬁg C&i%i'@\?&aiao
det er m ne datmfer bpamihe (i.eQRivad)ivan degenb en oflp iirrRAtRdatdbfiaRariakicon for the
next cl ock cl H&he data transfer operations (i.e., noves) wll depend
on only theﬁéﬁﬁlﬁg S’élﬁea‘faéhepﬁndtt%b‘ﬁgfsarqﬂ}?r thaw the pesRtding theeureeabhe and t he
buf fer's, 1 abiier Fidta dridfadhmiay uRitosnilh G il dEUAFEMs oBhAld im0 ease of

understanding, the followi ng detailed description is organized into two
mai n part s: tWolmpaip partss (A9 therpysiem arohiteature cand &) dhy ehedubing ggbrgttimé i ng al gorit hns

i npl enent edhﬁ@%%‘fﬁ%fgtﬁg%ﬁi?&%& [p30] 1. System Architecture [p31]

Referring ini y to Figure there is shown a schenmatic bl ock diagram
of a destructive read, dynam c random access nenory (‘DRAM system 10. The
DRAM system 10 includes a plurality of n DRAM storage banks 12

(i ndividually designated BANK O through BANK n-1), a destructive read DRAM

cache 1#80i nC|3ydiemarrdhibtugache

[p31] Referring initially to Figure 1, there is shown a schematic block diagram of a
destructive read, dynamic random access memory (DRAM) system 10. The DRAM
system 10 includes a plurality of n DRAM storage banks 12 (individually designated
BANK 0 through BANK n-1), a destructive read DRAM cache 14 including dual cache
banks 16, a cache tag 18, a pair of register line buffers 20 (individually designated as

‘buffer 0 and buffer 1), a buffer tag 22, and associated logic circuitry 24. It will be noted
that the terms "bank" or "BANK" used herein refer to a memory cell array sharing a

common set of sense amplifers.

[p32] The associated logic circuitry 24 may further include receiver/data in elements,
OCD/data out elements, and other logic elements. Unlike existing cache, the two
DRAM cache banks 16 may be identical (in both configuration and performance) to the
n normal DRAM banks 12. Accordingly, the system 10 may also be considered as
having an n+2 bank architecture, wherein n DRAM banks are used for conventional
memory storage and 2 DRAM banks are used as cache. Hereinafter, the two DRAM
banks 16 used for the cache 14 will be referred to as "cache banks", individually

designated as CBANK A and CBANK B.



banks 16, a cache tag 18, a pair of register line buffers 20 (individually
designated as buffer 0 and buffer 1), a buffer tag 22, and associ at ed

| ogi c cirwoiosngis3t. It will be noted that the terns "banPCTarso3/BANK" used
herein refer to a nenory cell array sharing a common set of sense
anplifers. [p32] The associated logic circuitry 24 may further include
receiver/data in elenments, OCD/data out elenents, and other |ogic

el enentegooddiibike exi sting cache, the two DRAM cache banks 16 may be
identical (in both configuration and performance) to the n normal DRAM
banks 12. Accordingly, the system 10 nmay al so be considered as having an

n+2 bahkd34r EpghiRaMbank &ALV Ofo mRrandisaciik danks 16 (GCBAKNK A BHwathestional
menory stor ﬂ&ﬁbé?@fngrfd%'\c{h@ﬂﬂff&s agfa bi%ﬁﬁa@%n&% tﬁﬂa?rlg, §§ SI&’B% he two

DRAM banks 16 used for the cache 14 e referred e banks",
i ndi vi dual | yircugiese.gnatwitinadriCBAndseAscangiGBANK Bratibn WM H306D1BBB the

cache bank PEAPCRRK ATKER® Ryt Pl I8, BUCHANGRr Pl RS 1 11 | nes.

I'n a pref er fogeachMRAN BRK 12 (Bbmrsamx aydna)éa&nléﬁcﬂx@rbbnkm(UBANK)& BPm8y -
wordline drjver and sense arrpl ifier configurations support both the
DRAM banks 22Us§fhdo fhlong 2%47Eh Bagkk §anksl6 ( M‘?}éﬁm ins@f fepss thersemar r ay

confi gura“&fiﬁberf)f)\ﬁlor@%@ M&@QM&%MNM 15 RNk)Of?)’hd geach cache bank
16 (CBANK A, B) may be used, so as long as each cache bank 16 (CBANK A, B)

cont ai ns at | east the same nunber of wordlines and bitlines as the DRAM

banks i 44 BANK cQcrt Badks %E shdr® ﬁé]r?%&%ﬁ)% Ak Q%u?e%%ﬁgég cacp SC erth Cp&ac he tag 18

in a direct mappl ng cache sc a associ a a par |8ular
wor dl i ne adats@s&ted(\mtlga partimﬂajlquélufe)addriessqag obrdiihe O3 RANE obtaabRAl\Z may be

stored int rticul arwoqli e of one of the cac nk 16
(either A ol?m%ﬁ P% Y Dot %{Iht.ga Q’é:u]%f W8K%§net Heong 8{:{]?8 t‘i‘hcatc 1 he data
from one of (eithe A or B) but not both. This allows the cache 14 to read the data from one of the

DRAM banks 12 while writing new data to another DRAM bank 12. The structure of

the cache tag 18 is illustrated in Figure 2. As can be seen, for each wordline (numbered
0 through m) the cache tag 18 stores the DRAM bank address information (shown in
this example as a 3-bit encoded bank address), as well as an indication of the presence
of data in the wordlines of cache banks CBANK A and CBANK B. "A" and "B" flags
indicate whether valid data exists in the CBANK A, CBANK B, or neither. In the
‘example illustrated, wordline O of CBANK A contains valid data from (DRAM) BANK
0, wordline 0. Also, wordline 2 of CBANK B contains valid data from BANK 7,
wordline 2, while wordline 3 of CBANK A contains valid data from BANK 3, wordline
3.

[p35] Each of the two line buffers 20 is capable of storing a single page of data (i.e., a word).
The line buffers 20 may be made of a register array, and each has separate input and
output ports. Figure 3 illustrates the structure of the buffer tag 22, which includes the
bank address, the row address (an 8-bit encoded address in this example), a valid flag
and a request flag for each buffer 20. However, as will be discussed later, the row
address associated with each buffer 20 should be the same in a preferred embodiment,

thus it is shared between the two buffers. The valid flag indicates whether the data in



DRAM banks 12 while witing new data to another DRAM bank 12. The structure
of the cache tag 18 is illustrated in Figure 2. As can be seen, for each
wor dl i ne Wowadoexsesl O through m) the cache tag 18 stores wProg/USRM7bENK
address information (shown in this exanple as a 3-bit encoded bank
address), as well as an indication of the presence of data in the

wor dl i nes of cache banks CBANK A and CBANK B. "A" and "B" flags indicate
whet heggyabioshsdat a exists in the CBANK A, CBANK B, or neither. In the

exanpl e il 'mebmér@sdvah\qor:ﬁé reraﬁes%gg m@@é\&*ﬂfﬁse%ﬂ&azorréu%%ﬁ@m Faééfgﬁom ( DRAM

BANK O, wordline 0. Also, wordline 2 of B contal ns va ata from
BANK 7, wohbdbintpias Qxe pmlduelymrmﬂtﬂtétas“omfpaﬁBNﬂKba&kenﬂmom addreydbr atheat a fr om

BANK 3, vvordl Each t,h I|n buffers 20 is capabl e of
storing a st ng edatﬁaoéle (?B%fa 3 eP dat% \?\Er%%ﬁwer The line buffers 20 may be

made of a register array, and each has separate i nput and output ports.
Fi gure the buffer tag 22, which includes the

ilJustrates the structure of
bank aagpiesé eleipg npwy e &s deredh showg;aschemagig digstand g%‘é’é“ﬁ“ﬁtef Hfs exanple), a
valid flag sabgebrieaueshiblan (Enﬁfcr@@%bxﬂféf(iﬁ% r doh dHRWBMADin. 3heW | | be
di scussed |l ater, the row address associated with each bufpf er 20 shoul d be

the same i nblﬁfefﬁr?@faéfrlrséél toelAnalgithretpaffic 0&4@@@@%@6@&9};@@%@9&% he two
per Usos 10045 LG4SR Al B EB AN BT bR P ool thia D2 02

i ndi cates |cfonteheortmlfthedatQﬁne(seAtdaear.lnliﬂataf_elt bGs iﬁ(utmhfdﬁrgrdatal)n loe30aamis t he
revi ousl ata for I dr res for ei t her
Pead to d)e/lt ?tsl Eg@)ls 8?“\/%?@8%9 ‘%%?féfa‘?%{‘db%%? ﬂ@’é‘?‘\%@?ﬁ Ref erri ng

now t o Fi gudogrespondihg trénsifes gSlhOchﬁm‘énétHW&Eadﬁwﬁtb Sighaspwdyato dnd Igwslgflat es the
structure of the two buff ‘{%g fer Q.,and buffer 1) for each data
i n/out pi n.TesAgEAve ufohérdét BHPQ OHEG AP ex e el ntespss ketgrendigt o

transfers @R)@@ﬁd}stﬁl‘ﬁq OQB&\%}bé%d?é%ﬁal devices (customers) that read from or write to the

system.

[p37] A read secondary data line (RSDL) 34 is a unidirectional signal bus that connects the
output of a sense amplifier (SA) or secondary sense amplifier (SSA) (not shown) in the
DRAM bank array to buffer 0, through a transfer gate 36 controlled by signal r0. In
other words, any data read from one of the DRAM banks 12 into the buffer 20 is sent to
‘buffer 0 through RSDL 34. Similarly, CRSDL (cache read secondary data line) 38 is
unidirectional signal bus that connects the output of a sense amplifier (SA) or secondary
sense amplifier (SSA) (not shown) associated with the cache 14 to buffer 1, through a
transfer gate 40 controlled by signal r0. In other words, any data read from one of the
cache banks 16 into the buffer 20 is sent to buffer 1 through CRSDL 38.

[p38] In addition, a write secondary data line (WSDL) 42 is a unidirectional signal bus that
connects outgoing data from either buffer O or buffer 1 back to the DRAM banks 12.
This is done through multiplexed transfer gates 44 controlled by signals w00 and w10.
Correspondingly, a cache write secondary data line (CWSDL) 46 is a unidirectional
signal bus that connects outgoing data from either buffer O or buffer 1 to the cache

banks 16. This is done through multiplexed transfer gates 48 controlled by signals w01



(BANK 0 to n-1) and cache 14 (CBANK A, B) whil e avoiding any potential data
contention on the data lines. A data in/dataout bus 30 (including data-in

| i ne 30a wod3/oomsa out |ine 30b) is connected to both bufPer/Goand4bduf fer 1
through a plurality of corresponding transfer gates 32 controll ed by
read/ wite signals gwo/grO and gwl/grl, respectively. The data-in/data-CQut
bus 30 provides an external interface between the DRAM system 10 and any
ext er nglso g yices (custoners) that read fromor wite to the system [p37]
A read secopgaly data line (RSDL) 34 is a unidirectional signal bus that
connects the output of a sense anplifier (SA) or secondary sense anplifier
(SSA) (not shown) |n t he DRAM bank array to buffer 0, through a transfer

gate 3 rolled. wor ds fromone of
Phe DRt b kg 189 i sshb R i Yoign A Bl S Prn R RoR iBlin RepL 54,
Simlarly, 1GRSBSIIGRSDE., CG&}DLSzeﬂ@KBDbeed&teanlDHmM basks| svo DRAMIcaget | onal
signal bus that conn s the output of a sense anplifier (SA) or secondary
sense anpl i Ppkyand ﬂ{ HtB%Y )ex%fglélﬁé]i‘ea‘f"éﬁ‘ %ﬂlegﬁfaH@e%’é@Wémﬂmtbﬁ buffer 1,
t hrough a ltzlg%q@f er gate 40 controlled by signal rO0. In other words, any
data read fromone of the cache banks 16 into the buffer 20 is sent to
buffer 1 through CRSDL 38. [p38] In addition, a wite secondary data |ine

(VBDL) (581 | RuupbiDindbh BG4l 8 nm!lenge%m LevEOPARESa O gRld dat @ from

elther fer er to t P8'0's done
t hr ough rruIIﬁglpb ééaazdmtattamsti\ersc}gaieémsedzbn(edg&tnggdrceﬂaﬂolyesangp@bmlem and wi10.

Cor r espondi n a caczhg wite ond data({ Oé%ﬁ
uni di rect i ocr? Sé’in@ﬁ’ﬁ?’ %g"Rl‘ﬂa‘f“ ki oﬁ%‘@r‘% 9GRS lﬁtﬁr ‘i“?%‘?‘nl ‘741??& buf fer 0
or buffer Inoted thdt ander ehtresbaRiadodifenthiffer stfacOBNS FidthOU@)is Gefidkd plcgxed
transfer gates 48 contralled bmgnal s w0l 9 WO 03/091883 PCT/ USO3/ 10746
Fl S92001033b2t¢aip ippqming from the D anks 12 is always stored in buffer O; data

incoming from the cache banks 16 is always stored in buffer 1; and data outgoing from

buffer 0 and buffer 1 can go to either the DRAM banks 12 or the cache banks 16.

