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'MEMORY MODULE™ ed%fvr LER RELATED APPLI CATI ONS This applicati on"FE’UP%ﬁ"H@%ﬁ
»to and clains the benefit of the filing dates of the follow ng Unite#i? AUG 2007
States Provisional Patent Applications: (1) Provisional Application No. ,

i Rk (NPINIDIRO TALER ARCHI TECTURE, filed on Decenber 5,

; ) ication No. , entitled DI STRIBUTED CONTROL
MEMORY BUS ARE TR S T Decenber 5, 1997. These applications are
assigned to the sgpR 'icQ\'ﬁ%ﬁ i85elai® BY 888 HaidRPiHeCHdriednN- otﬁhb%l%ﬁe@“ on
is also related to U Patent Application No. , entitled MEMORY
SYSTEM | NCLUDI N@ ! lqwmgrﬂmtedlswgﬁﬁ’rpwmem’mmppﬂmes CONTROLLER
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1998, each of1mbicaty B@@mc&qmewmef@e%sba@&embér@ 1092S@RH @ppl i cation.
FI ELD OF THE | NVENTI ON The present invention pertains to the fi e d of

menory syst eRsovistmnel papplicatiar INyo._t he pr egditied MISARIBY TEHD aE ©NTROA
menory syste i controller on a y dul e.
BACKGROAD VMOV b i 64 REIaH e Citaf 12 Ary Dhes ttor y a8 (S M) and
dual in-li neaﬁﬁne{twn@%wa%gﬁ%ItMttNE)saz%%sg lebals| the Ysr@sertoapiIRhgodat a,
instructions, and other information in conputers or other didital systens.

Figure 1 shows a Thisi amplicatioor is alystrelatdch tali.Sh Pprasd edpplication ddrmuni cat es

106 and 108, v EURLMEVERS® PIUERSS b FaPIRba ~ el RERERIPEE: *os

conmmuni cat eSHRPPINGTA AMEMBRYTMOMSLEWCONITROLEES. fileWdrd Fébﬁﬁ@? 13! edggesh,
etc.) to menory nodul e 106 via address and command bus 118, and to nenory

modul e 108 vimd dddr Esterantippbeatiord Nous 120, ematled MEM@R% MOBPYEE om nenory

5o/ | 1666 POMGESdTBiast MEVRY MOHIR CQNIROLIER k! Avid R eadvant ages

associ at ed W49, then 60MEEH '1&5‘@,h0@nw&eséé%l%‘(@e®f the @tesent adplicaibaes 11b,
120, and 12? are nmulti-drop buses that have h capa0|t|ve I'oads whi ch

require | ar gElELIOE TEFE MIMENTIENt rol | er 10=1 and in DPvAIvls 110-117 (to

d b 1?2 2 d b I h i.p_| oadi
brelt \\//\genufhe aéldrg‘gg g’ﬁé %’grfir}gﬁ%&guz)gtggg‘ﬁg dat%gsft}}sgqﬂtc ﬁ?’eégﬁaﬁgaldcgnt ages

conbi ne to rRrM4eedrhieumy W@?@Wn@ﬁh%tfdrﬁﬂél@f@ym A DEITRBSE SPSRT that
consunption, and decrease performance of the system Additionally, nenory

control |l er 1mc1udmya imemode cankiogar eanbarersprpimedyle. g. . approxi mately 190
pins for a 4Wsystem to support access to rrermry nodul es 106
and 108. The ] data bus 122 is often 64 or 72 bits wide to

support |arger banés ghﬁnocftﬂés exeTpt einglé 1ﬂﬁ1ﬁ@nﬂe@ﬂofyeg&>ddlaﬂ$mmsf[s@ns per
second (MI/s). Figure shows anot her tﬁé |ca menory systemthat uses

t echnol ogy f R¥ndRahiRmdinej memosy medines{RIVIMg), ar@afb’PfQ?r“m gsed| {p $tRTSs déﬁﬁst em
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(RORAMT ) DSBS rEhE Bty TRl B AR S BB O B B R IRl
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i nstruct | onsCQf@“ymlC%eFt"elth KyA@Mif spRdRm agiess memaryPRAM) devices 110-

timenul tiplexed I u V. ific
bus 226. Eacli”(l PR%Q&%W%&\}%?@@A@%Q& ncl Jﬁ&ﬁflﬁ%ﬂﬁﬁo}ﬁggﬁ@%?
218225, respkes.i Wdnioryt haﬁnehe:bl@ésadaﬂnmﬁﬁ%wpdepm@sm&moryc erface to
menory specific bus 226. Menory CPECIfI 226 ma eéage a hig
frequency (e”&trucﬁgﬂst(%&ldﬁ“ﬁﬂﬂi?a H&lresty %t 1P rBE’s“ ﬂ g H?Gtv‘fG or 18
signal I|ines i EEyRdy

nf o mat i on, AR, A, (R AR oA R
t he address amancont bas 1i2®|f drarats oansfeyredefreeparemery ¢etenollen H4etoekiythf r om
the data bus_in this envirgnment. The systemof Figure 2 has a number of
di sadvant ageFOdtHehVIRDPAML 2%~ devi ce incl udes a signifi cant am)unt of

logic in the interface | ogic which nmakes inpl enentation of t Immmmm,m
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PCTI US99/ 018 U6 200Z difficult and nore expensive than er. DP~AM
'devi ces, andgg%?’]g(/:'ﬁ%auses t he RDRAMI~' devices to draw nore poﬁéfma??d’%

-di ssipate nore heat than if the logic was not present. This may | ead 14 AUG 2007
thermal and reliability problenms. Additionally, each RDRAMI"' typi call

i ncl udes a del ay JhesReTe| 8dpaytnM9 desadvantagesasredates Wi meacrqmgﬁn@pné?/ock

ncl u ' Leat GupFediates’ Wi treatarrengpral oc
i awing o1 g Prosney it Sttt L FREe I8 R bR R HBR R "

reliability thashgese h@gﬂida%a@@xiﬁlMeyLoaﬂermthC@qtﬁx@ lagge 20A-efdIsh mdisbyde
relatively large drivers to drive bus 226 In each of the rrermrg systens
¢

descri bed i rrorfigliced 04 ansdirpDRAEISERoTY Cortrive bey 1aistansk(%d ekergrieads o

provide the appropriate ry. transactions tgo t nory, devices Jin _a
Pt edet or m ndd okt MR T iR KR fhe M4 BTN SRR bR
nmenory cont r{ld @stanbisd 10hemhoee diesdinedaged apfkineagetedeice theé nviiinthnbe
advant ageous to decouple the design of the nenory devices and the nenory

control I er SNRSREMGEreGURASENHETEasIPAYEE SOREYMPEoRadad ¢ecseask t echnol ogy.
It would al sg. be di Sc'erﬁ)gxee %}gstgg(.:o}sl\@d?ti&r\]aﬂl r,'?ﬁ%%f/c\%??}cy E@ﬂﬁ?&%@ddev' ces

fromthe rrerPDry contro r crease po evi ce

and by the antlude SRIEN YZusitsraih pigkhiek. faairukiesaand 190 pa Ryes: OIMNe
present invention will be apparent from the acconpanyi nb drawi ngs_and from
t he detai | ePLRAM Bpstesn) tOhPHUT IagGRss tBRNEMODESTRY Pies A6 @nd WSE Braw NGS

The 1 eat ur e A0 AR AR5 0o D3ARaREN 7 BYENL O ALEobhiake ated by vy

of exanpl e an in~the fi anyiong draw ngs

in which |ikandefiatiences ekaiptat & ﬁifrrbllao reé@ireRhsmagkonNpehiceBndFi gure 1
is a block diagram of one enbodi nent of a conventional nmenory system
Figure 2 is (Mbisdck di agram of another enbodi nent of a conventional nenory

system Figure 34. bl LAl . dj f . tem
according to the Ff) Légeeﬁtsgﬁﬁfe%%%?tg{j1C9P§)\e§g$&1ﬁ)§‘g%;‘ﬁ%ﬁ %fgg%)?éél{g%é 1~Zz
AUG 2002 Fi duse Rambus, bhoek Mbagr#im bievaroilitetnrbedinresysiem, aroedsesy

system according to the present_inventjion; Figure ~ is a block dzagram of
one enbodi mEE GMBRIIYRAES ¢ ith IRTRPHE CHIATNE FEREONDRAN)SS FBERMCE i nci udi ng a

DRAM enory (RRfttd @9 tdyildse 1071 Bk nbimloty b4 QK e AT (2198 Balled

enbodi nent a statrc ran
Rambus in-line memory modules or RIMM™ modules), respectively, via

memory controller 204. Memory controller 204 communicates appropriate
memory instructions (e.g., write, read, refresh, etc.) and data in a time-
multiplexed fashion to memory modules 206 and 208 via memory specific
bus 226. Each of the RDRAMT™ devices 210-217 include interface logic 218-
225, respectively, that enables the RDRAM™ devices to interface to
memory specific bus 226. Memory specific bus 226 may operate at a high
frequency (e.g., 250 to 400 MHz), have a small bus width (e.g., 16 or 18 signal
lines), have symmetric loading for address, command, and data
information, and have a bandwidth of up to 800 MT/s. In other
embodiments, the address and control information may be separated
(demultiplexed) from the data bus in this environment.

The system of Figure 2 has a number of disadvantages. Each
RDRAM™ device includes a significant amount of logic in the interface

logic which makes implementation of the RDRAM™ devices more
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access nmenory,(SRAY).mdul e including an SRAI VI nenory nodul e contraller:
Figure 7 is a“bl o{:klygécfi agram of one enbodi nent of nonvolatile n{r?ﬁﬂﬁ%%%fe
“including a nonvolatile nenory nodul e controller; Figure 8 is a bl ockl 2 AUG 7007

di agram of one..enbodi nent of the.nenpry npd ntroller of Figure 3
coupl ed to ag‘ﬂfiﬁrﬂé tn‘?fl“?i%P@(%ﬁP?féf%%ﬁ%Mifﬁg&?&F‘%%ﬁF@ Q“ﬁs“’glc | AS€har t
of one enmbodipeRDRAMNPEBIRESTS drAR! BIRBIRAVYakd e EymHRﬁgé cthan if

controller of Figure 8, Figure 10 is a block diagram of one enbodi ment of
the menory mbtulogicenas obt preseit.Filduy na¥ lead pb dbetrnalbami® nelhatiilyexed syst em

pl enent od BIORREheASR Rt ok PAA R SFPERDGGe LS AR OEReRs
bl ock di agr afagpf (ODE) eirbedicBRBledfo & PRty ofr_eraek%i%@g& BHIG D6MERALL

nmodul e control I'er interfaci ng- SDRAM devices with a tem menory bus using
a Direct Ranbirefits ar@typioely alwagsfendbonisgand drmwing tigoificaneamonods obnt

of a read transaction.inplenented by the nepory npdul e controller of Figure
12 Figure 18OPETSHDBRGAHMERYIes IR MR TORRRGY 1seuh- pdAsiRna B
i npl enent ed ByerhH8, PEARGYeFROY IRLSOMA R F‘élaﬁ’frel?' l%%@d'ri%érflcgmg@gy 5, S @

fl ow chart of one ‘enbodinment of a wite transaction’i nplenente he
menory nodul @controller of Figure 12; Figure 16 is an exenplary tining

contr ol 1o of i gift 824 BFIRE gty Byeene described i Figies | and 4 e
memory controller must be designed to provide the appropriate memory
transactions to the memory devices in a predetermined format and at
predetermined times. The memory devices and memory controller must
then be designed to work together. It would be advantageous to decouple
the design of the memory devices and the memory controller such that
independent advances may be made in each technology. It would also be
desirable to decouple the operation of the memory devices from the
memory controller to decrease power drawn by each memory device and by
the entire memory system.

Other features and advantages of the present invention will be
apparent from the accompanying drawings and from the detailed
description that follows.

BRIEF DESCRIPTION OF THE DRAWING

The features and advantages of the present invention are illustrated
by way of example and not limitation in the figures of the accompanying
drawings in which like references indicate similar elements and in which:

Figure 1 is a block diagram of one embodiment of a conventional
memory system,;

Figure 2 is a block diagram of another embodiment of a conventional
memory system;

Figure 3 is a block diagram of one embodiment of a memory system

according to the present invention;



PCTI L' S99i 0188 2002 Figure 17 is an exenplary timng di agramof a
read transact?’&&%ﬁéﬁggnent ed by the nenory nodul e control | er of CH4d@!882
-using a nodified protocol; and Figure 18 is an exenplary timng di agrampmh 2002
a wite transactiqn inplenented by the nenory nodul e controller of Figure

12 using a nodifi dd8Piect écalblogugR Rt wﬁﬁwﬂpﬁmemﬁ@? 8rfB8HIGTENt  of

t he present isggt%pfli iag%er?%%qgﬁﬁg‘%ﬁggﬁ%%gﬁﬁ%e controller for interfacing a

plurality of “nemnory y I with a system menory bus
coupled to a syst @guen®iya ekl eiagthe ofesmy ymbodithencond denkheticiragbuges
first interface circuitry _and control Iogii c. The first interface circuitry

i s confi gur e@CEesSaemory (pMheoside angiHE s § DS M nrepery meadkie
transaction hauifged first format. The control logic is coupled to the
first interface circuitry and generates a second nenory transaction for the
plurality of nmenofguevd ¢es blddied ageamncimaroembbd anastaifi Ostaciarmaggpands to
the first nmenory transactjon and has a second forpat different than the
first format agfeseHEEmOTY (Shebly yoAMs HEI YGRS A ﬁg?"Mb‘j“éB"t%rV megulees, and
advant ages of. E%ll%hesent invention wll be apparent fromthe acconpanying
drawi ngs and Trom the detail ed description that foll ows. DETAILED

DESCRI PTI ON A nmenfigureysiembloek dddngrmdoSbne bttibediigent béhoololaitery devi ces
on nenory nodul es is described. The present invention includes a nenory
modul e cont r GNEBPIHERPBeleoNdud NI ARy Aididg| BemPryn@odyids eaNtrphernenor y

rodul e control | er pRAIUNLALeS W bRl ERLERIREY: SOMd Mlantdrover a

system nenory bus t'he | ndi%i dual nenory vices at the dul e

| evel . The sysbtdumeremdrolldiust Figyrde cdupbed mi a tooemiyltipleded sexnesncy,

mul ti pl exed or denul tipl exed bus. The nmenory nodul e controller may

conmuni cat e WEROPHAYSNdi vi dual mermory devi ces over wider, |ower frequency,

denul ti pl exed sig ld nes. y, 3 conmuni cat es
directly with onl ??%“ﬁfg gne&néﬁﬁnﬁhgﬁqe&@%%g%dg‘ﬁli%‘é%gqh@f{}%%/c1 88~ i 2
At1 G 2002 contnpddrhented bjahkaadimagy anodhle cystadier érfigyred8s may be reduced

and the size of the bus drivers in the system rt~ controller nmay al so
' % I A y

be reduced. The nEHBHE Hbiud €leDnt RGB! ANeLRRC UNEMAYt he

interface belyEanetdf Ry FRIPE ¥ GARIEPl §TdcAnd e s¥Ualemory
bus;

Figure 11 is a flow chart of one embodiment of the process
implemented by the memory module controller of Figure 10;

Figure 12 is a block diagram of one embodiment of a memory
module including a memory module controller interfacing SDRAM
devices with a system memory bus using a Direct Rambus™ protocol;

Figure 13 is a flow chart of one embodiment of a read transaction
implemented by the memory module controller of Figure 12;

Figure 14 is an exemplary timing diagram of the read transaction
implemented by the memory module controller of Figure 12;

Figure 15 is a flow chart of one embodiment of a write transaction
implemented by the memory module controller of Figure 12;

Figure 16 1s an exemplary timing diagram of the write transaction

implemented by the memory module controller of Figure 12;



menory deviceg, on the nodules. This architecture decouples the individual
menory devi ce¥ Fr61the system nenmory bus and the syst em nmenor JCEGHEPBISE |
-This may allow for the independent devel opment of the nmenory device 12 AUG 2007
technol ogy. For exanple, the nenory devices may be devel oped to be faster,
wi der, to operate H8UHE 17 d aRteXEPEHAY | WG IR FASTaTPt agead tHnsed Yper at e
with reduced. i t i.f, 1 Vi e directly
comuni cat i ng%%l%ﬁ‘%&ﬁgwg&g@eem&%@r%f’ y‘I‘Q%%{éf%q%Itgor‘E?ﬁgﬁ%%ﬁ@b?; ur%‘él%%e may have
its own nmenomyodddidessoidcbesangontrol lines, and data |ines between the
menory nodul e controller and the individual nenory devices. The signal
li.nes for these pdilgure d5pprAtexem ATy Bt 8iagnd! Py Wiatesirgnsactioant | y
shorter than. inter t] use d..if _conventional nmenory
systens. Thi é&%gga/ﬂaéﬂt%évcbf}g%her egﬁ‘c%gg W%%‘éllt%ncso,n§foog%§ eorf @%Hf? g? "I)C‘fn%é’paci tance
on the addresso@ifteddgtratddones, and may increase the naxi mum operating
frequency of the nodul e while reducing power drawn by the system
Addi tional | y SIBMMA R ORI HEANMENTKINced by omitting DLLs fromthe

t

i ndi vi dual nenory [ A e wi.thin, the ry nodul e
controller if requ(?ﬁéfggg?dﬁrrh%r faC| n%%\s/\%@hm&ggggﬂ}s} gﬁ%ﬁ'grraorn}%erﬁu )y Figure 3
is a block dimgdale eintesleefdiodteriitinoh ﬁihmlnffeﬁeﬁmdﬂy&maiwonwst em 300

i ncl udes processor 302, system nenory contraoller 304, and nmenory nodul es
306 and 308. MRHOEY IBPAGE WibningHstemt BEM@ry b wyeaEHedrdfroT §y et MEMery 304.
Processor 30 be Y, i ] r jcates
writer read, TANRHs R mERRY thol 88 GorBfollt ShABLBE RSlncbliAte CREIRLILES
Syst em nenor wneotdritedl RYgi@0The ¢l réfdeadrduitey 1% 6H g b fer SR EddeONS friofn
menory nodul e controllers 310 and 316 of nenory nodul es 306 and 308,

respect i vel y theisysieps rmapmery byup aoliyst mesperpernemyignoh®ginga frgUorpgiz

menory bus 333, @éﬁ?&”?og?érﬁ% U EPIHeSfirs? OeePRY Eﬁc@&{j 2Rl gl 'rPs%.et tor
a personal compuier, foP exanmpire. or It ey be ot her I ndapefdent  Togic.
| vl emory nodybasndofermady 3tkhsaetyorb éorShivisiurddity\dfwhemdk \déWdes: ~Thedul es, or

any other type of nmenory nodul es. Each rrer%w nodul e includes a nenory
modul e cont r 8RFR ARGMGRE LEANSARHRN RRFBIRPRHEVIocEE. figsh mesnasy teansgehBRy
nodul e 306 i - r : ATESFO, [

312- 315, andg?r}gunlgﬁ/a %gﬁ{% fggg&lél ﬁgﬁgﬁsﬂ%%ﬁ&%@&ﬂ‘e cont %oﬁ?gwﬁgr}énd
menory devi cesar3hé¢tid20. The nmenory nodul e controllers nmay be separate

integrated circuits from.the nory devices. Wiile system 300 is, )
illustrated as i n@W@rmPiests ggg%?%/ vantaggnofnhebrressht HeestiPydll es

may be used. i I n i : nodul e, on
bot h si des osz{%eégﬁr—oggE%%ﬁﬁgh%?g?%%ﬁgﬂgﬁgg%sﬁgﬁﬂgr%hqgggifeééli%dach ot her.
The nodul e melesaliptiohethat folidws.chi p nodul e. For one enbodi nent, a nenory
nodul e may have_a t ight 350 of from1l to 2 inches, and an
appr oxi mat e to 6 inches. Menory nodul es 310 and 316
communi cat e Memor y, th Liygian m&@dﬁgsa@mwmg@%n td%thkffor Ue vikés
system nenory bus 323. System nenory bus 323 may be a | ow pin tount (e.g.,
appr oxi mat el pnldenuo3s memtirles s, dekatribedndlooptasent givgmalon! invhsdesbas

oper a1 10,2 80 SISl o1, ST DB SLAIMIBINEY Dbt

frequencies mgy %ﬂégﬁmﬁyﬂk%mf YobtRuA 3 tdsNh ihd B%e §¥ﬁemmiha@l§dr €ss
bus 324 and a data bus 328. Command/ address bus 324 may tine-nultiplex

commands and cadtiodles dverar spstemnmemony dusranrb mattothe brediviidumall mienmery. The
command and address bus 32 I be lit into,separate command and
addr ess buse egécqsrﬁtéméug‘éyghsﬂéwi%@e%yrpé? %‘Bﬁ'ibc?n%l??\)’ P¥cl ude

cl ock bus _32%ohha_thi@wf&ﬁﬁé&}prﬂﬁumrplmaemchgﬁlmtwg;ae&%Lgn TRE ns@fBrer
separate signal lines, and handshaki ng bus 326 t'hat may carry a handshaki ng

si gnal bet wedrodylst epmireHer ynayoremoludeat8owithahe imdipiduatgaemery gt vieed er s

310 and 316. The handshaking_si I b rated,. SySt y
control ler 30 Frf%lrdeéxg% rege%%g}rlgédg?‘élrlttl Ig? &gglr%ltﬁgsr b‘g‘r\é%q@%s‘?‘ @p%‘(%g%f‘ or
when 7 W Or&hior{ & tRITerLooB i lcatibd irdcthy 3Gt 0ddy ithe i raeinoansibtiuilag
valid data on data bus 32S. The handshaki ng stgrtal na~~ be generated by

menory nodul e controllers 310 and 316 when_t hey are
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providing valid data requested by system nenory controller 304 to data bus
328. For one ¥8ditPént, system menory bus 323 may be conpati bIPFETAHIN/01888
‘Direct RanmbusT"' bus architecture that includes 16 or 18 data bits omn2bag 2002
328, one or nore clock signals on bus 322, and conmand and address

i nformati on éANBeHeRR4he Topsding sukthy graem eMamy BueHiydiareatiugedyandithat
rates of appr.oxi ly . 4Q0 MHz. enabl.i 1 1. Ssi.on rate of up to
800 MT/s. Fof 1 h@kgn%%sdlgﬁé%é?msg%t%ﬁ%gﬁ%gg{ O?én{oﬁwgﬁneerr r%%hagf%?yg%e any
controller thafufey be able to inplenent the Direct RanbusT"' protocol for
menory transactions on system nenory bus 323. Additionally, system menory
bus 323 may use RAmsuEmesiefiamiodyle spatolierany epg metaoryi gind wetisahef err ed

on the bus. For alternative e iqn;g pg. _of Qpri ate
signaling | e&gﬁeégﬁgéeﬁgeﬁgglﬁﬁe iryﬁgﬁ%udi n%lﬁ?ﬁ'f?gewgé%, ﬁgﬁﬁg%??qor ot her
signal i ng | eyeémoryaevaieidnetheeidadileenThisyadarachus &&3upbys B one gener al
purpose bus that carries tinme-nmultipl exed address, data, and control

i nf or mat i on. imdividyalinmiesorsydavipeshironsize sHstep maIRPEt bBS andj the gxstemr r ent

and Base Rambus''"' architectures, t hese i tem menory
controller 3(5918%89' égngfﬁll ef:‘owﬂso%aérg[lﬂﬁ?%%v%g%%%ggg%% ?ﬁ%‘rﬁgﬁg}‘ﬁqﬁt ese
protocol s fothépiEnyry HatRacsdisopn. Tost l@DEe Rletncte3ded¥ed aiAyTBADI Y
bus 323 may by physically placed on"a printed circuit board (PCB) that