However, it will be appreciated that the structure could be reversed, such that data

coming into the buffers from the DRAM banks 12 or the cache banks 16 could be stored

in either buffer, whereas data written out of a particular buffer will only go to either the

DRAM banks or the cache banks 16.

[p41] For an understanding of the operation of the DRAM system 10, a single clock cycle
operation is discussed hereinafter, with 1/4 clock setup times of command and address
signals are assumed to be used for tag comparison. A single cycle operation means that
each DRAM bank (including the cache banks) can finish a read or write operation in
one clock cycle. In each clock cycle, there will be no more than one read operation from
a DRAM bank, no more than one read operation from a cache bank, no more than one
write opération to a DRAM bank, and no more than one write operation to a cache bank.

Therefore, up to four individual read or write operations between the DRAM bank and
the cache may occur during each cycle, while still allowing successful communication
with the two buffers. With each data transfer operation, the communication is enabled

through one of the two buffers.

10



[p39] Figure 4(b) is a schematic diagramwhich illustrates exenplary
connections for data Ilines WSDL, RSDL, CWSDL and CRSDL between n DRAM
banks, twsoDRAMS8ache banks and two buffers. By way of eramaise3/1d7he wi dth
of the data |lines is assuned to be 128 bits. [p40] Al though the buffer
structure is inplemented by using | evel sensitive |latches shown in Figure
4(a), an alternative schene based on edge triggered | atches and pi pel i ned
tag coppabisens may al so inplenmented, as will be discussed |ater.

Fur t herpmy epight s1) id 2 BBl il!ﬂi%&%fgfekl% G &Qhﬂoﬁﬁg‘da&ibﬁ ’EQQ%ﬁE‘?%}t , buffer
defi a

structure of Figure 4(a) iIs ned such that: data 1ncomng fromthe DRAM

banks 12 i sopgtaieyssallopigd andar theipygstrisytem denfigurations dir egpriplamiutitgea cache banks

16 is al way i f X oipng from buffer 0 and
puf for 1 e patis Bt ihe fa fPRs AR A L IR WL Bis 16
However, i tbank2 [wlie thefpliedhgbgdatiohatoutdrekesilaaect ure coul d be reversed, such

that data comng into the buffers fromthe DRAM banks 12 or the cache
banks 16 could be stored in either buffer, whereas data witten out of a

particysy @yinbes thwidhth pRRidsIgon biFreeD (18! fréh BankoRYY) baks BANK le cache banks
16. [p4l] For an understanding of the operation of the DRAM system 10, a

single clock cycle operation is discussed hereinafter, with 1/4 clock

set up flapSoPhotPRAY o bR IHIOSSI4 (ohgRAbs are assumed to be used for tag

conparison. A single cycle operation neans that each DRAM bank (i ncl uding
t he cache banks) can finish a read or wite operation in one clock cycle.

I h nt h [ f
Rav o0 R e ARty R DR it bR, B0 RBEIRE Be or € Than

one wite RaNKtAWYand o0 a DRAM bank, and no nore than one wite operation
to a cache bank. Therefore, up to four individual read or wite operations
bet ween the DRAM bank and the cache nmay occur during each cycle, while

still gldepvingovdiee 8as froh Wwaams i@ BEANK BWE L) bhdke & dutifers. Wth each
data transfer operation, the communication i's enabled through one of the

two buffers.
[p47] Because there are at least two DRAM banks, two buffers, and two cache banks, all four

of the above data transfer operations may be enabled simultaneously.

[p48] As will be explained in further detail later, the above series of exemplary operations
during a clock cycle are generally determined based upon the requested command Gif
‘any) and the existing state of the data. A series of allowable states will be defined, and
an algorithm will be implemented which upholds the rules of allowable states. In the
context of the above example in Figure 5(a), immediately prior to the request for data in
bank2_wl4, buffer 0 initially contains the data bits previously read from the cells
associated with the second wordline in DRAM bank 0 (bank0_wl12). In addition, buffer
1 initially contains the data bits previously read from the cells associated with the
second wordline in DRAM bank 3 (bank3_wl12). The cache tag 18 maintains the bank
address information associated with each wordline in cache banks, as well as whether
any valid data is in the A or B bank. Specifically, the above example assumes that cache
bank B initially contains the data bits previously read from the fourth wordline in
DRAM bank 0 (bank O_wl4). All of these initial states are known from the previous

clock cycle.

11



10 WO 03/091883 PCT/ US03/10746 FI S920010335 [p42] Figure 5(a) is a table
illustrating exanples of each of the four possible data transfer

oper at i orwOaBlogmesl under the present system configurati onPCEArSOExEmp! €,
during a random access request for the data stored in BANK 2, wordline 4
(abbreviated bank2_wl4), the follow ng operations could take place: [p43]
(1) nove the data previously in buffer 0 (e.g., from bankO wl2) back to
BANK Ofsodobpd4ls (2) nmove the data out from bank2_wl4 to buffer 0; [p45] (3)
nove the data previously in buffer 1 (e.g., frombank3 W 2) to a cache bank
(e.g. CBANK A); and [p46] (4) nove the data fromwordline 4 in CBANK B
(e.qg., [WahkWhon e npw chmfrand (Requfsplark2 Beld pis seetvbd deingrtee @tupltamss tapwo DRAM
banks, two f v cache_ ban al | .four f .the abaqve data
transfer op%%&’talg%%sf s ?r%% ' tlofeﬁ@éa abl ed s ﬁ‘%ﬁn élﬁeééﬂ%’ieﬁl.lesf%%t]a lsﬁéb‘\%f hibpe

expl ai ned iacathy hibh@F a deffaist cdcat miss (itehORAManS Rt €6 thaf exampRPh@r y operations
during a clock c %I e.are gener%lilh det erm ned based upon the requested
command (i freq‘é?ﬁg‘?g{ AR dF ReRCTAR et é‘s§P’ép%catﬁhe’taﬂ%thﬂéfh§.COIRP%r@P‘i‘ Bl al | owabl e
states Wi | |copgdsted h DRAM BREk hiMTn B8Ok &N MeeddesRE bR LABIY f%sWhi ch uphol ds
the rules of allowable states. In the context of the above exanple in

Fi gure 5(a)desighateiPRAM bankdpestion. dnppditipniglecsting he refmesied data, hatde2 W 4,
buffer O ini.ti-ak ' - . [ [ I rom.t.he cells
associ at edr\t!v(\)nh!tp ﬁllléo}?ea% gg%%iﬁgt%\féérygﬁg%tel?alnﬁ V@Aﬁﬁéﬁ@% 0{%%%%8‘1‘\;/\%% at Qn

addi ti on, lnameevyordlineiaddressaks finythe oqest (esg. tWid). dBteaednlttis thipreswinple $d walidead from

the cell ' Lth th d i ne i bank 3 (bank3_wl2).
The cache (g T RN RIS (xR ARl AL Mo By e AT A soct at ed w th

each wordline in cache banks, as well as whether any valid data is in the

A or B . Specifically, the above exanpl e assunes that cache bank B
initi a[;%@f &fﬁ?@?ﬂ?&@f&nt&ﬁi emEIPLOYH? AischmapRing whefuling the daia His fiorh wor dl i ne
In bankO_w14 should not be stored in either cache bank for future scheduling. Thus, the

data bits from bankO_wI4 are to be transferred to buffer 1. Meanwhile, the requested
data bank2_wl4 needs to be transferred to buffer 0 to be subsequently retrieved by the
customer. However, the data initially in buffer 0 (bank0_w12) must first be reﬁmed to
its location in the DRAM banks )(i.e., BANK 0, wordline 2), which DRAM bank is
different from the bank in the request. Since both buffers contain valid data, one of
them will be associated with a DRAM bank number that is not the same number as the
requested DRAM bank. Buffer 0 is checked first, and through the'tag comparison it is
determined that it is not associated with the same DRAM bank number as in the request,
so the data in buffer 0 is sent back to DRAM bank 0. The data in the other buffer, i.e.,
the data bits from bank3_wI2 in buffer 1, will be transferred to cache bank A.

[p51] A fundamental data transferring principle or the present system is to store up to two data
pages having the same wordline number in two buffers as a pair. One is used for the
requested data page, while the other, if necessary, is used for transferring a valid data
page (having a particular wordline address corresponding to the same wordline address
as the requested data) out of the cache so to avoid data overflow in future cycles. So
long as this pairing rule is followed, the data transfer integrity is fully maintained

without losing any bank data.
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DRAM bank O (bank 0_wl4). All of these initial states are known fromthe
previous clock cycle. 11 WO 03/091883 PCT/ US03/ 10746 FI S920010335 [ p49]
When t he woew3porseand ( Request bank2_wl4) is received duri mgTiuse3/ssap ti me,
a tag conparison is done. The tag conparison determnes if a requested
data is a buffer hit, a cache hit, or a buffer & cache mss (i.e., DRAM
bank hit). In this exanple, the requested data is neither in the buffers
nor the;Gaphess and thus the conparison result is considered a DRAM bank
hit. In other words, the requested data is actually in its designated DRAM
bank | ocation. In addition to |ocating the requested data, the tag

conpar ilp¥l Bekoingrowkts Hgires 2@), itlerd ik elropvni sstinaimy diagtandwhiel Alustrataithener of t he

cache banks at the..s rdl i ne address in the request . 9., wl4).
The resalt Rpli®r R B Eh Ao AR 2D, etk i s ie e 4
(bank0_w 4) tiing fcﬁr@hﬂ‘kﬁbrﬂmlaxﬂaﬂiﬂﬁesbﬁﬂlﬂaﬁ.cm[r@ﬁﬁﬂdi@&gﬂu&ﬁgﬁrE)@eﬂL BS(%gﬁe V\tg%st ﬁm »
enpl oys a direct ppi.ng.scheduling, the data bits from bank shou
not be stor éﬁo‘?‘ﬂe‘gﬁ’@ﬁ& Telalively spaplg appell pReYRt of Unp ki 30Re O-reue 0 18he  dat a

bits from ba;mgleeﬂﬁolggﬁnw b8 Suthiiadts Defefwie, bR d @ck Inay ¥ aR¥BInEReq t NE

requested data bankZ wl4 needs to be transferred to buffer 0 to be
subsequent | {orimemnpldyRgMogperatien. RudnedhesetupHionge theraddressdnanationfadd) sl |y in

buffer 0 (b %ﬁ f] t i i i e DRAM
banks (i.e. %E%ﬁ\l%%éo r %ﬂni’ %\r{edscgﬁnnq%%f&éﬂs %ﬁgﬁ& tgger? I?t ?@hl?eg%# ée)agh et%l S%?om t he
bank i n t heexiggu€smmaii iscisolpgiechnddud fhemsxtectovk ad thavatehdl (o strize) conmand  t hem
w ll be assocjated. with a ank .n er .that .is. t he, sane. nunber as
t he requesfsg%m[%% AR %ﬁ\féﬁe ‘g‘tq @%e%af%dr@f@%ﬁ&% hPRSERRMt he t ag
conpari son ifh thislevel &dn€itive 26 stiidaie, thé "v'Sgabe U4 aSH @Gt ataPate Wirdd ohlAgrisg@ame DRAM
bank nunber as, in the reguest so the data in bu 0 is sent back to

DRAM bank 0the- i hald phthe Glock gyels a9 furpggkgffor the sgeond gl;lgéf HaelackAves from
bank3_w 2 i meRY) hifdwitg dith td bed@ndtd @EI104T S 14:6he8 36 R BRBK The "t gates
36, 40 are turned on for the second half of the clock cycle, allowing the valid data from
the DRAM banks to come in as the macro read latency is assumed to be less than one
clock cycle. The data is then latched into the register buffers at the rising edge of the
next cycle. If a read command is received, the data is read from the buffer (associated
with the requested address) to data_out lines 30b. If a write command is received, the

data is written from the data_in lines 30a to the buffer which is associated with the

requested address.

[p53] It should be noted that, regardless of whether the request is a read, write or write with
bit masking, for the proposed random access memory system, internal operation will
first bring the data page associated to the requested wordline into one of the buffers,
where a read (copy the data out to data_out 30b) or write (update the data page with
input on data_in 30a) is performed. Except for the operation on data_in and data_out
lines and controlling gates gw0, gw1, rw0, rw1, the scheduling algorithm and data
movement for DRAM banks, cache, and buffers are identical for read and write

requests.