i ncl udes systentloprerty keofastes wide30a opALRE at chiderene Oprming Depplyor nodul es
306 and 308 i.n Figure 3. [ i t ry. bus 323 may
be routed th?%&éggs\ggﬁzfloa?peeg%ﬁawg‘t& fgdéu%eﬁ:‘}rrdt)% e?lr%vc\:’lﬁ—?%stﬁ%g? gﬁedx‘fﬂggguch as
channel s 402de404} WhRére anectip8oasnaRRWANgNwiihgtees vstedvBiemorifoeifiteolier.
controllers 310 and 316 operate as bridges between system nendry bus 323,
that operates in dhe PEBIBEINOBHIS Brayahaveitd P WRameBOrEdsirgssbiagse buses

e.g., lines n 4 r LN o] Lwiferent
éro?ocol or Fgﬁﬁﬁl ﬁﬁé%c%‘aggﬁgar9§§%§Sf‘gg%r}lgﬁq§(§ﬁeléggg%tn?%%ﬁg J&%]&é/%ﬂfpfi 6f i
PCT/ US991 01883 individ#al28@mor9H&vit@seTharygial limdsefoprtésd peirreopyint or
transaction on systemnenory bus 323 and translate that transaction into
t he appropri 846 COPRERPNS mayrssignifieprdlt shentghthan thersystemmenory devi ces
on t he nenor le. ..Sim-iatl t:he f i rpret e r
transacti onsy%%pﬁlg‘é\%lcggémdégg rr%ﬁ%r& Fodu etyqbr{tjrigq{l’{%f?%df Eg?tlggisha.trh?secl}{t}ﬂrgdyto
transmt theatloan@actdabed adieg systtemoneralrof capatitaidearn Gidaddress yadem

menory bus 323. Menory nodule controllers 310 and 316 y al so j ncl ude

circui try nefetsHRs.tdn Byl JrET§ase ths Mapar iy BRTaGNedyRHATCY

devi ces, pre j I, i i e , for
exanpl o, BoCTD e BEHE kAN ng Fihok: SRRLFTY AR ek ORI Bt
current bus, nssr balfuphes eaheeded pomitiing WLLy froan Bhé iiodivediadl, mpoveaty

managenment circuitry that may shut off the. clock signals or clock enaple
signals for ER¥ICRENDY Pldeavele é‘Fdﬁgéqi‘HéhH} H ﬂmfgrry Bole cPREROller 1

Program and SLastag Pl agEsaLali ALY Rtdrh enBBERI I TOUT o and/or

| evelizing cir nerdte signals on system nenory bus 323 in the
appropriate cl ockFinreihs o bfockhdingrim afwre emmbodimencobiie pioasantt on system
menory bus 323). Each msm)rgodevi ce on the ne 18 nodul es communi cat es

menory transé‘b‘fqrﬁw-mﬁi’ﬂeiﬂt iRl “hBaRtESeon T'cﬁﬁséeim\}’i‘%m_gﬂiﬂl‘é’%fo {#4t a,
and contr ol §oawéﬁ4\§w§vmtomé@§®s QRS F0Be PRRESHr BN BAIh AT Bl ©
appropriate for each type of nenory device used. For exanple, the nmenory

t ransact i ons systymi memots conittadlerr3@dd, Proe¢sses 302 pnay bt ey qoowenl ldginer r eset

erase, and the like. Meno nodul e 306, far exanple conmuni cat e nenor
addr esses t o THETRRTPCERSPF ééé QIIEICRLes ng‘%aﬁeaa})ﬁ%@ %E%r mM&EReHol Y

information ¢&ndactidrtli B ?)r@%ijnem%. N3l Sontyblidies@nabl sesl gahsoy BhvrofdS,
out put enable signals, etc.) via signal lines 332,"and data via point-to
poi nt connecBlérsnB8ani3Tes Becmeanfiotiheragisgetadng thexergaqy, nB8Rkleamht834erg37

may be one o r i.gnal lines. Sign lin 30 and 332 nay_be buses that
connect to a%lggﬂgﬁﬁﬁéﬁgpﬁnﬁg¥f88§ugfg#§fg¥F?gidFBB%gHS%”ﬁ%ﬁ%y§mﬁ%vices
(e.g., two at a tine), or they nay be point-to-point connections to nmenory
nodul e controller 310. Simlarly, nmenory nodul e 308 may communi cate nenory
addresses to nenory devices 317-320 via signal |lines 338, control
information via signal |lines 340, and data®via point-to-point connections 9
WD 99/ A666



PCT/ US991 01883 Sogry @bk~ 2002 341- 344. Each of the signal lines 338, 340, and

3s1-3=14 my be one or more signal |ines For one enbodi ment, tﬁgTﬂ(ﬁ%@{“'f
*Signal lines J3-1-337 nmay be the sane as the nunber of signal |ine car g'i H@,ZUUZ

data for system nmenqr b,)us 23. For anot her @rrbpdi ment, the nunber of
signal |ines BSEPIEPUNREA. hay SCHPITBETOR CONHPESR ¢ FRanPe RartrRimbeRipsetsi gnal

lines carryi d I ntr ol er - 1
control 1er 3187 P EsohAGHBLER IR BTl Rthfl oI WEOIIRINARANE | o
the data transfer Menidg meduiss 30Bcine 30§ anayeba SIVIdls, SYRYaMe, MKy Mbus 323

may carry 16 data signals in parallel on bus 328 and nenory nodul e

control | er 3TOCHHIESs OMANYaPEETSYRE P BrarderyLBogdades. skasamernereaedwe nenory
devi ces 312- o dat | i der =1.0or 72
bits w de) tﬁégqﬁgtéﬁggégem n@ﬁ%@étr‘%@- ngBa(/neePgl.‘ w‘% %}%&&\M %g l,jce%'ermry
modul e cont r didrexxa3d plemayemoppmoduiel306kinglgiealmenmobysn3adQld comeoliey 310

devi ces 312-315 that is a Lower_ frequepcy than that running on system
menory bus 3Z%d MEMEHE dewiset PhERLD. AHE MeTBeK Moskle 367 1Balusles mBMatHy be

appr oxi mat el 0 2 , &~k | ock
signal on cl g%éggﬁescégtgopgzﬁlpépgéiﬁn%?g&g e%ggt?’tcl)?}gg' W%Bﬁ g&;ﬁ%‘?\lgy of
the clock sigoatrodlers neokbbyspadle fraygrlted cheuido floine the petory el ides,
performan action (e.g., |oad data) on each clock edge. By having | ocal
address, contWhile syigtEraz308 ip iilegrafd tasdnaRIFENg tWedTEBORXHINOH Udgse addcoupl ed
from system t Lona r . those
on The. syst e nber of BEnoEN kRt KaaR BELCTRe Mtmaly “BUNRE gt Feoer
that of the plstehonry side afidhé revdudledbmotinyidbe ofbhie naghwleated yor they

controll ed between the different Lines so_as to re clqgsely achieve .
symretric | oéﬂ?%g’eb%? SO P §? gl thernddie magu X%W]gm(i?o PR FMBHHIGP on
the data lin t r 0 I Y, pproxi mately the
sane | oadi ng %&g% ggb?@%ﬁ Oecﬁ?/rgefg ?gﬁ%oﬁhwlﬁg rB??\gﬁﬁsQfgpproxi mat el y
10 percent. Epipsonmyamdvaﬁhtamuﬁmndecm@a&ehéé)andrmulappocsxipmmerlemigm/m by

t he nodul e and_i ncrease the maxi num operating frequency of the nodule for a
gi ven rrermry@?é’rﬁsfé%lﬂ btp 6dpches—i ' 0 99/ 41666 PCTI US99! 0188~ 12 AUG 2002

Additional ly, by i I : 323
and system emory SR RedblS ORI SIELERRuAIAE RS FRIRINGIE o
oper at e fromwiellsgettnomelinbfieremirolpavild4 siapysteny ohéragep biulsi23t Negsenpr ovi ded
to the bal ance of system 300. For exanpl e, mory devices 312-3 and
317-320 (and/”&‘?mﬁé}(r%ru)? %?'édﬁ’l%bE&HPWoPP‘e‘F%‘régggaﬁBPﬁB’)m?fﬁV 11)%&9 ége from
power suppl i i : )l I e of
Phe componentao reeyarLandon el HgRal B 1 gheraikty P Migh freiRrds T
may al so opemaeermbodinerasystememanmrptbusf 3233awney ofeamie diya {requendubé and

t hus by system 300. Addifjonal he vol t age swi ng of .the signals on |ines
330, 332, andbBaREHe OGRS ARl P EHRek Ty e el ey
appr oxi nat el ¥nérn99%°3u§-393‘(ﬁ’ 1&8%5 EQﬂlfrHﬁérl\'t? ad RELUCEL PINEE N d A ta B sBIEDT Y

devi ces 31Z-315. wer may be further reduced for each nenory device and
for the systé&mmasandrsldresshieus 324Dmayi Smeemultipddx comimard$ avd addiessyst em

menory bus 323, The.DLL nmay be included within memry nodul e, contrpller 310
rather than é%%”&%l%ﬁﬁr?%d%‘i/f@ég ngggéi%‘aéémﬁfr Wc%g}?r}d‘aaaara&g&r@ﬁs
conventi onal ba¥HATRayRo BOSSINGHES FITh EEHmmAHE REBad 8 B85 bedls agant r ol

i nes 332, and/or data |lines 334-337 may be conbined into a

tinme-nultipl SRAMs GysfEnedndreorebns ay eptomdly Bihudd slagkd yreiry y
nmodul e contr?I Iter 310.. The nenor ﬂﬁv}i ces 312-315 and 317-32q na aﬁe any
type of vol ati4te™gy %FX/SPSIOI”I%O%E VA VA MRS %ﬂngfrﬁﬁﬁﬂﬁegﬁt r onous
DRAMS ( SDRAMghesFasd HRadshAlide HIRAME hEPMAIRAVS) a tedRRdRMgsiEAaDUt DRAVG
(EDO DRAMS), Rambus DP° AMs ( RDRAMT"' devi ces), synchronous or "asynchronous
static randoPelivees System myerNSRARpNideler 38t apgqaemery medble comor)lesevi ces,

pr ogr ammabl e P i e bl 5(@/65 I

erasabl e P%W%}ngﬁgg%aﬂgg@nﬁﬁ es,g%ﬁfﬁ%%hsgé&ﬁtﬁzﬁg%ry
nodul e may i rehtideied B30A iR Rika e St Ahe BEATObY a GRMNOEE redidst @aakpt er wiasory
nodul e 306 may include SDRAMs and nenory nodul e 308 may include EDO DRAMs,

or nmenory nodul e 306 may i nclude nonvol ati]l e nmenory devices and nenory
nodul e 308 nay include volatile nmenory devi ces. 11



WO 991 1666 PCT/ Li S99i 018SS 12 AUG 200Z Figure 5 is a block diagramof
menory nodul €' 800 A%t i s one embodi ment of nemory nodul e 306 RERUSEUHEH as
-a DRA~~'| nenory nodul e. Mddul e 500 includes DRAM nenory nodul e cont rid] AE§ 2002

QL0 that provides an interface between DRAM devi ces 512-515 and system
nenory bus 323 trORANE tEvgoYalichreata enchiia bets| &S shie handsiadteg stpmdmpay

transactions received from system r 235 an ner at DRAM menory
oper ati ons ?bee. g?n“j\/r\f’ etdek,)}_' Pé%?grb%?@g'ﬁoﬁrgﬁéég ?O Fﬁgl‘ﬁgi‘ﬁ egﬁﬁ?g@ggs on
address bus Sl@idiflatvals a8l eRRs@atEy bydtem BeedRGoransliee FTlr el d b Bal s
such as wite enabPe WE on |ine 518, RAS on | me 520, and CAS on |ine 522.
DRAM nenory 328dul e controller 510 may al so provide additional control

signals to DRAVS 512-515 i ncl udi ¢l ock siagnals f.or synchronous..pperation
(9o ror SR ARY OfermP SR SyPlel uPiar bhe o BV & SBEReBE or ol
enabl e si gnalgh tREAM&RMRINMbITVULEs &N feRth @RI thABYn 1865 g@B@ﬁ@t&atéQﬁfsﬁEh

commands, prefetch commands, and/or power managenent conmands to
512-515. Fi quy bug32® enenpouiordickeftasigorlsrambry Sdddine conmanhenidsadsitess

nbodi ment of | e,.306 i qur.ed SRA dul e. _Modul
500 i nol udes  SRRMIRHBR it o[BS TEreBris R CBPBUIes: B! kPl ace
bet ~-een SWesdﬁ\ﬂgﬂéxﬁﬂ&ew 200 MIHS YesHa®InFETRA M RESsRB310nSPAMITRIDIY

nodul e control |l er 0 translates nenory transactions received from system
menory bus 398 MAdsgdivarthiseemBRANNARISY§tegp ErempBhsoteoker, 3G may, be eay,

reset, power_ down) including addresses,on address bus 616, rdata, signals on
Gata | i hes. co3Ter B AR SPIE REREPI R BlecBlr Ratidisr “ SeBidied Mhaor
CE on line GA8mow ittehsaR@bhe oM @t iri€m®2{ buaBR3oulBYliGAR), & yeRmh i ne 622.
SRAM nmenory nodule controller 610 may al so provi de additional control

signal s to SRAMErSbRsERS may|urg RgmelsSigsiitlevels{RELh tor Hrosignelser at i on,

burst contraql_signaks, jnterru i.gnal Lgnal s, ite and read
Signal s (e grarared t S, Phr 2e3fiRis EPERUREE o B el freihent
signal s, byt#mrsphhe §1if;gmh lewdlsledy B RBBSIiAC LS gNATS., AN@E, GTL,iS5T, bl ock
di agram of nenory nodul'e 700 that is one enbodi nent of nenory nodul e 307
confi gured dsIB@rrsheosignialiagnieislsy 12 W0 99/.1 1 b66 PCT/ US991 Q1885 ~ z
au~ 2002 nodul e I 0_incli |8 £ d r er
710 that provi ded Shiroste s B AR B o R Y, RCHLGA0 B

syst em nenpryushiiiat 32diesNameotnatl tip R xa@neidress didte, aahtonirbbinfétfatioans! at es
menory transactions received fromsystem nenory bus 323 and generates
nonvol at i | e itsrfsanpipesystern s Emayvig €%‘“§P“éko©’r‘t§n§:0?@§d?n? e’@Basponer
down, erase, Ldr el udin d S signals on
data lines %‘L@‘é% %Iﬁc&%ggtn F%I dioﬁgtﬁg?es%gnuc é@%%g&gﬁg@?g‘?ﬁchi p enabl e
CE on |ine %b8trolet Be4enapbe Ny ashtrolier thad mopubpublenahhplaneht iesd22, and
a programm ng voltage on line 728. Nonvolatile nenory nodule controller 710
may al so pr RFPEREOKIFRT MEMATY iGARFASHORE SRafiSted MEMASY R4S €2denmory devi ces
712-715 includin i f nehr : ,al | , ant.r ol
signal s) reset S%g%%?ﬁ%%é\%@?h%%%éﬁélmﬁpél gng‘%sl&p@ra?éoc% ﬁgra gﬁéﬁ% gl(?gﬁrlF
conmands. WhHdard §PEBEnh&t iaghidest syskemgunendyy spstehenBidrydcont rol | er 304

and nmenory nodule controllers 310 al}d 36#6 é go ni cat e_usi ng any nunber
of pr ot ocol SMEECHRNAAISRIGtSHORTBAREES 3 ﬁgﬁ P8 as sPRWIIFEWE s may be
mul ti pl exed : ) .

i nformation 1?%%3&5}@§V§?&?H{e)§2§h%r)g&gg Prﬁg‘gg%?%&’é‘?ﬁ%w#&?‘;%&ggﬁs

Al t er nat i velchanhéle qfrraenoel snodyldse30demd B0PEexteds abasheladORndtH,didbe 3 wit h

the data transm tted over _acﬁepargte data bus from address and control
i nf or mat i on.a0 AT shien AR JH8RER 2 s mul ti pl exed or denul tiplexed, the
protocol may al S%Qﬁqoqge%@ﬂxe%orqg'&msglﬁé-anﬁh:eq_ts berald18s BFQLRS Bt B be
coupled if the system frenory controller sends its nenory transactions to
syst em menorsysteus n3#8oat bas BRBsthat@iperatea inione predowx pedpsmaheanrckipmast ed

data (in the case of a re t ransact,i on),Qr ac t signal at a
second poi nt®iMETR T?d‘él%db‘é?ets:}ﬁﬁd l}réeép%’ig)sg?‘_?, ?’fhc}égg%%%ggpﬁﬁﬁmgg na
decoupl ed byselishdgiife AN GTBRIIND Oorvat] EaghtRandrp rhodieaielddes &mtdl of a
menory transaction or to indicate when valid data 1s transmtted to system

menory bus 323 by system nenory controller 304 of nmenory nodul e controllers
310 or 316. Figure 8 is a block diagram of nmenory nmodul e control |l er 800
that is one enbodi mrent of nmenory nodul e controller 310 using a tinme 13

1V0 99; -11666 PCT~' US99/01 SSS ~ z au~ zooz nultipl exed protocol. One
enbodi nent of a tinme nultiplexed protocol may be the Base and Concurrent
Ranbusi " protocols O her protocols nay be also be used. It will also be
appreci ated that nmenory nodule controller 800 is only one enbodi nent of a
menory nodul e controller. Other enbodinents nmay al so be used w t hout

Y b1 oy - - . I T



for interfaci ng1 W th transaction bus 826. Request handling |ogic 804 may

i ncl ude deser"RAP#%§ | ogic that may separate the nultipl exed d&AYSEP/01883
-address, and data information provided on transaction bus 826 and proviHaU6 200
these signals to control logic 8Q2 via |lines 838, 840, and 842,

respect i vel ylogRegaegssaraneintegpiedghe Bemorryraissetipnerugkstemrinamozy pys| ogi ¢
that may serialize contraol, dress, an ta information on _Lines 838,

840, and-aa2021 BbSETTAR ol bR aS e R e e B PR PP CE pUUPERaf o e
provi ded to HranGashisOforiusnd2loryCaBtices onogetmAriysmblald. nthldgenee of
menory nodul e confrol l er 800, an enerates the appropriate control,

address, andmgaerysingpehlles finterpras thendenangdukesagappp prde&d kssl Ph response
to the signals _received from.l W.0 9 666 1 US99/.0188+~ 12 AUG 2002
Fequest hanaM e Wl e H A EERER heBrT ket b Sh cROTeY The e iR G

nodul e nay hm@sﬁkéﬁ%@momﬁt%lléﬂm@vIahé}lstéfﬁ*mell?@r%/f‘ﬂﬂs%ﬂt a specific
transl ati on between the signal types angégrot ocol on the system nenory bus

and the specific Mamesy siefhdesoatdllers B andedlpemayhlpy indadensirenijrydevi ces

on the nenor ul e. For, exanple, contr.ol | eagic 802 ma rovi de the
appropriate éﬁ%ggasrg ‘9 Bﬁ%{_f’gmt %?%eégr%%esralaﬂf’%f’? gié/é‘a(r:wcfﬁf%ogﬁge\‘ﬁcﬁs'l i nes 844,
the appropri pfeteRNipdthtidhgN@drsr kOreefibA Funt i@ fratemal el for®@mpla, | i nes
846, and the ag_groprl ate data signals to data I/Ocircuitry 822 via |lines

848. The i nt Btfaeis, sureaniticalibeatiomif systerp mempsy Bre 3287$ atcarrest bhent s to

dri dd L0l Si 8 83 L erf
ciroui ts 1o blg e by oSt BaAkh ity EPRA Mk A LR,

cl ock gener attait nBdPshGt eekingeneclatpnatlor Bk anablddsignhBefon tid a@msiygnal to
control Logic 802 and to clock buffers SI6 which nmay drive clock signal 830

and/ or cl ockd@riadi er prguidesother moverrydewni Gesil Proginersng arasng &ol@sstk

generator 81 are ck. sian i se ¢l ack rovi ded
fromsystem P%mny&gggf%%ﬁ@éégﬁl brf;salzlyr?dtfled’lla1 eg?l?%%glaecﬁ%Cqﬁlér}gg(éé]%%ﬁ?%an cl ock
824. Menory sipdalsercopdtet! hRimSGO0bas 328 o kh@appres 94teEAOKTEYmalis fer
include a DLL, clock buffer, or clock divider circuit that shapes or alters

cl ock 824 bethéreis margadiaasona elokkgiarerin or spItem marppy kBadld)- control | er
800 may al so '“C'ﬁé’& Indigry JRIEISh ;&\gﬁxgogzt%ﬁul&“&%ga\gﬁcafxg?tro' of

control logic 80 may en e or drs gener at or S may, in

turn, enabl emeindlysabhsaclorckwdBltomenetpekoduiakioatsilpnalia pddvesdedatap t he
menory devices_on a nmenory nbdule so as to control power dissipated by the
menory devi c@’d CRBIFEI yigTFdy| MBATY HANGACEUT F8\INOSE tRESAFHRISLWEt RES r esh

| ogic 814 an i 2%1&2 Unde : I optiiolnd ogi ¢ 802,

refresh Iogi%ppgrrf?fr%gmg}egg&rﬂfreg% con(%rryﬁg‘gleggg&s)' tlzggﬁgrr@ ;l/é?éké%/i ces on a

menory nodul mewmaryctoatsadtionstran f dneludier wuité, 1820, raforsty; pirefetdn, o862 may

generate the refresh conmand at apggp ropriate ti or it may generate a
1661

refresh conm@RdMN: FeSebs§rdnecandthe 200 Ilgeei_‘{)@f RIS ¥MRIRSERYi on bus
520 1M Y LAHIRELE S05L00 L3, 08 LS v oRles PSR, el
1~ WO 999%30, t66&oPGTIduHaAIdN B3g., chip enable signals, write enable signals, RAS,

CAS, output enable signals, etc.) via signal lines 332, and data via point-to-

point connections 334-337. Each of the signal lines 330, 332, and 334-337 may

be one or more signal lines. Signal lines 330 and 332 may be buses that

connect to all four memory devices 312-315, to groups of memory devices

(e.g., two at a time), or they may be point-to-point connections to memory

module controller 310. Similarly, memory module 308 may communicate

memory addresses to memory devices 317-320 via signal lines 338, control

information via signal lines 340, and data via point-to-point connections

9



~ Z aus zooz (\g. %./ DP~AM devi ces) and store the prefetched data for use ~n
menory read transacti®ns. |, ~lenory nodul e control ler 800 may ciFT/HEN9/01885

‘i ncl ude sepal presence detect circuitry, ECC circurtr~~, current 12 AUG 2002
calibration circuitr~~, and other circuitry that may be renoved from either
the system nehbPdcEath of the signat Hipgs 6h% HHEnand Jdbvit & be pregeanere

conpl exity o;iéliallqm(ggsi gns of these parts. This nmay reduce the nunber of
pins on the system menory controller. Figure 9 shows a flow chart that
illustrates one eFppdnarhbadinidie, ofenatiten odfsigriimes MdW3e mantyeotier 800
for wite and read transactions. The process may be a pipelined process or
i mpl ement ed $ATBErRGItEe Stupbepelotissa! ling cofryingda@pior sxstamementeny pesd2s:
nodul e contr 00 . r re f t,i ons, i-des_translating
wite and regéa11 (f?i {r;lgﬁlseéc({;ﬁ%%@%%qm%%%ﬁ%togﬁlﬁ%?@egcggﬁggl er baend menory
devi ces on acdibsmivelyrpektter thbetiy aaeter of 3fdrtl dinestceprydl2dak frohep 90. 1,
menory nodul e control F'er 800 receives a nenory transacti on request on
transacti on BEeERBENRRYacHHFRIENI04 fymenseoy geskie spptraler B0 pRrasyssemi on
at step 906 Al N &h . i ;af.o i he
fransact i on. TP avasteget. SHK AR5 rSERke S bARMuAR Ll M UTE A o

i nformati on grdréet@ininoesld. f Fohexhmpis agtiean mandtiy ©ed 8B mgacmymﬁy
device of the nodule controlled by nenmory nodule controller 800. This may
be acconpl i skl Bgnakispararigl enduseriSrandmaneey medaie eentrelleredl( may
corresponds {. n ress i Y.: I I i St e
rerory modu SRR BRGRE A e B AR bR B eSS
control | ed bBedmi¥erie daeibes aaath eddyebe 80der (ehre, Br OCEBBIts atidéNhahothst ep