[p54] An alternative buffer scheme 50 based upon positive clock edge triggered latches 52 is
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[ p51] A fundanental data transferring principle or the present systemis to
store up to two data pages having the sane wordline nunber in two buffers
as a pai rwoOm9iss3 used for the requested data page, whil ecrhusoptdres, if
necessary, is used for transferring a valid data page (having a particul ar
wor dl i ne address corresponding to the sanme wordline address as the
requested data) out of the cache so to avoid data overflow in future

cycl esgsefo103@ng as this pairing rule is followed, the data transfer
integrity 1gofHhh ¥ Hﬁ'%}%@%&done‘@&ﬂ@g&e 1sQ8ddQr AP YeaRARKcHRaBisonltd H¥O

03/ 091883 PCT/ USOS/g107 FI 8920010335 [p52] Referring now to Figure 5(b),
there is shoons cangistent mathoidgmethodplpgips. | Viingseneglask tagisempapropdtigsdn of t he
buffer str ' h i . . i .e | set up
ime for t naCEuRRRRg il Ho0bayfyBbun AR chitiheled AR ESERE oot
Because t hes(caseatadtladndydgthts enbodialeat is ved ylockisni veill ba neted kHat @wount of tinme
(e.g., about 0.5 .us in 0.1 m ¢cro technal o be sufficient.

Qt her wi se, %n%}‘%‘ﬁ}fe‘i?“g‘i‘a&é%g‘?ﬂéﬁ?tﬁén‘il ﬁﬁp@h@ﬁg«%égckpn@%/eqpmt@ﬁ%g}d HeAidoper at i on.
During the igatsdnlbisPipelind RisiBelisenswh i @B 5{)N I 1B6lAxt bestionsapk f or tag
conparison, and command (cnd) is used to see if a request for data transfer

exi sts. Condpaeitption. igyildesheye) thatsepmless stagkingstor any repdemsgduensis possibled (or
wite) co j : 1 . : RA®s as in a
read (wri teg3 ﬁlg%égﬁegg}gﬁygﬁgggd%égﬁgnnggmth&]%%eélig%/agyﬁgsé%fg?ﬁr\%g ]Tf)atch schene,
the "w' gatwsteddlOin Figure 4(a) are turned on during the first half of the
clock cycle and turned off for the second half of the clock cycle, thereby
allowing data to be sent to WeDL 42 and | atched for one clock. The "r"

gat es [p36] HOSaeulingrAlgckithms f or t he second half of the clock cycle,
allowing the valid data from the DRAM banks to cone in as the nmacro read

| atency is assuned to be |less than one clock cycle. The data is then

| at cheghsNt| okdig td KRRy ki ffe@bsveadesdribed hicBitddtresiRletfuctiereadext cycle. |f
a read command is received, the data is read fromthe buffer (associated
DRAM array having a destructive read cache, an appropriate scheduling scheme should
be in place such that the system is maintained in an allowable state following any new
random access request. The general approach is to first define the allowable states,
initialize the system to conform to the allowable states (i.e., initialization), and then
ensure the allowable states are maintained after any given data transfer operation (i.e.,

system continuity).

[p57] Rules of allowable states (strong form)

[p58] In a preferred embodiment, "strong form" rules of allowable states are defined,
characterized by a symmetric algorithm that maintains valid data in both buffers, the
data having the same wordline address, but from a different DRAM bank. Accordingly,

at the rising edge of every clock cycle, the following rules are to be satisfied:

[p59] Rule #1 - There is stored in each of the two buffers a data word, having a common
wordline address with one another. One of the two data words in the buffers is the

specific data corresponding to the bank address and wordline address from the
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with the requested address) to data out lines 30b. If a wite command is
received, the data is witten fromthe data in lines 30a to the buffer

whi ch is woysoImsed with the requested address. [p53] |t pshaisbsiidyes not ed
that, regardl ess of whether the request is a read, wite or wite with bit
maski ng, for the proposed random access nenory system internal operation
will first bring the data page associated to the requested wordline into
one of Ffsl%ﬁ Refsfers, where a read (copy the data out to data-out 30b) or

up

wite ﬁceﬁ&%rﬁﬁfoﬁté&@é@?r idp input on data in 30a) is perforned.

Except for the operation on data-in and dataout |ines and controlling
gat es gvx,O gWm., rwo, rwl, the scheduling algorithmand data novenent for

DRAM b h ff j ts.
Crou] RRO%; g% i LR B, BB ke B B2 pP O M g o' ©
triggered | :a,tvanlﬂﬂﬁleBZtas ®quetdd HOmQARd MS&%y%I/ﬂHﬁ@Bﬁﬁ&ﬂ%ntaiﬁh &220010335 shown

in Figure 5(c). Here, _ one ock cle is used for tag read and conpari son
to be nor eprYiﬂ‘é?]%‘teé‘Hm%Wf’fdhﬂS? ef %%?%Bﬂ@%‘%lcé%he bagk 1?‘1 §r @Al RaplpBkandag

conpari son, xskdceididio batil, wokdisrates a timng flow consistent with the
clock edge triggered design of Figure 5(c). The read latency in this

enbodiment is two clocks: It will be noted that two consecutive conmands
(request 1 and request 2) are stacked sequentially and executed in a

seamnl ess pipeline fashion as shown in Figure 5(d). In the next section of
the dBSdrilptledh; it Therklis rmevaﬁdhdutmouri'emtly ssacihied with tieakovegvdrdiineany random

sequence i s _possj.bl by. i nt i t h- dent rithm
speci fi cal I%fla‘ffés'sélﬁhg'ﬁpf‘%lfultth %\ﬂdg’gﬁ%ﬁsg af‘?ﬁi W’[%b'g‘gﬁat? B th‘%JE‘% g ng
Al gorithns thebdehe.l N order to successfully use the above descri bed
architecture of a destructive read

[p62] In continuing with the above example, neither cache bank A nor cache bank B would
have valid data stored at wordline address 3. That is, A =0 and B = 0 at wordline 3 of

the cache tag. \

[p63] Rule #3 - For every wordline address other than the one corresponding to that of
‘the buffers, there is one and only one valid data word stored in one and only one cache

bank.

[p64] Thus, in the above example, for every wordline address other than wordline address 3,

either (A=1andB=0),or(A=0and B =1).

[p65] 1t should also be noted that under Rule #1, the data page associated with the requested
bank and wordline address (for read or write) will arrive at the buffer at the next clock
cycle for the appropriate read and write operation. Given the rules of allowable states
outlined above, for any random access request (read/write), it is thus possible to execute

a predefined procedure under which the proposed system will be both initialized and
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DRAM array having a destructive read cache, an appropriate scheduling
schene should be in place such that the systemis maintained in an

al | owabl ewetoawe1s8dl | owi ng any new random access request. PChaISgENon@l
approach is to first define the allowable states, initialize the systemto
conformto the allowable states (i.e., initialization), and then ensure
the allowabl e states are nmaintained after any given data transfer operation
(i.e., payei@m continuity). [p57] Rules of allowable states (strong form
[p58] In a pustekhefns: i y f ' f allowabl e states
are defined, ccﬁ{irg}gt e%%d%ggll%@m?scﬁgl gg#%ﬁyr%nlé?hat mai ntains valid
data in both buffers, the data having the sane wordline address, but from
a different DRAM bank. Accordingly, at the rising edge of every cl ock
cycle, the following rules are to be satisfied: [p59] Rule #1 - There is
st or ed [p66] e BSITIAEIAATHONW buffers a data word, having a conmon wordline
address with one another. One of the two data words in the buffers is the
specific data corresponding to the bank address and wordline address from
the 14 [M]03hO8ABS3: Mdéd%Q%f&ﬁ?afg%ﬁtﬂﬁl SRR0KA33TnRkISGE6H Acddardom access
request. [p601‘ﬁ An exanple of this rule maé be that buffer O contains the
data read fFotAvRANSISEROWeDUD. KRt Rhiffen tag 32 (tiem Figyrrskasauevigusin dissesseevi ous
cycle), whi ' ' QM ine 3 of
The chche (8 nero syl PAOY HaTReERL BuTRORI AHES Y ok A% b BT PEEHM pank 4.
wor dl i ne 3. addu®s ¢frreRpdngs #owordiieed; ¢3)i the prakwaddrest foiiuffec@isbentt 1;y4)aasoci at ed

ith th b | d I 1€yt icul dl i dd
associ ot ed WEALTRE ‘Efuef TR ke T REu Rl B R e Conc 1 mui ng

wi th the abtee iexapgeliens leeiesthier cache bank A nor cache bank B woul d

[p68] In addition, following system power-up, with the exception of wordline 0, each flag for
cache bank A of cache tag 18 is initialized to A = 1, while all bank addresses in the
cache tag 18 are set to bank 0. Each flag for cache bank B is initialized to B =0. By
setting the buffer and cache tag as stated above, buffer O corresponds to a valid data
word associated with bank 1_wordline 0, while buffer 1 corresponds to a valid data
word associated with bank O_wordline 0. Finally, with the exception that wordline O
corresponds to no valid data, all other wordlines in the dual bank cache have valid data

‘associated with bank 0 in cache bank A. Therefore, the above stated strong form rules

are initially satisfied.

[p69] CONTINUITY

[p70] Following initialization, it will be assumed that a random read or write request is made
shortly before the rising edge of a clock cycle. At the rising edge of the clock cycle, the
random access request (read or write) shall hereinafter be designated by Xj, wherein
"X" is the bank address and "j" is the wordline number (address). The term Di shall
represent the data page initially stored in buffer O, wherein "D" is the bank address and

"i”

is the wordline number. The term Qi shall represent the data page initially stored in
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have valid data stored at wordline address 3. That is, A =0 and B = 0 at
wordline 3 of the cache tag. [p63] Rule #3 - For every wordline address

ot her thawotobe9sse corresponding to that of the buffers, pCharses/iw46©ne and
only one valid data word stored in one and only one cache bank. [p64] .
Thus, in the above exanple, for every wordline address other than wordline
address 3, either (A=1and B=0), or (A=0and B=1). [p65] It should
al so beyahRess hat under Rule #1, the data page associated with the

requested  Daik 12RHeRNBh NRe ?ﬂﬂ%@@x@ss(akﬁ) Fin BEAL W BFIME bifrfer Vit gJill flrive at the
buffer at the next clock cycle for the appropriate read and wite

oper ati on. ®tedtatihecqordages with mld HvtdddenbeyaDesQ it tasepahdabowerdlifor any
random access_feques read/ Wi t it..1s thus possible to execute a

pr edef i ned 5‘%%%% %Set}’%gna &t Or\/\%f%gﬁs%‘%debuﬁeﬁzbsed systemw || be both
initialized and 15 WD 03/091883 PCT/ US03/ 10746 FI S920010335 subsequently

mai ntained in the all owabl e states for any clock cycle. [p66]
INITI A@Pﬂiﬁé}% 25049 caggndes iplert2 gad uleHs, fog éﬂiéglw%h@fglﬁrerﬂu&bsﬁ% t &M vegi ns

Wi th an inifiodk hitoiPOneaBe BEH bse asoilale@WihGhSWSUBHR PQYRE it Re cdchie buf fer
tag 22 (fromFigure 3 as previously discussed) is set as follows: (1) the

val i d f| agsThoternp (1l éyhegeby designatefl @ the ceprespensiingtbgnlpasdress for woglling hin r ow

address cor i : . r f buffer O is
pank 1: (4 "ERBTCEE, ARG iy vttt R AR S B GET Coues:
flag for bosssodiiéd BRAM kanB, wient the twbbufers, r the cprhev Tinufelloeimy dhistrattp68] | n
addition, fgllow.ng .system power-up jth th ception of wordline 0, each
flag Tor cReRSHiRemXFufRRaHak ol ephlen dorciih L1 Dish S5 hoESBle i | o af |
bank addressesarios: t he cache tag 18 are set to bank 0. Each flag for cache
bank Bis initialized to B = 0. By

[p72] CASE1- buffer hit

[p73] Inthiscase,j=i, and either X =D or X = Q. That is, the requested data is already stored
in either buffer 0 or buffer 1. Since the rules for the allowable states are already
satisfied, no further data transfer is implemented in this clock cycle. This is reflected

by the lack of change in the state diagram of Figure 6(a).

[p74] CASE2- cache hit

[p75] If the requested data Xj is contained in the cache, then j # i (under Rule #2). That is, the
wordline number of the requested data does not correspond to the wordline of the data
in the buffers. Furthermore, since a single page of data cannot correspond to two bank

addresses, then either X # D or X # Q, or both.