902. If the transaction is directed to a nenpry device controlled by nenory
nodul e cont r®f Petemomemeynthus 33568 80 Ditgeyicey meRORK Froqyigeogtroller

transacti on 4 S,uslqa% e ~ t LON.d 81 A i

transacti on,j,’fzoo{r‘{f‘l 0 Fggiagag%?%ggg%grggtged;s 3%"’?20&{3%?%3’??3?@8%;}1 %Y\gcit)}ﬁftﬁrl(s)la
signal s (e.dlowdEre§ten®t than diatsuepi®d 2n agetepr aviresy bhe3d23. sFgnaing t o
control interface circujt 820. At step 9%4, qgont rol 1 ogic, 802 t%n provi des
the wite da®RPPAIMABL 4pp sk EeENAYLT Bride0 muydes aPPIvsimatedyivlrtp 382 and

16 WD 99/ . 6 / 2 . 1 ghected
romory devi g ShEran et aer ang el SEfe LR AT ER Mok R, SR 8
buf fered i n #ppraximatdiyufliDorto @WOMETWThe Freudat a ofhe-cloblesigral oni dlbek i nto
the desired mem)% | ocation of the selected nmenory device, At step 91b, an
optional ackPenPelFaYshisade driP B waRed Hhak!s getfRemssidinmiesr {pad
controller 2 J ation Is conpleted. The process then returns
to step Qozﬂ%gﬁtohrgtc%rlé%ctl nls aread transaction, , control |ogic 802
t hen provi des t heBydadingdomsaddiressheosebbandddatenoreg arethecmermoddr ess

interf i jt. At st 20 t | | i 02 th i at
Fead cont ol TS Bhigh gre dugoiiced fem Seter Diduar B HAEt AELESE! gnal 5 to
control i nt efkAGR by fed¥2d U8 lBldoiile haBrbmeReRS HsOmd hsdiRg! 1 ed

menory | ocati of e sel ect ec? menory device. The read” data may be
buffered in af thead linetfrary braedskedwver sharaddhe systent memdérygaodabde, or

regi stered. At step 922, the read data may.b rovi ded t.0. requyest handling
o9 ¢ SO 1 iRRASNE Fua by gR eI 15 BeR oS Iat PRUYRER By Gfipisnd s o B

i ncluding, f i Hnel ' ' t{ ! r ead
transact fon. AT L aeo By AR BT mAGIRC ooty Pk e eR RS T System
menory cont retdmplestlen lsading mratreodgtablinessagl the dddmsprndirontm] lirgsher
previ ous transactions have be?ntgor’rgl etled : Fo(r one_enbodi n]ani hg@d ake

| ogi ¢ S06 orTGPHAVE JPONBARLY the sameosding &fy TRIGSBYEY LAY £81PYogi ¢
802, or ot hgn@l& ARRLS QgFF&ci}rﬁﬂé@)lmFé’rcaﬁﬂifﬁfs hAg adhhMigk¥usly sysbese
menory bus 3 and indicate to control logic SO2 when it I's thé turn of
menory nodul gecamouot lodrp@B0er drrwarhy thesmodade dad anewash thes Fexepmumnor y
controll er on bus. system nenp bus 3. The.read data be. sent back
Wth valid SPRAETBYECRHER IR, hrp et o Ao 1S T Be B PRI oPet ur ng 1 0
step 902. Figure 10 is a block diagram of menory nodule controller 1000
that is one enbodi mrent of nenory nodul e controller 310 using a

denul ti pl exed protocol. One enbodi nent of a de nultiplexed protocol may be
Direct RanbusT"' protocol. O her protocol éomay be also be used. It wll

al so be appreciated that nenory nodul e controller 1000 is only one

enbodi nent of a nmenory nodul e controller. Oher enbodinents may 17 WO
99Li 1666 PCT~' US99/01885 1 2 AUG 2002 al so be used wi thout departing from
the spirit and scope of the present invention.



Menory nodul e controller 1000 interfaces between system nenory bus 1023

t hat incl udesYnhe/dvéore clock signal lines 102.1, a command &ad/usdeln 58S

. bus CMDY ADDR 1026, data bus 1027, and may optionally include a valid ?g@ﬁ[mz
1028. CMDY ADDR bus 1026 nmay carry both address and control informati

a menory transactiAddithertahnaty detyuplEgXbaDDRurg d]e®2¢‘esrr&ymbsaus$a|aar at ed

into separate comand an ress buses. Valid 1028 |s a. handshaki ng
si gnal that r@?%v[}@ﬁwﬁ)iﬁ g%é%ﬁﬂeaom B?Ibté%l?er%%r Rreatederisestldrilof a
menory trans b action
bus 1026, val 8 o Gaa The B e B e R R S
1006 under t htanchbs@brofidedntor the badghae d0O2terVa0Dd Foir gram pld2Bermyrybe
omtted for a coupl ed grot ocol . Ivtenory nodul e controller 1000 al so

interfaces widgY fesndhdS Hoonded 70104 aﬁeﬁaf PEPRRRY| Boglade FontroligrsS319)ans,

di I | 23,
bha dat 295?9%?32%’3%5@*& S ARG et dimat S oIS e Tolde ™
nmenory devi ceshildihebylandud fetheartn porhetits w@ﬁhtemamdeayrmmtatfmﬁdzldlﬂsg

| ogic 1004 for éﬁterfac ng with transactlon bus r‘?g% Re uest handl i ng

| ogi ¢ 1004 e TRMUHe s arripish PReTRESGIOdR9aase RS 283y el paier drawn

mul ti pl exed I n r LR tsheN q;lg?/ 993' 1026
and provide t esecp}sx}oglr'ig gqtgotﬂ?:%n r%‘lgtﬁg:og fg%dzméﬁﬁ ?ﬂgs 8@ Bgsocg
respectivel y.thReggreds ohaivetsi 389, 368 andl BB 3By agl txoad veoitag sty chbser g

| ogi ¢ that ser |ize control and addr ss, info ion on |lines 1042 and
144, respecti al ?ﬁﬁo aapgeriraét%f fé’o {ty) tBefruB&(?\W%‘e‘dcec BOWREIADR bus
1026. Menory 0 furt her includes data handling |ogic
1046 t hat my@%ﬁ%@d@%lgé%‘?gzm%ggta bus 1027, reformat the data into a
format appropri at ’dwer triwy hjrelﬁmtyedeadu.med fof ead’temesmmrly;demcmheda‘nd thoe ovi de
the reformatted data to Wﬁﬁ: 1012. . For _one enbodi,nment, data
handl i ng | ogis¥SEFAES fay TPHCI FSaeFAITR (BN GRBAE RY Y SY HETE TGN 1 or m
the transl atign hef wege DI @gﬁhaud@dQ@irtlrd?i"‘fn@ﬁtog{’méﬁulle'cto)nt%“é} Pigs 1027
and a wider (e.g., nory devi ce data bus he data nmay be 18
WO 99/ -11666 rﬁd’ﬁl@ruﬁgﬁmﬁ&ﬁ mznmﬂgs &D0@RssI1ArHG asrmyrhiave trehf mquiGilirunt i |

it needs to be pro |de? menory device via data I/Ocircuitry 1022. ~
cor r espondi ngcoad&r‘ ra 5V5fteﬁ%5 ~n,~rite data mar be stored in address
storage unit 1014. Fcﬁosncﬁﬂeekhﬁfda%e\l@ KIMed MR&Y 330Mcbh@obPUREEB320dd By be
omtted. Data handli ng Iogl c 10-16 may al so recei ve data fromthe nenory
devi ces of adﬂmﬂms@dtﬂ wiag ratembrredcinte aittme midgiplexned/toes ceapleduf f er

1038. Data handlin t he ormat the data, i,nto expect ed
by the prot o?btﬂquFg ’?\?ﬁ‘}’% ‘ghs’?% RYPOBnE! M%d? Eler gﬁba

handl i ng | ogic 104&6@%@\&9‘ ad@icéﬁmﬁm;hmm 3@@aka>nee bRQitgpé &f RAIAtAEM t he
transl ati on between, for exanple, a w der it) nenory devi ce

data bus 103@rameniolatite oMot dgvmeicsubhta)s @gﬁéﬁs’owgnibwnoulsoDRy“eMSanot her

may b por f o tERbGRLg rarogPRE RS METE R Beitgl et an s Ot

intelligence DRAM&QEE@TWAMQOR&MHJ@RA@@Q(Renqkmmwedft&s) he appropriate
control, address, and data S|3Eal s for the nmenory nodul e rrermry devices in

response to tsbrecbrcgm%or esNSw@NPLG HatsqAeSioTh afress maemety ¢SBOMM) Each

dul | 1 f I
Togic that mayf e AL Rah, maciEabl (RO, JRGTBton R s TEORLRROMI ©, e

and protocol duvitdigefssbRNMPRENDS YElel@Iva)deltehﬁcﬂD}eetafshblemm signal s and
pr ot ocol expect ed by the nenory devices on the nenory nodul e. For exanpl e,

control | ogi dEEOROMsy fashvmeaenyedeayipesognidhe ’ei‘ddrriﬂ-zas@l eﬁwmmpdu&edr ess

interface cir t. | 19 r als to
control intefﬁggenégﬁgdﬁﬂ%f%gngéﬁ (ﬁﬁﬁgégﬁbggpmaﬁdF?L8x£8grdpr| data
signal s to dahadlleB0d hedit ifdlud@BDRXModd eldrhowy miodie BOS fredy 116)6121d\zi a
line 1052 and address storage 1014 via lines 1054. Control | ogic 1002 may
al so provi de ERY BEAMsr pateemeay mapdylegio may ‘F‘%laldiebr‘lﬁff"é)rlat1@3‘8‘et“6°ré’ont rol
when data re 5 v o data
handl i ng Iog?gﬂﬁgﬁg%ﬁ%ﬁggﬁn¥%qﬁgggﬁégg%ﬁ} ﬁg&§eﬁﬁgﬁh§%h%35¥ rgggﬁeé

regi ster elenents to drive address 1032, nenory control signals 1034 and
data 1036. Interface circuits 101S, 1020, &nd 1022 may be cl ocked by a

cl ock signal generated by clock generator 1010. C ock generator 1010 nmay
al so provide a clock signal to control logic 1002 and to clock buffers 1016
whi ch may drive 19 1V0 99/.11666 PCT/Li S99i 01885 1 Z AUG 2002 cl ock
signal 1030 and/or clock enable signals to nenory devices on a nenory
nodul e. O ock generator 1010 may generate clock signals in response to a
clock si gnal prOV|ded by DLL 105S. DLL 1055 may receive on or nore cl ock
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storage unit \178459 (%(gélp| ed to control |ogic 1002, address int erfélce, circuit
1018, and opti ona’ﬂy to clock generator 1010. Address storage EH@S%VS%%
-used to store address information that may be provided from CMY ADDR 1120265 7002
Nl enory nodul e cgntrol,l er 1000 may further include refresh and prefetch

| ogi ¢ as il ustr5t&deiOnisH BoFk BagRreR! SiIRrate Qe P0PHBaE el of

control | ogj d . - ] incl ude

serial pr es%ﬁgqejg e?%%%%&ﬁ& %C?d@%gb%fyrolggl{ot%ggoa&?pe%%{&ggﬁelé%lﬁ)g‘t| on
circuitry, samiudéhérodiulectil incltithest DiRayMbmenesmyveddirleroat tdietr Sthehsyst em
memory controller or fromthe nmemory deyices tq reduce %he conpl exity of

t he desi gnsPHViER24&R IBiFriace batyvee PRl ey IR LAtHBeAN O F Y PIERS MM eHe

syst em neno ont K i.Q I hadt il l.ustrates one
embodi ment %S t%ﬁg' (%EJ?E{i ??)‘gd‘w ?rne%l}l;é/r}rgm\%art??lé&gggtt?g}ﬁltétreg?ggg{dfrgr wite and
read transathneasion$hecgived éssmnaytdne raepopge bius e 3parot geaemtes HReMent ed a

single stage process. It will be appreciated tha nor dul e controller
1000 rmy pemea?%ymaﬁﬁpé(q-aneftrftsngeagey%fsyw fﬁ%gﬁtmﬁé%gta@%ﬁeﬁem

transacti onjRetwesn 1, { a0 TE0R Ok & ak  £r5-3nsh gTe pmr i n a
menory rmdu?e. Th%@pr o%%ls%é8312%’5E%toq‘s(?éeaqlllf%i%g%égﬁgg %fgﬁd/[ sq;(rf'ul-;?r?arrtl)ér)y nodul e
control |l er 4080as ecaewembie WEioNnyling 518 dAS om e G626t arodh CADOADDR B2 | 026.
At step 1006, . data handling | ogic 1004_unpacks, or deseria)j.zes the 20 WO
99/t 1666 ch/% mETEEY mogulgeopipiers ke BeRy §§m{ HgpatdsFCland
transmts tbi$.isnHavpRN Y J erQxQ : , control

| ogi ¢ 1007 %l spa)éch)s t ewlggpl)é?l%ggﬁgwgq gg):cgll eﬂsirn (Sifxtrlrg?rioé#ggnd det er m nes
i f the transpetation (i.s., dor BDRedViE) memenp bynHeelare signaid) e nul dhip ealerol | ed
by menmory nodul e controller 1000., This may be acconplished by inspecting
the menory S B ERle s « 1L ey cqué%aﬁa ofl§T A% A%ess occupi ed
by one of the,dmmofetrdeVed iR LHhe mpdul enq Vb gy dr ansaction is
not direct eg to a r?eﬂoryCdégﬁﬁgebb%nt ?%Flmeyéa{%‘y ma'm)?yyng)gul e control | er
1000, the precegsmeat upnsnandste@RADB 513-5the transaction is directed to a
menory device coptroll ed nenpry nodul e control | er 00) control logic
1002 det er i nes ﬁnsafeéyaéqépck CaFRraeT P mqrgorrxea\_?é%ﬁ%é%gttgék §P¥110. If the
transacti oNginbodiMEht ¢ trﬁé}ﬂéngdthe%@tcro‘?llfiglﬁgéi%slmgm()ﬁﬁ@x@&{t he
appropriate wite control signals (e.g., W~ CS, etc.) at step 1112 and
provi des t heselidé.ghMibguteoblfointalades SRAM acemory cood ulk02tn trédeuelt theandl i ng

| ogi ¢ 1004 may .al so provide the wite address dress storage 1014.

Al ternat i veP‘;f?/V‘_g%i‘? ANtarEage degen A‘gr Wi %ﬁ?eggl? Ahd %’&6‘?'_8 YO iddr ess
interface chreubs, QLM heind¥amphisie WheRoME! 68 BukERled Mdnbsy not used. At
step 1114, data handling logi ¢ 1046 accepts wite data from 1027, unpacks
or deseri al frapsactivesweieigeddtem wstempmosmaey bive 323 ared ganarates GRAM buf f er
101?. At step 1116 thg wite data is provided i nﬁjt he £Pp9 riate data
format to d eéncl’rlyﬁpcﬁr? 61§ {581 3%t ‘i??éi'dﬁf%{' Ryt (ren“ Be %80 into the
desired menpyyrds@Gaid 88dREss blig 616! @Ak A HMEBAYHMALVINeS 62816281 £fd ¢ddBe] an
optional acknow edge signal may be sent” back to the system nenor

control | er signels suldb asrdhip select at chip ¢rmbde ] en dime Gife vritscenable Ofet ur ns
to step 1102. Lf.the,transacti,on is,.a read action, contral logic 1002
gener at es tﬁBeétp’Brﬂb‘? ioé‘? mr%’é%b%d)rﬂpﬂ? 62?’9%{@0?_8’.%?@3{/@0 ec@@tr l‘teé.) at
step 1120 aprh R{a9VdiEe prblirReaddiidahBcdiitr6l0aEhals torsRAMC 81Z61 S ihdlud(3g0. At
step 1122, control logic 1002 then provides the read address of the

sel ect ed neflofly sigmple éon syrabdereys Pperatitae usstrcitiolingBalsTHieHaPA may t hen
be read frog i red moty | ocati.on 1. menmr (£e. The
read data n%%\gg' %E?% %\ggam{a‘ﬁ’r%téaaé‘%brlf%‘flesrlg‘%ég?g?Jtsf% gg&i@glcon rotftqﬁ‘ggc
1002, or regesice, %@weﬁtmﬁﬂ rddrdsighile, berderddia sighald et /@t aedntiondat a
handling |l ogic 1046 where it 2l 99/.1 t 656 PCT; US99/0188~ 1 2 AUG
2002 is serdgnplbed or packed and may be framed by other data including, for
exanpl e, a requegt, rd,ndj, I LS j gaction. At
step 1126, the rgla&?gg?lgan%gg%@#%g‘ égh}erﬁ%@{(hﬁ)&@%gbgag?é% menory ~.vhen
the system gﬁfb@ﬁ)’@bﬂﬁoi‘%érﬁ@?’ efiodvilers0al tortfideedpieani matsvdindlsmetanys have
been conpl eted. For one enbodi nent, handshake | ogsc 1006 or other |ogic
(e.g., request handling | ogic 1004, data bandl ing logic 1046, control |ogic
1002, or other bus nonitoring | ogic) maylm)nitor the activity on system
menory bus 1023 and indicate to control logic 1002 when it is the turn of
menory nodul e controller 1000 to send its read data to the system nenory
controller on bus systemnenory bus 1023. Valid read data may be sent back
with valid signal 1028 in a decoupl ed system The process then returns to
step 1102. Figure 12 is a bl ock diagram of nenory nodul e 1200 that is one
enbodi ment of nenory nodul e 306 of Figure 3. Menory npdule 1200 is an SDRAM
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coupled to a . sy$ nory controller) and SDRANt devices |204; The
Direct Ranbus\Téft&glE%{gcol i ncludes cl ock signals CLK |228, /Qﬁfg]é%/?'\ﬁ?ere

the synbol "/" indicates a conplementary signal), data |ines 1232, roWl AUb 2001
address lines 1234, and c m address |jnes 1236. The data may ing¢lude 16
Sgnals 11 nERdine MBGRISAE RIS RadrblS Srginy TPRUE ComaoiRe el umm
addr ess may A Hdg | fodd , G&l b AC tion

Di roct - RORAT B T3 T (3Rt b 100 Ot S ukeer . Par Gk BRBh ment.
CLK 1228 antheh@irk 123028myNdravdadle mequanycnafulagpnoolleat7éDytrailatdsz. O her
signal s used b¥ this protocol are,not shown so as ng&t}qst”Q’”Obs ure the

present i nvBYSERYY. T FPTRERGHI S SFRT SV M 18R OBY plerates
transactiong &l s Bl Yo 124210, SRAL 204:,1207. For
one enbodi m%é\?&sbgﬁ/‘séng%mﬁe%g%ngﬁggé GQK%OS%I g%da\?rlls suékésae;c' gé‘s”:?r%l bed in
the prelim dawy, daise, stageéncioflingBMidrdsBMIS36 480 rdsS busBNI6Dd6tRIG4Rals orCVO
99/ 41 666 PCT/ US99i 8~ 7 2 AUG 2002 | BMD364404C, and | BM)36-14B4AC products
publ i shed ici-{aff\ ISP eithef261 809 CORIRE 51 MR BT ¢ éa?nﬂ)%lﬁoqg modul e
controller 2PV j r § i Oﬁpﬁé ) and 120
over controi%?gluse 11(§3%%\%?%ng agggﬁfgggolﬁh gﬁ?ﬁ@%ﬁ%ﬁ?%ﬁ to E\gﬂ%aégg% and
1207 over cprigreimnbing $a4fge Ganimo728udNaA88latBy membuyglenad eleocdntsodeal CLK
1208, a cl ogk enabl e signa 1209, a wite enable signal WE 1210, a

o uim’ addr LS5 e g e AERSOTa] £oRgl SiFaQEonTP I FEROI12, and
one or chip i S | 124 y include
a clock si g%%ﬁk%cglg*lg%%%ué}ﬁgﬁagﬁggr{ey@s?%rjn%inc%%%ﬁ%ﬁ?&?‘\%\f '(tB éﬁgtnabl e

si gnal VE l1&#8rolsigedlanresadsipasls, sbrnabensnagehe@ASghalk9or athavsigddises:s
strobe RAS 1220, and one or chip select signals CS 1221. For one

enbodi nent , “'RE'¥¥€quency of the CLK 1208 and CLK 1216 may be approxi mately
100 Mz to 200 Mz (ABRInCE HBAHE RS Fes BY, s%%éﬁ%%gemwﬁmamrgﬂeybm% grol | er
al so communi cates menory addfess sighal s SDRAMs 1204 ‘and 1205 via address
bus 1214, amémtarySbBPdAlekentt@dersaiid AxD31¢imapddmessnimase L322 apr one
enbodi nent, each address bus may .i ncll ude ELZ a%glr ess Iir‘legband an _addi tional
two bank sel®ZPCT Ph&SOIYPISH BETT RG> BRKS"BFC B r8F e e HigTe SRR URY ce.
I'n an al terpglineemeMtixBBBhLeh GRAY dthe BY S 1I18BHheallrkddQoREY] DiNd B8tSame bus
as shown in Flgure 3." Siml arli’/‘, address buses 1214 and 1222 may be the
sanme bus. |infermatyomisistre awentthelsaere s bines mhsysica esemenband2@r i t e dat a

wi t h SDP~P. 1204, 1205, 1206, and 1207 vi i gnal |ines .1224) 1225, 1226,
And 1227, rSLEREUIE yeRP LS Bifdort AERLIEIER gFothOGR 181 TGRUTE Bi nes nay
include 16 Qﬁmh@d}ﬁ@trzﬂsau&@dJe%emog@%a%t@ SR O TR RIdRsPhRGRSRtrol

i mpl enented by nenory nodul e controller 1202 to performa read transaction

from one orinfemeatidn.SHKARMhet 204 -prRoqccd fis anultiplexed pg demeliplexerlede from

xerpl ary PR A h At o BREREIG PP S R E L BE i gur e

14 shows Cldoubled ihaw Sgst@Rrhexiorgt @nyrdlraentibetst megunfcyadactioks ¥808. For
one enbodi nent, CLK 1228 maghave a frequency of approximately 400 MHz and

CLK 1208 mayyStean enempreduedey avh figsppeid inat temy argoexpescts g regrgeted?3 ~i' O