[p76] If X # D, then the data for Dj is not in the buffer (from the above paragraph) or in the
cache (under Rule #3), thus the data for Dj is in the corresponding DRAM bank. The

following steps are then implemented to conform to the above rules for allowable

17



setting the buffer and cache tag as stated above, buffer O corresponds to a
valid data word associated with bank 1 wordline O, while buffer 1
correspormi® oBo9msyal i d data word associated with bank 0 wordaiSoser7@
Finally, with the exception that wordline O corresponds to no valid data,
all other wordlines in the dual bank cache have valid data associated with
bank 0 in cache bank A Therefore, the above stated strong formrules are
initialdy,sakisfied. [p69] CONTINUITY [p70] Followi ng initialization, it

wi |l be ass d that a randomread or wite request is made shortly before
the rising edge of a clock cycle. At the rising edge of the clock cycle,
the random access request (read or wite) shall hereinafter be designated
by X, rei.n "X..s the bank r ess "ee 1s the wordline nunber
(addr eéglﬁ %!ﬁés e %’ﬁ&?‘iq’e%?’gﬁoa(g@?é%torﬁﬁo B‘Lﬁeéllpage initially stored in
buffer 0, wherein "D' is the bank address and "i" is the wordline nunber.
The term Q shall represent the data page initially stored in 16 WO

03/ 0918881 PCT/ US03/ 10746 FI S920010335 buffer 1, wherein "Q is the bank
address and "i" ppishQedR5Hbufte W TRESther LhcnWbhdk BSr Ajot €d that in _
accordance with rule #1 stated above, Do Qin all cases, and the wordline
nunber (i) is the sanme for buffer 0 and buffer 1. [p71l] As is also the case
under Egkﬁ #2 and rule #3, for any given wordline nunber k 0 i, there is
one and  only one valid data page associated with the wordline k stored in

t he cache. The Qgis mo&dkirombuffariebPRiedibgniaQed as t he correspondi ng bank
address for wordline k in the cache tag. Therefore, for any given request
Xj, the data will be found in either the associated DRAM bank, one of the

two bufjfsms, or the cache. The following illustrates the resulting data
transfer operations executed for each of the three general possible
scenari os: Dj is moved from DRAM bank D to buffer 0.

[p81] This series of data shifts is illustrated in Figure 6(b). On the other hand, if X = D, then
it must be true that X # Q, and the data for Qj is found in the corresponding DRAM
bank. Accordingly, the following steps are then implemented:

[p82] Xjis moved from one cache bank (either A or B) to buffer 1;

[p83]

Qi is moved from buffer 1 to the other cache bank (B or A);
[p84]

Di is moved from buffer 0 to DRAM bank D;
[p85]

Qj is moved from DRAM bank Q to buffer O.

[p86] This series of data shifts is illustrated in Figure 6(c).

18



[p72] CASE 1 - buffer hit [p73] In this case, j =i, and either X = D or X
= Q That is, the requested data is already stored in either buffer 0 or
buffer 1.wBionogis8he rul es for the all owabl e states are al Peadysos3/seté sfi ed,
no further data transfer is inplenmented in this clock cycle. This is
reflected by the lack of change in the state diagramof Figure 6(a). [p74]
CASE 2 - cache hit [p75] If the requested data Xj is contained in the
cache,FIg%ggmi 5;6 1 (under Rule #2). That is, the wordline nunber of the
requeste ata does not correspond to the wordline of the data in the
buffers. Furthernore, since a single page of data cannot correspond to two
bank Bddl eGABE 3at hebuffériniey; ca¢h®mdns, P& or both. [p76] If X # D, then the
data for O is not in the buffer (fromthe above paragraph) or in the
cache (under Rule #3), thus the data for D is in the correspondi ng DRAM

bank. [36] I @elregiester] Gdt£XBis akithet hethe buffroite M @6 cAcBe, GREH IOCX]) 4:@n thBe above
rules for allowable 17 WO 03/091883 PCT/ US03/ 10746 FI S920010335 st at es:

[p77] X i sCoRseRonding bt Barkactice hamkt i alse Has that b %)Thvé fbwf%mmg [ p78]
D is novedyfef e Rf B@ﬁerﬂmhea ﬁlh@o%pseas ma&ﬁ%dh@p&u&%( ; [p79] Q is

noved from buffer 1 IS nove from DRAM bank D to
buffer 0. [p81l] ThIS serles of data shlfts |s illustrated in Figure 6(b).

On the[p%bfe%uggﬁ%df{% BrRANP ﬁﬂf?f)bdﬂ‘ st be true that X # Q and the data

for e correspondi

(p90]
Di is moved from buffer O to DRAM bank D.

[p91] CASE3b-  buffer miss, cache miss, j #1, X # D

[p92] Im th'is case, the requested data is again located in the corresponding DRAM bank.
However, the wordline address of the requested data is different than the wordline
address of the data in the buffers. Under the rules of allowable states, there exists a
valid Cj for row address j stored in one of the cache banks. Since X # D, then the bank
‘address of the requested data is different than the bank address of the data in buffer 0,

and the following steps are implemented:

[p93] Xjis moved from DRAM bank X to buffer 0;

[p94]
Cj is moved from one cache bank (A or B) to buffer 1;
[p95]
" Qi is moved from buffer 1 to the other cache bank (B or A);
[p96]
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bank. Accordingly, the follow ng steps are then inplenmented: [p82] X is
noved from one cache bank (either A or B) to buffer 1; [p83] Q is noved
from buf fwo 03001883 he ot her cache bank (B or A); [p84] D PCI/usoverd4é rom
buffer O to DRAM bank D; [p85] Q@ is noved from DRAM bank Q to buffer O.
[p86] This series of data shifts is illustrated in Figure 6(c). 18 WO
03/091883 PCT/ US03/ 10746 FI S920010335 [p87] CASE 3a - buffer niss, cache
m'hss h b10%3tg88] I f the requested data X |3 nei tDE’iR/I |bn Lhesbuffers nor in
t he cache, en I ng an ince ] =1, It
is also true thal?ll%@édﬁantb{}g&%ﬁgﬁ?wgéﬂp%per ation may be perforned in
two steps, as illustrated in Figure 6(d): [p89] X is noved from DRAM bank
X to buffer 0; [P90] D is noved frombuffer O to DRAM bank D. [p91l] CASE
3b - buffer mss, cache miss, j ~i, X0 D[p92] In this case, the

r eques{®d] dahia sdries aQditdshifeGailRerdd iegeosepspondi ng DRAM bank.  However,
the wordline address of the requested data is different than the wordline
address of the data in the buffers. Under the rules of allowable states,
there ?1398§téA§E3¥a| i %u@erﬁx%% Ja%rﬁﬂgr egsxlk-erefd in one of the cache
banks. "Sihce X * D, then the bank address of the requested data is
different than the bank address of the data in buffer 0, and the follow ng

steps %9%] i ’ﬂ)é cﬁx@a&]h&%ﬁce between this case and CASE 3b above is that the bank address of
the requested data is now the same as the bank address of the data contained in buffer
0 (i.e., X =D). However, it must be true that the bank address of the requested data is
different than the bank address of the data contained in buffer 1 (i.e., X # Q). Thus, the

following steps are implemented as shown in Figure 6(f):

[p100] Xj is moved from DRAM bank X to buffer 0;

[p101]
Cj is moved from one cache bank (A or B) to buffer 1;
[p102]
' Di is moved from buffer O to the other cache bank (B or A);
[p103]

Qi is moved from buffer 1 to DRAM bank Q.

[p104] An alternative embodiment of the initialization procedure may be useful in helping to
the system to reduce soft error rate (SER) by not storing any data in buffers for a long
time. In such an embodiment, following system power-up, each flag for cache bank A
of cache tag 18 is initialized to A = 1, while all bank addresses in the cache tag 18 are
set to the same address (e.g., 000), and the valid flags for tag buffer 22 are both set to
be “0”.
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[p93] Xj is noved from DRAM bank X to buffer 0; [p94] § is noved from one
cache bank (A or B) to buffer 1; [p95] Q is noved frombuffer 1 to the

ot her cacwe bantssy B or A); [p96] 19 WO 03/091883 PCT/ USOBLIORAE10746 _

FI S920010335 'Di is noved frombuffer O to DRAM bank D. [p97] This series
of data shifts is illustrated in Figure 6(e). [p98] CASE 3c - buffer mss,
cache mss, j #i, X =D X~ Q[p99] The only difference between this case
and CASEq3h@bpve is that the bank address of the requested data is now
the sane as the bank address of the data contained in buffer 0 (i.e., X =
D). However, it nust be true that the bank address of the requested data is
di f f er dpt05] Raferditpenolvain i g7 abge tfalsoRbowdatha saenligimetdr the ikiuiifzetonl (i.e., X

- . Thus, th foll gwi,ng steps are inpl enented as_shown in Figure 6(f):
[p%O] Xjusi §f°ﬁ§??é%‘?ﬁﬁ?f§tfv%dﬁg&‘iﬁr Bgﬁﬁln%&a&%%‘e&ﬁdﬁ the Brshrepues) thedafgdy ed fr om
one cache bafked Rord theBaclicto Bufférer; fdka cadtie MA@burBdr niiss (DDVERE dbith MR er 0 to
the ot her cache_bank (B or A); [pl03] Q is noved frombuffer 1 to DRAM

bank Q [ p1d&ep RRAM hask PyieibyHerdhodi ment of the initialization procedure
may be useful in helping to the systemto reduce soft error rate (SER) by

not storing any data in buffers for a |ong
[p106] Finally, Figure 8 is a state diagram of an optional data shifting operation that may be

performed if no request is received during a given clock cycle. Because of the
possibility of soft error rate (SER), it may be desirable not to keep data stored in the
buffers if there is no request from a customer (external device). In this case, the data
Di in buffer 0 is returned to DRAM bank D, while the data Qi in buffer 1 is sent to one
of the cache banks.

[p107] The above described data shifting algorithm under the "strong form" rules of allowable
states is advantageous in that by always having both buffer contain valid data, the
requested data can be transferred to one of the buffers during one clock cycle while still
maintaining the system in an allowable state. As can be seen from the varions
possibilities outlined above, at most there is only four data transfer operations and the
data transfer logic is relatively easy to implement. However, the strong form rules may

‘be generalized for tradeoffs between performance, power and the number of logic gates
in the system implementation thereof. Accordingly, a "general form" algorithm is also

presented.

[p108] Briefly stated, a "general form" allows for more allowable states in the buffers, thereby
reducing the number of required data transfer operations. This, in turn, resuits in less
power dissipated in the device. On the other hand, a tradeoff is that extra logic is used
to handle the increase in allowable states. By way of comparison, Figure 9 is é table
illustrating the allowable states under the strong form rules, while Figures 10(a)-(d)
illustrate the allowable states under the general form rules. As can be seen, in addition
to buffers 0 and 1 containing valid data, either buffer or both may also be empty. The

rules for allowable states for the general form may be summarized as follows:
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time. In such an enbodi nent, follow ng system power-up, each flag for cache
bank A of cache tag 18 is initialized to A =1, while all bank addresses
in the cawbas3wagsil8 are set to the same address (e.g., 00Qx/usaww7she valid
flags for tag buffer 22 are both set to be "0". 20 WD 03/091883

PCT/ US03/ 10746 FI S920010335 [ pl05] Referring nowto Figure 7, there is

al so shown the state diagramfor the initialization procedure described
above, mhef ks for a cache hit (G) for the first request, the data is
noved fromthe cache to buffer 1; for a cache and buffer mss (D), the
data is noved from DRAM bank D to buffer 0. [pl06] Finally, Figure 8.is a
st at e dpHyi &mieobf dlowapleisaral(gadatabfogh):f ti ng operation that may be perforned
if no request is received during a given clock cycle. Because of the
possibility of soft error rate (SER), it may be desirable not to keep data

st or ed [p110] Rele #uf f erBwd ér IEREGERY daSa PRed BYHRIbeAdAARYR twH BLANE I (L%t er nal
device). In this case, the data D in buffer O is returned to DRAM bank D

whi | e the dS{ET bepneps t9gppigin valid daiadhan theydagria eagdrhas ke seme Werdbanks. [ pl107]
The above dggedsk. hddd ' . wstrong fornt rules
of all owabl e ss t gltq %gaﬁéﬁa%e%%%ﬂa%gegg}seqﬁéﬁt {‘I%g%l éﬁ%&%ﬁ‘%&%g‘eﬁ‘g?ﬁ CP{g e’bt%fnn buffer
cont ai n val pup ddghebuffersanust eeniais the datd sormespandidggo thegmof@sreadonacease of t he

buffers dur{egt?espne clock cycle while still nmaintaining the systemin an
al l onabl e s €. As can be seen fromthe various possibilities outlined
above, at nost there is only four data transfer operations and the data

transfer..logic s relativel asy, to_i npl enent. However, the strong form
rul es i%tvl?%‘él_eﬁherall\a?g‘ar? ﬁﬁqu_§cﬁ%tﬁlﬂé‘éﬁvﬁéirqa@rﬂ?ﬂﬁd§§o%%r and the
nunber of | @@k & pgatasr wordlitdRdRYS bR, @Iﬁkﬁgﬁ%ﬁd & fDRE ek sanfeCCOr dingly, a

"general form' algorithmis also presented.
wordline address stored in the cache.

[p112] Rule #3 - For all wordline addresses other than the particular one stated in Rule #2,
there is at most one valid data word associated with the wordline address stored in one
and only one cache bank. That is, for every wordline address other than the one stored

in the buffer tag with a valid flag (Figure 3), A and B (Figure 2) can not be equalto 1 at

the same time.