Frequenci oS 2Thy B spiol b CrtadeneR LB dhap v A ERERrPRLEL O

control | er se262d Bjint {FoligEEMk., themoeepsnsd). Fitgupotdolusande he circuitry
shown in menory nodul e 1000 of Figure 10. For exanple, CLK 1024 corresponds

to CLK 122SleconplespbR usimgsa bandespongor valibeigneh by indigatedhamat 256, dat a
1027 corres t t : 0 , ess
1032 corresrg‘gﬁggyttga‘g%éﬁgééﬁtgfgd ﬁﬁi%oé\%e%cg%??&% Qg?sg%rgpgn %%ﬁqgéﬁ Eeiagtlé)onds
to control demct23Bys 3aalbaystetDdGmory esmowoler 3@t datendd4mdenrleot her
enbodi ments, other circuitry may be used to inplenent the process of Figure
13. The protedwllerspiQ 05318t ep 130Z. At step 130-1 and Fromtinme tO to tine
tl, an activate & i : { -1 i i ge,
bank. and T ow ad i o 2 e G e OLIPa88) 5 8 G rans
1204- 1207. e sinbpdl3eat aficdnémony trhorkue2cdrardliare3 1(Byusiagt @ timeguest | ogi ¢
100=1 deserializes the command and address information and provides this
information to control logic 1002. Contr | ogi ¢ 1002 then provides the row
address to the sel ected SDP~. AMs over address bus 1214 and /or 1222, and

t he appropriate bank activate command to the sel ected SDRAMs over control
bus 1238 and/or 1240. For one enbodi nent, the appropriate bank activate
command i ncl udes disabling CAS |ines 1211 and/or 1219 and VE |ines 1210
and/or 1218, and enabling CS lines 1213 and/or 1221 and 1'~AS |ines 1212
and/or 1220 at the rising edge of CLK 1Z08 and/or |216. Because the nenory
addressi ng schene protocol used by Direct RDRAMI"' devices may be different
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t he sel ected @B%Ms“ At step 1308 and fromtine t4 to tinme t6, a read
command is sent 6n €8l um |ines 1236. The read command i ncl ude§ PP YUY 885
bank, and col utm address information for the desired read |ocation int g6 200
sel ected SDRAMs. 24 WD 99/ A666 PCT/ US99/01885 1 2 AUG 2002 At step 1310
and from t imBlemlexed tpupgoeal, Pageashodimadtiofg tigeg srulpplexedareteedli zes t he

read commeng, gnd gouldes s dALaLITRELON hooEaBLrol gl ¢ 4002, gont T o

. r
| ogi ¢ 1007 en provi e colum a ess a e°read chnme 0 the

sel ect ed ShR-#bb beviesecaditr @$l$ aBusbelZidreandédthd2AZnangd neydlileontiodler bus
1238 and/or_ 1240, respectively. For one enbodi nent, the appropriate read
command i n@ORdE LY Qi AP ORARIEn pé s MEMPOTyHAvosle oot ralier VIBthees 1210 and

{11210, a0 CE dL0gs 2100 Gho TRl 008 RS LIESRgEbean o

di fference dyem@epﬁsbhe invehapnof bytes selected in the sel ected SDRAMs and
t he nunber of bytes expected froma single read transaction by the system
menory cont rol | diemdrgnmsrdige co80®llgn§08 3nterirnes hetwegre ay $emamgasdrved

nunmber of tj to _match the nuober. of . byt es. For anpl.e .shown in

Froure 14, B4 S AT PhE e bl Rios e B i DR PRt P wi th

the acti vatseep@miraﬁﬁly@gatmwwmé)uc&dﬂwsa@gﬂeﬁ g28t eEhcofrat@ictioandist g% r ead
e

command to the sel ect SDRAMs addresses 32 bytes of data, then a second
read commantlar¥eARpR RyrRRse subat maynsarryradeeessodatanand gortsoladdr ess t he

second 16 [ 1,8_. t dre. /0O
circuitry %@%n%tg(‘;r} Zég?vééﬁﬁqrgqgae%%gﬂb éh:ivt',:‘lllﬁl%aj %éﬁ%lcéjglsﬁﬁg%%& exanpl e,
32 bytes ofhagalshaRityy Higmhapathalt meay bbeiska@Ubr SQ%NE?Ueaopﬂotdc_Zﬂloixﬂdkhﬁé
following manner: fromtime t8 to tine t10 data I/Ocircuitry 1022 may

recei ve datthesskef aDmarnary frackadieon ehto fndisateaven vpld sita t<peesept es from

each of the f SPP~ 4-1207;:. § ime t10 to ti f cket
o that 1 norlfghssior(HEs KRBV Sioh A8 S 4 Bk flobdd Bnd Renf Pl BRC
SDRAMS;  f r ¢ranidsheké 1@gic8(d tRdérlthedairrqlagkeintidd 16hatsopnclalidesighhes1si r d

ei ght bytes, ttv0 bytes fromeach of the four SDRAMs; and, fromtinme t13 to
time t14 danay psceittes fopatcorpigdineatorple Mesrowi greuly cayrolerPddries from

cach, o1 Lo Mool i PR ket bon a1, sl grupol rent

required t proeatinghecioekatied 83af addresssigialsel® ecvrdoSERAMs .823,)Jand WO

99/31666 P%E/tyﬁ?g%ra?slg??g Clock signal 830 may be omitted for asynchronous memory
devices.

Memory module controller 800 includes request handling logic 804
for interfacing with transaction bus 826. Request handling logic 804 may
include deserializing logic that may separate the multiplexed control,
address, and data information provided on transaction bus 826 and provide
these signals to control logic 802 via lines 838, 840, and 842, respectively.
Request handling logic 804 may also include serializing logic that may
serialize control, address, and data information on lines 838, 840, and 842,
respectively, into a time-multiplexed series of signals to be provided to
transaction bus 826.

Control logic 802 is the intelligence of memory module controller

800, and generates the appropriate control, address, and data signals for the

memory module memory devices in response to the signals received from

14



z au~ zooz Wien the read data is received, it may be stored mread buffer
103S prior to O g the data to data handling | ogic 1046. PCT/US99/01883
-Alternatively, it nmay be provided directly to data handling | ogic 10112;@3%02
step 131a data handling |ogic may serialize or pack the data into the

proper f or nEeqes§sransdingylogie884:s tfaghmaasyoyy dead i santralerdiavdc in eapls2.

For one enbad] t ta packe Dk, 4l nc ihg total of 16, bytes
of data from' @@%@ag%%el%%féﬁ%%@g%&%&* i|1Ean-‘(l%g g%e‘ﬁlfme&tr%ﬁ%%ﬁc
transm ssi onrdPATAlor batwemytHer sighdeeyped dlad prowsoldsZhabyseapnidhbrignd from
time t11 to time t15. Simlarly, data packets D2 and D3, including a second

16 bytes of tgtaad HinsrsoHicame Mony. 1gnels ANy reecolrpegtednr s thmenemory

1316 and |1 ORI B FA e Ot e g P S B Rl o &

process i nplgeiicethetippropbiale ARdEse so@iHls 0b hettirds2GRterfacpeikQit81® ofai t €
transaction to one or nore of SDP~AMs 120-1-1207 after recei vi.n% a wite
request froringySténthferppsppsiase tonfrol signada e conigeledderiese pacuisSd0tdaw i te

data to any of SDP, . Figur, I rj i t.h t i,d .of.. t he
exenpl ary t il%eﬁtg'h*g’l %ré%rog?ﬁwasogprﬁpghartg djfza g%é‘grgsf@’ Jrir%gg(g %Bcrﬁlt:}glq?jg?\”%éw@nay

i mpl ement t (B8 PITOREITSeGhcedigliss ﬂ:&gui&ichgiet beffersr o tdpistehelméritsnnor y
nodul e 1000 of Figure 10. It will be appreciated that Figure 15 shows CLK
122S havi ng Hpfr q 1ess 883 memesy wpatiol sinede§3bfandidataB3s. For one

enbodi nent, CLK | . ha fd-2Q r.oxi I and CLK
1208 may have a %éegfﬁ]gg)éi/rp%!\f{?gg%r%@f Eﬁ@g%%@gg&@l\g@?ﬁg{ﬂég@g oéli ment s,

di fferent raenemted biyrotiegericesioradldl allodkfdeaerndr §TEMasNIsEproviay e used.
The process starts at step 1502. At ste& 1504 and fromtinme t0O to tine tl,
an acti vat e Clshagali to warrol dpgicdi anree ¢losh Guilersdityhicieyax 8rivisank, and

row address . Vo4O, i i :

1204- 1207. &?&éﬁgﬁﬁ‘s@& aqﬁ‘ta(ltogn‘?‘é%%Sggﬁleg&ﬁﬂﬁgﬁ%?@ggﬁgﬁgﬁgé[‘t%e command
and addr ess rhexhoryratodleaClopk @endestot BIS nay genadatotloth sirtdls oh | ogi c
1002. 26 WD 99/.11666 PCT~' US99101885 1 2 AUG 2002 Because the_ nenory
addr essi ng SeHRANSE 3P Skt 24 Ry 1dd a8 & S RORAMMOek T8 - nl- o3¢ maer ent
than that u 4-120 acf i . SQHTRN i row
address i n%gcglggié g&y%%‘%ﬁet% élf?ﬁlt\ ggé'r eé/!se\f?él oxgl(rar)atl oﬁox?tggﬂ%}hgﬁgpect ed
SDRAt ~~i s. libdkhgenheex@mBile madhfsrthet inaudeldrieks, doflobuffet, @ divgk béviseor ed

i n address storage u&i\t 10=10 untjl SUG tine, thaéhet hiaof%ol um ad SS

i nf or mat i on SHEUtdBakhars SRl eas SlakPSeiREe 1t Apaddies EENERA T time t2
to time t3, a wi IS i ' conmmand
i ncl udes devi ce, ng%\%? an cllglct??rrﬁ{:tgl :Be@gﬁ}%ﬁ}hg%dﬁamﬁlé%gf%ggo‘txﬁgnxél\geﬁs%géerd wite
| ocati ons i mnih@0& tatctiederSbirAdNtratt ofstoeprdiSegic §Eqoest eredridlorntjsalogi ¢

100=1 deserializes the write, conmand and proyides.thjs infogmation.tq
control | ogitlokEERerior $A: & hiS MY IR FRr RO OISR AP B ROTABLPT GrEIBgH os

sel ected foren‘é‘ﬁletéigﬂal' rdi§e$ b QEE‘?HeéQPW\ﬁv?&g dhg n’m’%&ﬂ’@@’ nd Bt &8s

sel ected by the syStem nenory controller, then steps 1508 and 1510 nay be
repeat ed a desbngd! pomeedisdfipateaelsy tie metrobryt Hevinesvber of bytes. For
exanpl e, as showny m Figure, 16, if the fjrst ite co nd | TE1 on | um
1236 (toget her WWH%‘%%@&\?&%*E@ B Yr *ﬁéﬂ?@&lf X\rfeghﬁggtfﬁg of
data and thenyplefeteRTIRES100 @R&exsﬁ{eeéﬂrﬁ?ol%“o%ﬁ)l@@@E%@ﬁ?&f?&%hblb??cs of
data, then a second wite comand WRI TE2 may be issued fromtine t3 to tine
t4 to addr e$34trhay secdmefresh bgnire] signasst tp MEPQOryadel itesodm tai MEMoeIR o ti ne
t6, data handl i l.ogi c. 1046 y receiyv e a.D.AJAL fromd us
1232 and naﬁ“%‘?n@gc‘féa%P“&‘QEé’ﬁeénﬁicﬁe“ i G| EofuRichbe -ﬁ%%ﬁ?ﬂ@rﬁ%%g?éé 1046
may store thefrvdH temeddal PATALPPbpriskd tighd) WirfiemalOdeherateda agfiesiss st orage
1014 may store the wite address output by request handling | ogic 1004. If
a subsequentcommard dn respahseodnandiresh cegunaed seebveoirangfitenbo 8oy

i nspect wite buffer 1012 and addr.es t 1014 the r ed
nddress. 1t forg Syative S8eeR e R BT RofuRraRt B 6 Y wists B R ve
correspondi r@nétat af cbnitbl Ipi0BOT epretétdr a(rjrpélaéoef deadron meaiomiddwees | f a
subsequent wite command | TE2 i's i ssued, then DATA2 received fromtime t8

to tinme t10, and associated wth this command, nay be unpacked or
deserialized and also stored in wite buffer 1012. 27 WD 99/.t 1666
PCT~"1,'S99/0 1886 12 AUG 2002 At step 1516 and fromtine t6 to tine t7,
control |ogic 1002 then provides the row address to the sel ected SDRaMs
over address bus 121=I and/or 1222, and the appropriate bank acti~~ate
command to the sel ected SDRAMs over control bus 123S and/or 1240. For one
enbodi ment, the appropriate bank activate command incl udes disabling CAS
lines 1211 and/or 1219 and VWE lines 1210 and/or 121S, and enabling CS |ines