[p113] Under the above stated general form rules, a low power method is implemented to
reduce the number of moves needed, in contrast to the strong form method. For
example, in the cache hit case (CASE 2) discussed earlier, the data transfer from a
DRAM bank to a buffer under the strong form rules of allowable states is unnecessary
under the general form rules of allowable states. In addition, under the general form
rules of allowable states, certain valid data words (e. g., Di, Qi and Cj), which are the
starting points of some earlier described data shifts, may not be present in the initial
system state during a random access request. Thus, the symmetrical moves to and from

the other buffer are no longer required.
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[ p108] Briefly stated, a "general fornf allows for nore allowable states in
the buffers, thereby reducing the nunber of required data transfer

operati o0 03l0p83in turn, results in |less power dissipatPed/tisn3/1dres devi ce.
On the other hand, a tradeoff is that extra logic is used to handle the
increase in allowable states. By way of conparison, Figure 9 is a table
illustrating the all owable states under the strong formrules, while

Fi gures 10%&%-(@ illustrate the allowabl e states under the general form

rul es. FIReO0 e tion to b rs nd. . § val i d
dat a, @ili‘lﬂewl%ﬂ?fg@?eﬂgrfo ‘E“ze rfh?mé’f‘g%mﬁlg g cﬁ ata'ﬁ’ﬁts necte %%ﬁg wabl e
states for fBIl”@acﬁE R8EDAr Q8 Mt RAY b RotE IR azm v&ﬁrefcmlyl mfthabumas 03/ 091883
PCT/ US03/ 10746 11 S920010335 [pl09] Rules of allowable states (general
form: [plkoptamgpalidhdata page inifiallyeldiat npgs may B%%e&“ﬁévﬁ HFeGpCls " f %T‘}cat ed in the

two buf fersyp M1 Bae H.RL }% aﬁl?o?é?ﬁa%mwdlﬁl@ﬁlt b Bel¥dld Shefi@ibtis t6 Bieve t he dat a
in each has the sane wordline  address. However, if a random access request

was nmade duhé duga tortke PRAV bark. Hyh& data were insteadmowdd to e qoces &PUbssaleHt cont ai n
the dala cqif eRROnEhndatife RSafl SYlRHSdIRRAOINACKER B mEQAHGRng L] 111 Rule

#2 - If eit ers contaln any va ata pages

(associ at edhe nifdviel fromPe dackdbagk tdmbasldiffeneSm@dIIEBAM tiank higiluffet dndrceches no val i d
data having that sane l'ine stored.in the ca 2] Rule #3
- For all v@ﬁﬂlﬁ?‘i‘é“&ﬂ“’cﬂc\éi}s‘g tﬂg‘f"g'teﬁ PR 139 %%Fsﬁrreqélﬁg m;‘)hF ‘é’% in Rule
#2, there {5 ata SHRIE bORSvaPdf a Bkt (0 'DRAMIBSRGHRhSEr pdastsﬁhlettdﬂ&du@r dline
address stored in one and only one cache bank. That SQFHL% every wor dl i ne
addr ess ot Hbe numlam of shifting epesatismedlf nirgpresaRs Hgetalnumbgr of bonlsi g flag

(Figure 3) ’the f}ﬁ gm“rle 5s%nt§)che%ﬂlb%f WgdIREY ]jIQAM pahk, tei€hesane ti ne.

[ pP113] Unde ove general formru a | ow power nethod is
i npl enent ecbrbkmblhty for a buffer hit during a request is less than 2/(n*m) while the probability
of a cache hit is less than 1/n. Conversely, the probability of a DRAM bank hit (buffer
and cache miss) is roughly (n-1)/n. Thus, the larger the value of n and m, the greater the
probability of a DRAM bank hit for a random access operation. The initialization
procedure under the general form may be realized as a more conventional system. For

example, all valid data may be put into the normal DRAM banks by setting all valid
flags for the cache and buffers to "0".

[p115] The following methodology outlines the data transfer operations governed by the
general form rules. If no random access request is received, then one of Di or Qi (if
either are present in buffer 0 or buffer 1) is'moved back to the respective DRAM bank

(DRAM bank D or DRAM bank Q). If a random access request Xj is received, there
may be initially a valid Di in buffer 0, a valid Qi in buffer 1, and a valid Cj in the cache,
or any combination thereof as outlined in the general form rules. Possible cases are as

follows:

[p116] CASE 1 - buffer hit

[p117] As with the strong form rules, j =i and either X =D or X = Q. That is, the requested
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reduce the nunber of noves needed, in contrast to the strong form nethod.
For exanple, in the cache hit case (CASE 2) discussed earlier, the data
transfer Woesgu88ORAM bank to a buffer under the strong fecmused/ey4©f

al l owabl e states is unnecessary under the general formrules of allowable
states. In addition, under the general form rules of allowable states,
certain valid data words (e.g., DI, Q@ and ), which are the starting

poi nt %Isggag;g?e earlier described data shifts, may not be present in the
initi em state d an ymet ri cal
moves to aﬁéfafsra&fﬁ?dayt oS Bufr e g]rfgerﬁg"sylsdc%ﬁ’%g!rﬁ?féé“"& 'rqbt%“er&gfg WD 03/ 091883
PCT/ US03/ 1QddSor fhk 2RARDIORREs {rpdlieadly dkibiied: ﬂ@fmaeiaaal trahsfmmsr uI es, the

m ni mum nunber of data shifts needed is d(gf) m?ﬁn for . artl cul ar
cycle. It woplempedigithig clorleydien Thisds wdlegirdpyihg Eo&ﬂ@n%ﬁmt Wit fers

cont ai ns ad}g%lr E ﬁol nitially, that page nay be sent to either the
cache or the AM ban wever, in a preferred enbodi nent, the sel ected
operation is to m)ve the data to the DRAM bank. If the data were instead
noved t?mi cacl?ul? equent DRAM bank hit having the same wordline
addr ed8 sult at data having to be noved fromthe cache back
to the buffer. Since a DRAM bank hit (buffer and cache mss) is the

statistically the nost keI ran

7 of 1 w1 19 b ceRtEd FURBYA e Bty o AT aRm PR RS ERRRe BEW ERbe v or
possi bl e t @580y 6grertingr M Reny Qhliddi inietferapbothtbuties, thd datmwilldpr esent s t he
total nunber of DRAM banks in the sy ste S'[“?F(m re resent.ﬁl t he nunber of

wor dl i nes WCWEWIYWH@FOFH@OH?}P%Q 9 SPCIPVELRPUP®hi ¢t during a
request is 03 Pihe Wi dufedshe probability of a cache hit is |ess
than 1/n. go %rglrege y,"zét eS proebabl l'i t6y of a DRAM bank hit (buffer and cache
mss) is roughly (n-1)/n. Thus, the larger the value of n and m the

greate ll%(g%f_]ig %lbtlromo ecacheabamg'&!}ﬁlm%rﬁ“obtlﬁ& @ random access operation.

The |n

-

[p121] Now, if both buffers contain valid data, then the further operations are:
[p122] Di is moved from buffer O to the other cache bank (B or A); and
[p123]

' Qi is moved from buffer 1 to DRAM bank Q.
[p124] Otherwise, if only one of the two buffers contain valid data, then:

[p125] either Di is moved from buffer O to the other cache bank (A or B); or

[p126]
Qi is moved from buffer 1 to the other cache bank (B or A).

[p127] Naturally, if neither buffer contains valid data initially, then no additional operations are
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procedure under the general formmay be realized as a nore conventi onal
system For exanple, all valid data nay be put into the normal DRAM banks
by setti ngoaBlosalid flags for the cache and buffers to POT/USHPLE] The
foll ow ng net hodol ogy outlines the data transfer operations governed by the
general formrules. If no random access request is received, then one of D
or Q (if weither are present in buffer 0 or buffer 1) is noved back to the
r espectpasyolFAM bank (DRAM bank D or DRAM bank Q. If a random access

request X b 5 e&be@?disg% EXi fr(f@xhéoecﬂé}bbh@érhyTﬁe MRV &l ofldhta ngmféef 0, a

valid Q in er 1, a in the cache or any co nation

t her eof as wﬂhatﬂa@dlmﬁlgumlg@hmdaﬂl@orm rul es. Possible cases are as
follows: [pll6] CASE 1 - buffer hit [pll7] As with the strong formrules, |
=i and either X =D or X =Q That is, the requested 23 W 03/091883
PCT/ US03/ 10746 FI S920010335 data is already stored in either buffer 0 or

buf f er inition. Since the general form rules for the allowable
st at es [Hpgyggrséeﬁﬁy s AUTEEF miss; cachy TRISH § Fdrat lpattone buffrs hasvalid datilnpl emented in

this clock cycle. This |s reflected by the | ack of change in the state
di agram of Fi re 11é pl18] CASE 2 - cache hit [pl19] It is desired to
nmove tHEl?f%éﬁ} TeEERsk 1dataX§ nqith@mn thedufens menin thexegha, Ben jtkXbaeindfe t he cache

banks to b UH %e]ndlnl fD%m @dnk SA }ﬁlﬁ/ t;l/éigtg)%[a ﬁuﬂfé} hgé $aﬁ§ﬁ 3af Ennt?%m fers,

the data w e correspon i ng bank(s)
whenever poﬁmhbllasuml@gan,dtlesbocrﬁethh@(s%laamdsXeethlhleldm@eblsm‘ fihos:a [ p120] X

bot bt  er CORGAES FeUSion dast Bt ey e iret Remibplit ranl ai,

where Di is assumed to exist:

[p130] Xj is moved from DRAM bank X to buffer 0;

[p131]
Di is moved from buffer O to DRAM bank D.

[p132] CASE3b-  buffer miss, cache miss, j # i, at least one buffer has valid data

[p133] In this case, the requested data is again located in the corresponding DRAM bank.
However, the wordline address of the requested data is different than the wordline
address of the data in one or both of the buffers. Under the general rules of allowable
states, there may exist a valid Cj for row address j stored in one of the cache banks. It
will first be assumed that Cj, Di and Qi each exist initially. As such, it must be true that
X #=D,orX = Q, orboth. If X # D, then the following steps are implemented:

[p134] Xj is moved from DRAM bank X to buffer 0;

(p133]
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[p122] D is noved frombuffer O to the other cache bank (B or A); and
[p123] Q is noved frombuffer 1 to DRAM bank Q [pl24] O herwise, if only
one of thwotoaootsss fers contain valid data, then: [pl25] ecrhsp3/Di746 s noved
frombuffer O to the other cache bank (A or B); or [pl26] Q is noved from
buffer 1 to the other cache bank (B or A). [pl27] Naturally, if neither
buffer contains valid data initially, then no additional operations are 24
WO 03/H§$§ﬁ§£gCT/USOSI10746 FI S920010335 performnmed besides noving Xj from
t he cache to bufs: j hifts is illustrated in

Fi gures 11(b) a%%%%%%¥§Eﬂﬁb§§§¥&%%%%& amﬁggﬂﬁﬁg?ﬁﬁiss, cache mss, | =i,

at |least one buffer has valid data [pl29] If the requested data is neither
in theugg fers nor in the cache, then it (Xj) is in the corresponding DRAM

bank. m ng at | east one buffer has valid data initially, and further
assumng | = i, Qilis mGvedlfiotn buffe 1 et oetcabhealmk XB Q@ A);f DI or Q exist.
Thus, a conform ng operation may be perfornmed in two noves, as illustrated

in Figure 11(d), where D is assuned to exist: [pl30] Xj is noved from
DRAM b&ﬂ§7x to buffer 0; [pl31] D is noved frombuffer 0 to DRAM bank D.

[ p132] CAgE 3b - buffer mss, cache mss, j * i, at |east one buffer has
valid data [ p138Jismaveddrom buffes 0 te RBAMBIKdY.ed data is again located in the
correspondi ng DRAM bank. However, the wordline address of the requested
data is different than the wordline address of the data in one or both of
the buffers. Under the general rules of allowable

[p138] However, if X =D, then X # Q, and the following steps are implemented:

[p139] Xj is moved from DRAM bank X to buffer 0;

[p140]

Cj is moved from one cache bank (A or B) to buffer 1;
[p141]

Di is moved from buffer O to the other cache bank (B or A);
[p142]

Qi is moved from buffer 1 to DRAM bank Q.

[p143] If Cj exists and only one of Di and Qi exists, then no corresponding moves are made as
the starting point for such moves do not exist. The final results will still conform to the

general form rules.

[p144] Next, it will be assumed that Cj does not exist, but Di and Qi both exist. Then, if X #

D, then the following steps are implemented:
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states, there may exist a valid G for row address j stored in one of the
cache banks. It wll first be assuned that G, D and Q each exist
initiall ywoAg/osiseh, it nust be true that X ~ D, or X # QPCOrUShdtdt46 I f X #
D, then the following steps are inplenented: [pl34] X is noved from DRAM
bank X to buffer 0; [pl1l35] 25 WO 03/091883 PCT/ US03/ 10746 FI S920010335 C
is nmoved fromone cache bank (A or B) to buffer 1; [p 136] Q is noved
from by%;%m to the other cache bank (B or A); [p 137] D is noved from
buffer 010 M bank D. [p138] However, if X =D, then X ;& Q and the
followi ng steps are inplemented: [pl1l39] X is noved from DRAM bank X to
buf f er [pA45] X i4 @lovéd from DRAM baiik Ko biiteeroache bank (A or B) to buffer 1;
[ p141] D is noved frombuffer O to the other cache bank (B or A); [pl42]
Q is noved frombuffer 1 to DRAM bank Q [pl43] If ¢ exists and only one
of Di ?n;qIG]Q' exi sts, then no correspondi ng noves are nade as the starting
poi nt for such noves do not exist. The final results will still conformto
the general forQhiyumpea frqnpbuffy 1@ gither ¢achqpank (Bor By¥sumed that ¢ does not
exist, but DO and Q both exist. Then, if X o D, then the follow ng steps
are inpl ement ed:

[p147]

Di is moved from buffer 0 to DRAM bank D.

[p148] Otherwise, if X =D, then X = Q, then the following steps are implemented:

[p149] ‘

Xj is moved from DRAM bank X to buffer O;
[p150]

Di is moved from buffer 0 to either cache bank (A or B);
[p151]

Qi is moved from buffer 1 to DRAM bank Q.

[p152] Now, if Cj does not exist and there is only one valid data page in the buffers (either Di
exists or Qi exists, but not both), and if X does not correspond to the buffer data (X #
D or X # Q), then the following steps are implemented:

[p153] Xj is moved from the DRAM bank to buffer 0;

[p154]
the valid buffer data is moved to the corresponding DRAM bank.
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26 WD 03/091883 PCT/ US03/ 10746 FI S920010335 [p 145] Xj is noved from DRAM
bank X to buffer 0; [p 146] Q is noved frombuffer 1 to either cache bank
(A or B);woO[opagisg3 Di is noved frombuffer 0 to DRAM bank PCT[Uysdai8]746

O herwise, if X =D, then X # Q then the follow ng steps are inplenented:
[p 149] Xj is noved from DRAM bank X to buffer O0; [pl150] D is noved from
buffer 0 to either cache bank (A or B); [pl51]] Q is noved frombuffer 1
to DRA)%IE . [pl52] Now, if ¢ does not exist and there is only one
valid agt}gd]g?gg)e in the buffers (either DI exists or Q exists, but not
both), and if X does not correspond to the buffer data (X # Dor X # Q,

t hen t npe55]abﬂhamgegifsmeecms validedatagge ivethé bakfer§ @b 3drre¥poridso XDKeeDfor &M t he DRAM
bank to buff % 54Jethevlld buffer data is noved to the
correspondi=h§ Mﬁi TR StepsArs {gplemsnitiaesa PCT/ USO3/ 10746  FI S920010335
[p155] Clhervm se, |f t he one vaI id data page in the buffers does correspond

(X— X Q, the follow ng steps are inpl enented:
[p156] X_] 1s moved from the DRAM bank to buifer O;

[p157]
the valid buffer data is moved to a cache bank (B or A)

[p158] Finally, if none of Cj, Di or Qi exist, then the only operation performed is to move Xj
into buffer 0.

[p159] The series of data shifts is illustrated in Figures 11(e) and 11(f).

[p160] It has thus been shown how a destructive read, DRAM based cache may be used in
conjunction with a destructive read DRAM array to reduce random access cycle time to
the array. Among other advantages, the present system provides significant area
savings, compatibility in process integration, and reduced soft error concerns over other

system such as those using SRAM based caches.

[p161] One specific key of the system architecture includes the dual bank cache structure,
wherein simultaneous read and write access operations may be executed. In addition,
the architecture also includes the two buffers which are used to redirect the data
transfers. The cache tag and buffer tag contain all the information associated with data
pages stored in the current state, thereby representing enough information upon which
to make a deterministic decision for data shifting for the next clock cycle. Thus, no

historical data need be stored in any tags.

[p162] By defining the concept of allowable states (as exemplified by the strong form rules and

the general form rules), path independent algorithms may be designed such that all
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[p156] Xj is noved fromthe DRAM bank to buffer 0; [pl1l57] the valid buffer
data is noved to a cache bank (B or A [pl58] Finally, if none of G, D or
Q exist,wDhanoske only operation perforned is to nove X PCirnisoed/rid er O.

[ p159] The series of data shifts is illustrated in Figures 11(e) and 11(f).
[p160] It has thus been shown how a destructive read, DRAM based cache may

be used in conjunction with a destructive read DRAM array to reduce random
accesspeyphBai M to the array. Anong other advantages, the present system

provi des S:jﬂﬂfn% &2 fPhEBepe@bl B9 updnAAPAlrieRi ddid, Yarhd) (i UBRstodyNt €T at i on,
and reduced soft error cor%)cer ns over other system such as those using SRAM

based cachewecefijpg@i]culdam stpre oAy sequeate affsugchassivepperatinng mayive sie¢kgde i ncl udes
t he dual bank .cache .structure, i i r ite access
R g Yl SO ool B scBhi) ARRAHE (AR AR | 1O B0CS

oper ati ons executed. Tn a
the two bufkegueStewbitateacticea fisgdtatedn a Bahite@mimtichef ajelbs(i.ct thansgmestesl. dafthe cache

tag and buffer ta‘t_):; ontain i
e

all the information associ ated dat a ages
stored in tK&heL? “’s‘i“ﬁtcg),‘:{({;}‘f;ier 5P BBP éss‘ﬁ?‘f{]f)ﬁ‘é‘ t&f%@@’ﬂ"ﬁwf rfiti on Epgn

which to rnakg fpdehREMrihsdonpaten). SGREn fiehakltod pehiddepdi@edce) astwedl next

cl ock cycle. Thus, no historical data need be stored in any tags. [pl62]
By defi ni nepstthrefagidhas distransompdcpeshegdnestssire eapletedduing igrited c¥despPe®he st rong
formrul es . I . lRgseends .t-hnms may be
desi gned subhou Al BBy ot BS et oBS el bt Y1305 oo U0 T35 s Lt e
dat a shi f t sbearoenptbtgde atidied withltsst bgpoh designscurrent state, rather than the

hi story preceding the current state. Any sequence of successive operations
may be 'stacked together, and thus all random access may be seani essly

per f or (p163] Abstaedgeviotidh the allowable states under the strong form rules are a subset of the

allowable states under the general form rules. Accordingly, the "symmetrical
algorithm" used in conjunction with the strong form rules will generally include simpler
logic but result in higher power consumption. The "low power" algorithm has less
power dissipation but generally more logic components with more tag comparison time
associated therewith. It will be noted, however, that the present invention embodiments
also contemplate other possible rules for allowable states and associated algorithms, so

long as path independence is maintained.

[p164] It is further contemplated that for the present destructive read, random access memory
system cached by destructive read memory, the number of DRAM banks used as cache
may be more than two. The number of buffers may also be more than two. Any
additional cache banks and buffers could be used in conjunction with alternative
architectures or in different operating configurations such as multi-cycle latency from
the core. The number of cache banks may also be reduced to one for systems using
caches of twice faster cycle time. The buffers may be replaced with multiplexers if
latching functions are provided elsewhere, such as in local DRAM arrays or in global
data re-drivers. Where chip area is less of a concern, the above architecture and/or
algorithms may also be applied to an SRAM cache based system. The above
architecture and/or algorithm may also be applied to a single port or dual port SRAM

cache based system, for more margins of operation in terms of cache latency, or for
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requested data reaches a final state in a limted nunber of cycles (i.e.,
the requested data reaches a buffer in one clock cycle if setup tine is
used, or Wp oBmo1883 ock cycles if one clock pipe is used f®@CTESg3/10746
conparison). Gven the nature of path independence, as well as the fact
that the random access requests are conpleted during limted cycles, there
are only a limted nunber of test cases that exist. Thus, the DRAM cache
system. conpletely verified with test bench designs. [pl63] As
stated g@y %h¥1 d m?bkﬁ st ates undgﬁ t he Stﬁ I% formrules are a
subset of tH@m GB%H%FE @F 1Al & FOTOHIET BEIOEPHICC PHPETES:  Accor di ngl y,
the 'symmetrical algorithm used in conjunction mnth the strong formrules
generally include sinpler 1ogic but result in gher power

c 0 n s unRiosh Wit dheipysifionias beengdeggioed mith feferercsde Pﬁf‘r&ﬁ@? e’(‘}P%‘gF‘E‘&t iton but

general |y ”G/[lﬁbé ﬂﬁé&o&@ﬁ?@x@%b&‘xﬁ fhe AR iRt %zﬁ‘ﬁué:é}ﬁﬁgés'n?a?%e tlafBand@ssoci at ed
therewith. It be noted, however, that the preSent "i nvention

enbodi ment sequa\{aée@tsmytbemsaﬂ@eddphéﬁmm@mmfemh@né@pamg &bllnohvaslgblee states and
associ at ed ned [ pl164]
It is furt hgértgé(g%lk%r!gﬁﬁﬁl Inta%gltllt g?an? &ﬁ%eu%{rles %@%%ggfor éiﬂrcgad random
access nenosiypatieys nemrahohbdteohings of thautvemmnrvaﬂﬂutrmmnyg frbﬂnehenunber of DRAM

SR R e e e S S N T T A

conj unct i onpatiidulbr 8mbedimahd diRlosed £hhd Bet MéRSofembRtedifbd@FrfE oMAME at i Ng
configurations such as nulti-cycle latency from the core. The nunber of

cache banksinieijion bpthpthe é’d&‘lf@& %iY inshde plh pmbodiments fallingyyjthin the peope of t wi ce
faster cycl g thd fpendti€lalit fers may be replaced with multiplexers if

l'at ching functions are provided el sewhere, such as in [ocal DRAM arrays or
in global data re-drivers. Wiere chip area is |less of a concern, the above
architecture and/or algorithnms nmay al so be applied to an SRAM cache based
system The above architecture and/or algorithmmay al so be applied to a
single port or dual port SRAM cache based system for nore margi ns of
operation in terns of cache latency, or for
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29 WO 03/091883 PCT/ US03/ 10746 FI S920010335 possi bly better redundancy
handl i ng, or for other performance or timng issues. [pl65] Wile the

i nvent i orwbag/opseh described with reference to a preferreacCarisosiiorent , it
wi |l be understood by those skilled in the art that various changes nay be
made and equivalents may be substituted for elenents thereof w thout
departing fromthe scope of the invention. In addition, many nodifications
may be gi@eRiks adapt a particular situation or material to the teachings
of the invention wi thout departing fromthe essential scope thereof.
Therefore, it is intended that the invention not be limted to the

partic I i . di scl osed as the best nobde contenplated for carrying
out th:‘@eﬁtﬁg@g?'ﬁ%’a 'o%t that the invention will include all enbodi ments
falling within the scope of the appended clainms. 30 WO 03/091883

PCT/ US03/ 10746 FI S920010335 What is Clainmed is: [(cl)] A nenory storage
system_conprising: a plurality of nenory storage banks; and a cache in

comunil&dt on with said plurality of menory storage banks; wherein both
said plurality of menory storage banks and said cache further conprise

destructiAqnémglstaﬁg@@ét&{,%@g@si@;enents. [(c2)] The nenory storage system
of claim1, wherein said destructive read nenory storage el enents conprise

dynam ¢ random access nenory (DRAM storage cells.
a plurality of memory storage banks; and

a cache in communication with said plurality of memory storage banks;

wherein both said plurality of memory storage banks and said cache further comprise

destructive read memory storage elements.

[(c2)]

The memory storage system of claim 1, wherein said destructive read memory storage elements

comprise dynamic random access memory (DRAM) storage cells.

[(c3)]

The memory storage system of claim 1, wherein said cache includes a portion of said plurality

of memory storage banks.
[(c4)]
The memory storage system of claim 1, further comprising:

a line buffer structure in communication with said plurality of memory storage banks

and said cache;
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[(c3)] The nenory storage systemof claim1, wherein said cache includes a
portion of said plurality of nmenory storage banks. [(c4)] The nenory
storage swetoeywsB3 cl aim 1, further conprising: a |ine bufPer/tsos/ursare in
communi cation with said plurality of nmenory storage banks and said cache;
31 WD 03/091883 PCT/ US03/ 10746 FI S920010335 a buffer tag associated with
said line buffer structure; and a cache tag associated with said cache.
[(c5)] risbb@ig¥@9Ory storage systemof claim4, wherein said |ine buffer
structure includes a pair of buffers. [(c6)] The nmenory storage system of
claimb5, wherein: said plurality of menory storage banks further conprises
a nunber, n,ab@ﬁeﬂwo%%t%ﬁﬁﬁbs%%h%@uf%wc@f@§%ﬁd n DRAM storage banks
having a nunber, m of wordlines associated therewith; and said cache
further includes a pair of DRAM cache banks, said pair of DRAM cache banks
each havi ngasadhd tapasixeratedrwitlofaidwacidl | nes associ ated therewith. [(c7)] The
menory storage system of claim6, wherein each of said pair of buffers is
capable of storing a data page therein, said data page including data bits
destructively read froma selected wordline of a selected DRAM st orage
bank, 0[205531] sel ected wordline of a selected DRAM cache -

The memory storage system of claim 4, wherein said line buffer structure includes a pair of

buffers.

[(c6)]

The memory storage system of claim 5, wherein:

said plurality of memory storage banks further comprises a number, n, of DRAM
storage banks, each of said n DRAM storage banks having a number, m, of wordlines

associated therewith; and

said cache further /includes a pair of DRAM cache banks, said pair of DRAM cache

“banks each having said number, m, of wordlines associated therewith.

(D]

The memory storage system of claim 6, wherein each of said pair of buffers is capable of
storing a data page therein, said data page including data bits destructively read from a selected
wordline of a selected DRAM storage bank, or a selected wordline of a selected DRAM cache
bank.

[(c8)]

The memory storage system of claim 7, wherein data originally contained within one of said
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bank. [(c8)] The nenory storage systemof claim7, wherein data originally
contained within one of said 32 WD 03/091883 PCT/ US03/ 10746 FI S920010335
nunber ofwDRANYIISBDr age banks may be stored in one of sai dPpaUSI®i07BRAM
cache banks. [(c9)] The nenory storage systemof claim8, wherein: any
data contained in said pair of DRAM cache banks that is originally
associated with said nunber of DRAM storage banks is stored therein
throughF@gzgdaB%gt mappi ng schene; wherein data associated with a given

dli Pl ' f. banks i t d
i i A CEDRAM bkl B8R By BAGR TR br o gt EREAANE edrRa cache:

banks. [(c 10)] The nenory storage systemof claim7, wherein each of said
pair of buffers conprise level sensitive latches. [(c 11)] A dynam c
random access nenory (DRAM) system conprising: a nunber (n) of DRAM

st or age{(gnks, each of said n DRAM storage banks having a nunber (n) of
wordl i nes associates therewith; a cache, said cache including a first DRAM
cache bHIKPERYY stowge sysépnppiiaie Sewhereiank, both said first DRAM cache bank
and said second DRAM cache bank having said nunber in of wordlines

associated therewith; 33
any data contained in said pair of DRAM cache banks that is originally associated with

said number of DRAM storage banks is stored therein through a direct mapping

scheme;

wherein data associated with a given wordline address within one of said number of
DRAM storage banks is stored within said given wordline address within one of said

pair of DRAM cache banks.

[(c10)]
The memory storage system of claim 7, wherein each of said pair of buffers comprise level

sensitive latches.

[(c1D)]

A dynamic random access memory (DRAM) system, comprising:

a number (n) of DRAM storage banks, each of said n DRAM storage banks having a

number (m) of wordlines associates therewith;
a cache, said cache including a first DRAM cache bank and a second DRAM cache

bank, both said first DRAM cache bank and said second DRAM cache bank having said

number m of wordlines associated therewith;
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WO 03/ 091883 PCT/ US03/ 10746 FI S920010335 a line buffer structure, said
line buffer structure including a pair of buffers capable of storing data
read fromveaBdIBBAM st orage banks and said first and secomdTDRAMO7¢@che
banks; and a control algorithmfor controlling the transfer of data between
sai d DRAM storage banks, said pair of buffers and said DRAM cache banks;
wherein data read from sai d DRAM st orage banks and sai d DRAM cache banks is
destru}g%giﬁéﬁ(l)%sread. [(c 12)] The DRAM system of claim 11, further

conpri ; ache t for, storij . ¥ [ igaf or mat i on
of data cor‘i‘tlg’F%B%er S\tﬂl?tﬂ’iehsagj 1b%e\%g%féx\%0u‘r8§ﬁ%\4&§$1g@ﬁ§§? %a%éxﬁ}ﬂggggﬁglet?gnks; and a
buf f er tag sf@me dbi@kdad GroRRAM BR AVEgaagreinkkaxhdrsaid $irst afidvenertd RDRAME  dat a

cont ai ned vvitﬁi n said pair of buffers. [(c 13)] The DRAM system of claim
12, wher ei radibgnsutider tag further conprises: a first flag which indicates
whet her valid data exists within said pair of buffers; and a second flag
whi ch i ndi cates whether randomy requested data is contained in either of

sai d pair afcobulfabgosithnp for coptiollingpike trymafor eldafadiptwren s4id PRHAM SIOFa8P t her
conpri si ng: 03094883, PGI{ BRAR LRF&6ankE! S920010335 a data-in bus,
r

4 V%)
sai d dat a-ibr?n%’u%al Bf' Fecerving externally originating data into the DRAM:
wherein data read from said DRAM storage banks and said DRAM cache banks is

destructively read.

[(c12)]
The DRAM system of claim 11, further comprising:

a cache tag for storing DRAM storage bank address information of data contained

within a given wordline of said DRAM cache banks; and

a buffer tag for storing DRAM storage bank address information of data contained

within said pair of buffers.
[(c13)]
The DRAM system of claim 12, wherein said buffer tag further comprises:
a first flag which indicates whether valid data exists within said pair of buffers; and

a second flag which indicates whether randomly requested data is contained in either of

said pair of buffers.

[(c14)]
The DRAM system of claim 11, further comprising:
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system through said buffer structure; a data-out bus, said data-out bus
for transmtting internally stored data out of the DRAM system a read
secondar ywoasadisBhe for transmtting data from sai d DRAM PConsge1dianks to
one of said pair of buffers; a cache secondary data line for transmtting
data from sai d DRAM cache banks to the other of said pair of buffers; a
wite secondary data line for transmtting data fromeither of said pair of
buf f er sydho; 8% d DRAM st orage banks; and a cache wite secondary data line
for transmtting data fromeither of said pair of buffers to said DRAM
cache banks. [(c 15)] The DRAM system of claim 14, wherein said pair of

buf f ers f ur kldete-ix buspsaiddatd-evtel foaasivingextersdliyosgaatiptdatadsto thf DREM The

DRAM system of cl.aim 14, rein said pair of buffers further conprise edge
triggered F%Eeghggf’u%h(sé'f“}’\},\’f}% s?'ﬁ%t“ff’et hod of claim 11, wherein said control

al gorithmfurther conprises: 35 WO 03/091883 PCT/ US03/ 10746 FI S920010335
a defined set of allowable states for valid data to exist within said DRAM
st orage banRgata-outhug, s3idd datapgut By fop ransmitiins ingreplipRieraddatamat pithks: st eps for
initializi ngritAgs systemprior to a first random access request for
data stored within said DRAM storage banks, wherein said steps for
initializing conformto

a read secondary data line for transmitting data from said DRAM storage banks to one

of said pair of buffers;

a cache secondary data line for transmitting data from said DRAM cache banks to the

other of said pair of buffers;

a write secondary data line for transmitting data from either of said pair of buffers to

said DRAM storage banks; and

a cache write secondary data line for transmitting data from either of said pair of buffers

to said DRAM cache banks.

[(c15)]
The DRAM system of claim 14, wherein said pair of buffers further comprise level sensitive

storage latches.

[(c16)]
The DRAM system of claim 14, wherein said pair of buffers further comprise edge triggered

latches.

[(c17)]

The method of claim 11, wherein said control algorithm further comprises:
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said defined set of allowable states; and follow ng said first random
access request for data, and follow ng any subsequent random access
request fwo odapms: hereafter, steps for ensuring the requeCeEWSdalE4é s nade
available in said Iine buffer structure, said steps for ensuring al so
conformng to said defined set of allowable states. [(c 18)] The nethod of
claim17, wherein: said steps for ensuring the requested data i s mde

avai | abfgosbdiosai d buffer structure further include a determ ned series of
data transfer operations executed between said DRAM storage banks and the
i ne buffer structure, and between said DRAM cache banks and said |ine
buf f er st r ucdgfieed spind plowabdeitalesdern wlididate th exist Wishin ofid DRAM ttocags banks,

oper ati ons isﬁjd%ﬁlafw}ﬁ%?gﬁ'&j& DRA%ngcﬁggeg(g.zed in that said determ ned

series of data‘transter ‘operations Is not dependent upon previous
| ocations of data stored in said DRAM st orage banks, said |line buffer

structure, and said.cache 9 A method for controlling _the nmovenent
of data wit l‘?FeHS T W“ajﬁn@ @%ﬁégﬁf %?Z?%B’slgloﬁﬂ)rﬂ)grﬁt rapqRgpess V%Qué?gfmf?{émang a
nunber, n, GforéRAMiS t0d PRANDBleEe bankk) AR Ed EliepstibUsHHEAn @ iGm 136 VO
03/091883 PCT/ USQ3/ 10746 FI S920010335 cache, the nethod conpri sing:

defining a $&d dsfineg)seicfaBpwabls dates apdyr val i d data to exist within the
storage banks, the buffer structure, and the cache; initializing the DRAM
systemprior to a first random access request for data stored wthin the
DRAM st or agdolbarikgsaidfiney rmdons adcebs irerjuest or datangpddolifvdngranyt sobsegieht def i ned set

random access request for data thereafter, steps for ensuring the requested data is made
available in said line buffer structure, said steps for ensuring also conforming to said

defined set of allowable states.

[(c18)]

The method of claim 17, wherein:

said steps for ensuring the requested data is made available in said buffer structure
further include a determined series of data transfer operations executed between said
'DRAM storage banks and the line buffer structure, and between said DRAM cache
banks and said line buffer structure;

wherein said determined series of data transfer operations is path independent,
characterized in that said determined series of data transfer operations is not dependent
upon previous locations of data stored in said DRAM storage banks, said line buffer

structure, and said cache.

[(c19)]
A method for controlling the movement of data within a dynamic random access memory

(DRAM) system having a number, n, of DRAM storage banks, a line buffer structure and a
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of allowable states; and followi ng said first random access request for
data, and foll owi ng any subsequent random access request for data

t her eaf t ewp 081031883 ng t he requested data is nade avail abl e PCirrussaia4bduf f er
structure; wherein, following said ensuring the requested data is nade
avai l able in said buffer structure, said set of allowable states are
upheld. [(c20)] The nethod of claim 19, wherein: said ensuring the
requested,fdahkes i S made available in said buffer structure further includes
execut i QoheandlbaLNapkisey: i es of data transfer operations between the DRAM
st orage ban% and the buffer, and between the cache and the buffer; wherein
sai d determ ned series of data transfer operations is path independent,

char act er | 2 6hfl 4025 3L AndShEL 08t AGL SR Plufighd JEARTHEL ggerations is

not dependen evi ou ored M st or age
banks, the buﬁﬁenudmﬁumﬁmﬂ&mmmﬁnd the cache. [(c21)] 37 WD 03/091883

PCT/ US03/ 10746 FI S920010335 The net hod of cl aim 20, wherein: each of the n
DRAM st or age banks has a nunber, m of wordlines associated therewith and

a storage bﬁﬂﬂfalﬁ&@&MRm%ﬁt;ﬂér toheirehdddm 4cb&s eaehefdrashy@daa a first
cache bank and a second cache bank, both said first and second cache banks

al so havi ng "hiRchelPRAME starsvRinks sthereHesaslintiALZing eprfqses fuseikdeniged ssb t ur e

i ncl udes a gf gﬁd a second buffer, said first and second buffer
each capablgf%g&gng%ﬁ% dataword therein, said dataword including data
froma

following said first random access request for data, and following any subsequent
random access request for data thereafter, ensuring the requested data is made available

in said buffer structure;

wherein, following said ensuring the requested data is made available in said buffer

structure, said set of allowable states are upheld.

[(c20)]

The method of claim 19, wherein:

said ensuring the requested data is made available in said buffer structure further
includes executing a determined series of data transfer operations between the DRAM

storage banks and the buffer, and between the cache and the buffer;

wherein said determined series of data transfer operations is path independent,
characterized in that said determined series of data transfer operations is not dependent
upon previous locations of data stored in the DRAM storage banks, the buffer structure,

and the cache.

[(c21)]
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specific wordline read fromthe one of the DRAM storage banks or one of
said first and" second cache banks. [(c22)] The nethod of claim 20,
wher ei n swDd3deBBHi ng a set of allowable states further ceeprissgs74€nsuri ng
that, at the beginning of a given clock cycle: said first and second
buffers each contain valid data therein, said valid data in said first

buf fer having the same wordline address i (where i is any nunber between 0O
and m a§ooggsgl valid data in said second buffer; there is no valid data in
ei t her @gé,qetﬁéd‘g{clﬂhzg%ﬁier&gcond cache bank having a wordline address
equal to i; and for all other wordline addresses other than i, there is one
data word stored in a correspondi ng wordline |n either said first cache

bank or sai e . c23 The of claim 22, wherein
sai d ensuri % éh[ ﬁ %e%gg&&tﬁraﬁea?agk% li ?ﬂ‘k‘b%fv’é‘r gld‘?eﬁ agsgrigied {hemepish
structure C(mqbast@mgc;bhly(ddbﬁsﬂ%ﬁbc&fed&l@dr@lmﬂi,ven cI ock cycle, ensuring that:

38 WO 03/091883 PCT/ US03/ 10746 FI S920010335 the requested dat a,
corresponding to storage bank address X (where X is any nunber between 0

and n- 1), awtachewrdlftek RBrsREAESSK hnd ARESR cthe%axgp Eotp P Al gﬁst %ﬁ n 0 and

m, is contained in one of said first and secon %er of
said first &febarkstsobaringmeverdincanysciaed teteaithnapda wor dl i ne addreSSJ

but a storage bank address different than X; there is no valid data in
either said first or said second cache bank having a wordline address
equal to j; therfhaffeovtrugiuke intlhdes adiost bhifereind d dscond befev) Jarvfirkthad sdcond here is one

data word s Ii)Qirfe%%aé:hncaia)‘able of storing a dataword therein, said dataword including data from a

specific wordline read from the one of the DRAM storage banks or one of said first and’

second cache banks.

[(c22)]
The method of claim 20, wherein said defining a set of allowable states further comprises

ensuring that, at the beginning of a given clock cycle:

said first and second buffers each contain valid data therein, said valid data in said first
buffer having the same wordline address i (where i is any number between 0 and m) as

“said valid data in said second buffer;

there is no valid data in either said first or said second cache bank having a wordline

address equal to i; and

for all other wordline addresses other than i, there is one data word stored in a

corresponding wordline in either said first cache bank or said second cache bank.

((c23)]
The method of claim 22, wherein said ensuring the requested data is made available in said

buffer structure comprises, by the end of said given clock cycle, ensuring that:
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corresponding wordline in either said first cache bank or said second cache
bank. [(c24)] The nethod of claim 23, wherein said ensuring the requested
data i s mMaO@3ay@Bl able in said buffer structure further ECFASIYETH6

determ ni ng whether the requested data is initially found in a

correspondi ng DRAM bank, one of said first and second buffers, or one of
said first and second cache banks; wherein said executing a determ ned
seri espﬁgzogllggg transfer operations is dependent wupon the initial |ocation
of the requested data. [(c25)] A nethod for controlling the novenent of
data wthin a destructive read, dynam c random access nenory (DRAM system
havi ng a nuiliberquested dafa, mt&wp@ﬂmlga@stoﬂagmk@k addxbisr?é(\tiw’ra‘)éﬁs angipmbérur e and a

destructive read, DRA tho risi n 883

PCT/ US03/ 10%4%eeniS %9?%13@% é‘h’f”f’*ﬁ? &SSé “s’léetrgﬁf Aty s eéwes"t“ aég“* or valid
data to eXlﬁboﬂﬂhﬁlmﬂoﬁlbef@ﬁ@ﬁx@%dba@h&buﬁéng buf f er structur e, and the
cache; initializing the DRAM systemprior to a first random access request
for data stored within the DRAM storage banks, wherein said initializing

conf or ms t 0,8 @inds &%‘:ﬂd"fﬁg A8 becotf budtekQ0RRLE a8k AhGRe 2 ABHNHOLBME NBusai d first

random access request for data, and follow ng any subsequent random access
request forastaltaaebaméraé@tssehfferqw@nmg the requested data is nade avail abl e
in said buffer structure; wherein, follow ng said ensuring the requested
data is made available in said buffer structure, said set of allowable
states are tiplead ab vdlidaldB)ij either said first or said second cache bank having a wordline

address equal to j; and

for all other wordline addresses other than j, there is one data word stored in a

corresponding wordline in either said first cache bank or said second cache bank.

[(c24)]

The method of claim 23, wherein said ensuring the requested data is made available in said

buffer structure further comprises:

‘determining whether the requested data is initially found in a corresponding DRAM

bank, one of said first and second buffers, or one of said first and second cache banks;

wherein said executing a determined series of data transfer operations is dependent

upon the initial location of the requested data.

[(€25)]

A method for controlling the movement of data within a destructive read, dynamic random
access memory (DRAM) system having a number, n, of DRAM storage banks, a line buffer

structure and a destructive read, DRAM cache, the method comprising:
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The nethod of claim 25, wherein: said ensuring the requested data is nade
available in said buffer structure further includes executing a determ ned
series ofwoa@assansfer operations between the DRAM st or age/usankE4@nd t he
buffer, and between the cache and the buffer; wherein said determ ned
series of data transfer operations is path independent, characterized in
that said determ ned series of data transfer operations is not dependent
upon pr@yelgsskocations of data stored in the DRAM storage banks, the

buf fer struckHhi8e a séR@ : : f _clajm.26, wherein:
50 W0 03/ 001 Eanfiea s ROLRARRE ot i Bhh 10,08 WIRIIA yBhe bl luR0: age
banks has a biffeiséiucturp, ansktheveachd;i nes associ ated therewith and a storage
bank address associated therewith; the cache includes a first cache bank
and a second cache bank, both said first and second cache banks al so

havi ng m woriuitialivésg the PRAM systint privr @ fildt raddin havesshetfub @ Forsdalabedral © i ncl udes
a first buffe{.atﬁd]%%gcond Burﬁ(fer, said first and second buffer each
capabl e of SFIHG PRSP Bk hetin saldingfializing genferms ie saididotimedisata fr om a
speci fi ¢ wondhligiebleaases! s/am t he one of the DRAM storage banks or one of
said first and second cache banks. [(c28)] The nethod of claim 27,
wherein said defining a set of allowable states further conprises ensuring

that, at theyReGNAdEsQhnR Pk | e id first and second
buf fers each contéalgian valid atCa&tQ ﬁéeﬁlrugsl(e#r%é%i %d\/fgl ARGV EUPSRI%AT o i r st
buf f er havi mpdemacesssmequesiidt datretherdaftes Spsuring Weaemeited datpil ynaBexbasbIpet ween 0

and m as ;g buffer structure;

wherein, following said ensuring the requested data is made available in said buffer

structure, said set of allowable states are upheld.

[(c26)]

The method of claim 25, wherein:

said ensuring the requested data is made available in said buffer structure further
includes executing a determined series of data transfer operations between the DRAM

storage banks and the buffer, and between the cache and the buffer;

wherein said determined series of data transfer operations is path independent,
characterized in that said determined series of data transfer operations is not dependent

upon previous locations of data stored in the DRAM storage banks, the buffer structure,

and the cache.

[(c27)]

The method of claim 26, wherein:
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said valid data in said second buffer; there is no valid data in either
said first or said second cache bank having a wordline address equal to i;
and for awboodwss3 wordl i ne addresses other than i, there ipSTArse3/das@ word
stored in a corresponding wordline in either said first cache bank or said
second cache bank. [(c29)] The nethod of claim 28, wherein said ensuring
the requested data is nmade available in said buffer structure conprises,
by the said given clock cycle, ensuring that: 41 WO 03/091883
5@9‘%&%

PCT/ US Ol i @ St orage
bank address 0{%?%9&?[?&2%%&%5% er l%gv\ng’g?l@gdgﬁ% aﬁ-é%a?qé%ge‘gglv\or dl i ne
address j (adersorpge mnlaaidrassiadveriatbetheewith) and n), is contained in one of
said first and second buffers; the other of said first and second buffers
contains data having a wordline address j, but a storage bank address

di fferent t{ngBacke idclh@Ese firs chche badk Adddadcand euckd Bakbotashid firstasd seoonds ai d
second cache bank having a wordline address equal to j; and for all other
wor dl i ne adepchebanks alsnigvinga jyojdlineyassasigted tBﬁ%W’g}ita’éd word stored in a
corresponding wordline in either said first cache bank or said second cache
bank. [(c30)] The nethod of claim 29, wherein said ensuring the requested
data is madtehvtied sabéterciinsludenp Hrsbbuffes andsa pegend hufer, said fesf arbpidses:

det erm ni ng et her the | S0 Diqtl . i
correspondi R‘g?ebﬁﬁﬁlca%aggekﬁ%}égg %)? Qg‘g%%ﬁr‘?g’tsmgr? hﬁlgé%%%(g&g% ?dgar fg‘?mg r one of
said first greifisaoadlite ead rembibnke;of thetlER AMrsteage Haks ocortei af gaid fidk et mi ned

series of data transfer operations i s dependent
Secon ca%ge ba.ni;s. P P

[(c28)]

The method of claim 27, wherein said defining a set of allowable states further comprises

ensuring that, at the beginning of a given clock cycle:

said first and second buffers each contain valid data therein, said valid data in said first
buffer having the same wordline address i (where i is any number between 0 and m) as

said valid data in said second buffer;

there is no valid data in either said first or said second cache bank having a wordline

address equal to i; and

for all other wordline addresses other than i, there is one data word stored in a

corresponding wordline in either said first cache bank or said second cache bank.

[(c29)]

The method of claim 28, wherein said ensuring the requested data is made available in said

buffer structure comprises, by the end of said given clock cycle, ensuring that:
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upon the initial location of the requested data. [(c3 1)] The nethod of
claim 27, wherein said defining a set of allowable states further conprises
ensuri ng wbas/09ms3 t he begi nning of a given clock cycle: ifPCatshs/seue first
and second buffers each contain valid data therein, then said valid data

in said first buffer has the sane wordline address i (where i is any nunber
between 0 42 WD 03/091883 PCT/ US03/ 10746 FI S920010335 and n) as said
valid dam@mbngﬁaid second buffer; if both said first and second buffers
contain vali ﬂle(ﬂéfuﬁstédlﬁfaeb&resﬁfndlnfg tQE't@r ?é bafk!a g ésrftwl%ped% ARG pBuf fers
contain valid data therein having I ne address here s no
val i d data |Hﬁﬁﬁmﬂémd§d0dmﬂﬁwg¥mumaé@ﬁﬁJﬁebmmﬂsm&ohmﬂbahﬁwhmmkmgng wor dl i ne
address equa r i rst and second buffers or both
buffers contiaslcﬁﬁt%gi}dlg%ggfgga avx%ﬂ%ds&% gbﬁff “address i, then for all other
wor dl i ne addresses other than i, there is one data word stored in a
correspondin t her d first cache bank or said second cache
bank. [( 032@5’% Oflr‘?%‘?ﬁ%g aB‘# Seepngd l?’r\%%? copfzizs dita havngp warlipg #lgrashb brtequest ed
data i s madea avagd tlak address Sategen: Biahfgr structure conprises, by the end of
said given clock cycle, ensuring that: the requested data, corresponding to
storage bank address X (where X is any number between O and n-1), and a

wordline addh&sss do vai@AE id eithdr ngf]} OF S &b s%e}la\@a%ﬂe 0,2 in a&/é)ifcgincont ai ned

in one of said first and second re1s no va Fn either
sai d first oddeayualdedraddcache bank haV|ng a wordline address equal to j;
and for all other wordline addresses other than j, there is one data word
stored in a

for all other wordline addresses other than j, there is one data word stored in a

corresponding wordline in either said first cache bank or said second cache bank.

[(c30)]

The method of claim 29, wherein said ensuring the requested data is made available in

said buffer structure further comprises:

determining whether the requested data is initially found in a corresponding DRAM

. bank, one of said first and second buffers, or one of said first and second cache banks;

wherein said executing a determined series of data transfer operations is dependent

upon the initial location of the requested data.

{(c31)]
‘The method of claim 27, wherein said defining a set of allowable states further comprises

ensuring that, at the beginning of a given clock cycle:

if both said first and second buffers each contain valid data therein, then said valid data

in said first buffer has the same wordline address i (where i is any number between 0
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corresponding wordline in either said first cache bank or said second cache

bank. 43
WO 03/091883 PCT/US03/10746

FI18920010335
and m) as said valid data in said second buffer;

if both said first and second buffers contain valid data therein, or if one of said first and
second buffers contain valid data therein having wordline address i, then there is no
valid data in either said first or said second cache bank having a wordline address equal

to i; and

if either said first and second buffers or both buffers contain valid data having wordline
address i, then for all other wordline addresses other than i, there is one data word stored

in a corresponding wordline in either said first cache bank or said second cache bank.

[(c32)]

The method of claim 31, wherein said ensuring the requested data is made available in said

buffer structure comprises, by the end of said given clock cycle, ensuring that:
the requested data, corresponding to storage bank address X (where X is any number
between O and n-1), and a wordline address j (where j is any number between 0 and m),

is contained in one of said first and second buffers;

“there is no valid data in either said first or said second cache bank baving a wordline

address equal to j; and

for all other wordline addresses other than j, there is one data word stored in a

corresponding wordline in either said first cache bank or said second cache bank.
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