AN A PN o N A PN A o - o AN N o A NN N o, o



WD 99/.1 1666 PCT/ US991 01885 12 AUG 2002 In an alternative enbodi ment,

nmenmory modul eVOORtt¥Pl er 102 may al so provide a bridge bet vveenp§%v't5§?f‘11§3iuﬁ 20
-menory bus 1242 and SDI' ~. AMs 1204 1207 using a nodified protocol. Th 0
nodi fied protocol may be denultipl exed having a data bus and a separate
control bus(&gaDRANhsleviceest and seorei theqrietatrloer dath ddisess rhemaeenea syst em
menory cont Fr()lnl g{]ﬁér&a g., systemnenory controller 304 of Figure 3) and

menory nodu 3RS er 1202. In this enmbodi ment, a read transaction from

one or nore of SNRANGr}2A4d kR0 Ry HesEE M Qr FBEh@SingARMWNsdrh] FrgkdRel?
wherein row bus 1234 and col umn bus 1236 aré used as one control bus 1235

havi ng ei ghtletdchaatuit neBCCrarcutrfiegusahbeh fratien cacditfyf andmthaunber of
signal lines, may b sed. Fromti tQ to ti tl, an activate co nd is
sent on cont PO BLE AT ANRE SUFRYCE R QCHTRICY SRy Tt Rty ee gy of
sel ected MeRRY thOEheRs dev 1 GORANEAL204nd 20/pliitt Bi reeatogh BN thest he

activate comand may be spread over two cycles (i.e., cycle 0 and cycle 1
in Table 1 paftew)ITo$ narx redpee the nhmbterddtping ont tharsysent eteroarieach cl ock
edge of the Cl_ﬁ8i11228 (i.e., doubl epunped). For one enbodi nent the packet

format is aSOSH8wn'in Table 1 where RQ(7:0] correspond to the signal |ines

of control bus 1B3hire 9 shows a flow chart that illustrates one embodiment of the
Cycl eRQY 7] RQ 6] RQY(~) R 4] R3] RY 2] R 1] RY 0] 0STSFD( 4] D( 3] D( 2JD( 1] O 0] B( 0] O
R( 6] R 5] R 49ReBItR2PREIGRPoy BlodulR(cos} (! ez 830101 R(1itg] RiD JeRBIROFEB[ONS. TABLE

L IS "t SRSl s e ale €, 050608 Rl aEL) SeL s
of 2' or 32ppEdeesy Idllse sohiceRlderitdt Meddbr)lmBowAdM R3S 860 nages a row
address for one or nore |ocations selected in SDRAI vls 1204-1207;" and 29
perform many more functions besides translating write and read
transactions between a system memory controller and memory devices on a
memory module.
The process starts at step 902. At step 904, memory module controller
800 receives a memory transaction request on transaction bus 826. Data
handling logic 804 deserializes the transaction at step 906 to obtain the
address, control, and data information of the transaction. At step 908,
control logic 802 inspects the deserialized information and determines if the
transaction is directed to a memory device of the module controlled by
memory module controller 800. This may be accomplished by inspecting
the memory address received to see if it corresponds to an address occupied
by one of the memory devices in the memory module. If the transaction is
not directed to a memory device controlled by memory module controller
800, the process returns to step 902. If the transaction is directed to a
memory device controlled by memory module controlier 800, control logic
802 determines what type of transaction is requested at step 910. If the
transaction is a write transaction, control logic 802 genecrates the appropriate
write control signals (e.g., WE, CS, etc.) at step 912 and provides these signals
to control interface circuit §20. At step 914, control logic 802 then provides

the write data in the appropriate data format to data I/O circuitry 822 and
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WO 99111666 Pg#/ 9%9?! 01 SSA ~ z au~ zooz ST, SF Encoded Frane/ Fast Command:
Bits used to I'mdicat® whether a command is framed as indi cat edPafFSBYY88s

- The Extended commands may i ncl ude poop, precharge, refresh, and otherl 2 AUG 2001
commands. STSFOper ati onOONo Fram ngO1Franme an Active Conmmand (page

act i vat e) 10Hr@ A daeRedhavsetestah mmRary gegee e ayldaess smteriaqe Euctexrﬁ%éa- Command
TABLE 2 Fro I e 0 1l i 4 0gl 04 deseri.alizes the
comand andFF:'E{l d‘rgglstés%fl% S}a%an% %ﬁtrgn %F%S%%?%rke?gh?tn of TR i?ﬁe fjslacghat}rol

| ogi ¢ 1002. tKanbeokritegi gitd @R debrad Pheiiode Soddi@n ethadibi@ssd hierhbey
sel ected SDP" AMs over address bus 1214 and/or 1222, and the appropriate
bank acti vaflevissmahgtepd lohan saticaad aclommsivs sevignat i be senidarkdg thad/ or

time o o TRgATRRBRE ARANAcrbEE: IRERATE bt i e g0s, T T or

command i nchddessdhgh eeturhank steandoz.ol um address i nformation for the
desired read locations in the SDRAMs. In this enbodi nent, the read conmand
may be spread ovéfthewgaggadtion sia eead frppsactignanepdyedllegic 803 thapl e 3 bel ow)

Oyl e 7R oy e el AOf o AR e Bl ROt spopeeet o) o
c( 6] c( 5~c( 4ttdite (@] GeploahabatHl 14PR 800(gehk GtdOIH Q1B ele el 2donTABLE, : 3
The read command includes several different fields not present in the
activate cofigaads (38, WE, CS, OE, etc.) and provides these signals to control interface
circuit 820. The data may then be read from the desired memory location of
the selected memory device. The read data may be buffered in a read buffer
(not shown), stored in control logic 802, or registered. At step 922, the read
data may be provided to request handling logic 804 where it is serialized and
may be framed by other data including, for example, a request number
indicating this particular read transaction. At step 924, the read data may
then be sent back to the system memory controller when system memory
bus 823 is free or when all other previous transactions have been
completed. For one embodiment, handshake logic 806 or other logic (e.g.,
request handling logic 804, control logic 802, or other bus monitoring logic)
may monitor the activity on system memory bus §23 and indicate to control
logic 802 when it 15 the turn of memory module controller 800 to send its
read data to the system memory controller on bus system memory bus 823.
The read data may be sent back with valid signal 828 in a decoupled system.
The process then returns to step 902.
Figure 10 is a block diagram of memory module controller 1000 that
is one embodiment of memory module controller 310 using a
demultiplexed protocol. One embodiment of a de multiplexed protocol
may be Direct Rambus™ protocol. Other protocols may be also be used. It
will also be appreciated that memory module controller 1000 is only one

embodiment of a memory module controller. Other embodiments may
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WO 99/.11666 \gg‘l;/}ng 9/ 01885 ~ z au~ zoo2 ([ 11:0] Row Address: Provides a
col unm address™f %he or nore locations selected in SDP~. AMs HohRS9943§85
.R'WRead Wite: indicates whether the cormmand is a read transaction dr2 AUG 2007
wite transaction. Wien this signal is in one logical state it indicates a
read transadtp g ugsdwvithert deprBingiropetheospird mewt sopel Wdihe preaert | t

i ndi cat es aﬁn"{@r{[t c)Itlransacti on; and AP Aut o~rechar~e: Indicates whether the
sel ected col um ((?or' row) of selected nenory cells should be precharged

after reading. Frvumbiyddalé eohirBtet 8000 aaueBtedBAAddITs | BT MEIRSry
deserializes the read comand and provides this information to control

| ogi ¢ 1002.bwhbtbthatdgripdenopetHaROp dorisgnaldines| \9dn. adaresandiad he

read conmma leect e noll 2 and
over contro%%%égggémggﬁg?Df\%&?%éﬁgf@g %ﬁd?ga.syg%?&é‘s‘glclpeéglilé% above
wi th respectalid signgl1e2s. ISVANIADDR blik 102e nfdyr &drry ©ach s@aTEREAnEEaNPtoloON

control bus 1235 addresses |less bytes of data and the_read command i ssued

to SDRAVs lipdammetioniped meROEpRERISasdOTorHaraaREAD? Gl HADRE bag from
time t7 to 44 4 F ipe t1 f%ﬁ i r.Cui 1022
rlecr:rgi ve dgtiadzlrgggé?’fbreo#ﬁg] ‘{et%&srg té’c%@épﬁ I n%@%raql@gdr%[{e% Elé’rigsg;/?éps{dof da{rgy

may be readsifhiaN 02eis faotnSREAME, SigRAl-tha0haynbé hged ¢bd o\Webgupra@ner: from
tine t10 to finme t11 data I/Ocircuitry 1022 may receive data packet DO
that i ncl udeEtofel tpj indicags gha stayt esa Moy tragisheting eath indicatewhear SDRAMs
1204-1207; | 0. 1] ket y: DPL. t 1neludes the
second ei gh‘%glgéﬂdtggﬁvéfje%@rﬁte%n *r?@%céégﬂ@%s?l(@%g ?élljér?]s%%il\%ay Fomtime t13 to
time t14 danhenprekebnB2gdieaitetingl aedsHalke 1bfia DM ghdedyHeesnttaiobyt es from
each of the four SDRAMs; and, fromtine t14 to tine t16 data packet D3 that
i ncl udes t H@ntaaklogicgii02pyadid sigipal HASemay mene@aided &1 2 Reuplagr PoRANE. | t
wll be ap I h I 4y f . her  of bytes
and a di {1 ovntoramsat eoftofbl FoEHEaIhERRl s R h h EERY MR of Yt

fromthe senheai®sd HDRAMS(as\Wagihfee3)risagraldtihg & dakediyesl, 1030, adyréye st ored
in read buffer 1038 prior to providing the data to data handli qg@lsggi C

1046. Al t ersi@nalpelly?, qantml signads 862, and dads SIITRILESS: @lpgh signa Z00z may
be provi dedmgé/rk?e%}r}fttw fﬁ%%‘gﬁ}gé%ﬁgﬂeg’%&t 409f.es At step 1314, data

handling logic may serraliz ainto the proper format

expected by the Mshep nduly coomndilal 1600 waludéardguestlR3Rdlikgriogiael 004
enbodi nent, data packets DO and D1, including a total of 16, ¥t es of data
f r om SDRAMEOT2DIETaKTg Wity trBBSHAIIRERMS HIZS- ohequest hrediingt logia Fidsmaysi on

DATAL1 t hat ; i - t.0, : i ;
Simlarly, lgg%/%&){)ggiégfa SMB% g%@bgﬁs?‘%glz%ﬁ%aggghgﬁgﬁgai%&%%ggmg% ﬁaat a from
SDRAMs  1204ad@¥3s imfprivetipagkedidett on did DUMADDR buptléds tndnsmivide tinesBATA2
that may praqvided to da bu 32 fro ime otine tl7. For this
enbodi ment SRR PEON TSt 10U 16 BRE B L0¢ SerpaivEs0 4 ReSHsStmay be
perfornmed ag, seye ldéll_g "_ngé"’rr%ylﬁ;lso Eﬁ&%&'s@ﬁah%ﬁgﬁl&ﬁ%ét' ma@Tefaliz¥yat €

command as shown Tn bl'e 1 I’s sent on control bus 1235 intludi ng a device,
bank, and rowmtaoldares sddfessenfuryndtwradn dines 1042 mador44nwespastivERRAMD a

12041207 oL auenl | pobe, d0053 daapr Al ges U comand and adr ess
dovi oo, bank) an eo an e SR Tl R S i desteces
| ocat i ons i1D460IRAL gy 1281WelP07 frofhelata btie 108 neefornustethet detapatkat f or mat
shown in Taple 3 with the RIVLbIL set appropriafely to indicate a
provide the reformatted data to write buffer 1012. For one embodiment,
data handling logic 1046 may include deserializing or unpacking logic to
perform the translation between, for example, a narrow (e.g., 16 bit) data bus

1027 and a wider (e.g., 64 bit) memory device data bus 1036. The data may be
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wite transaction. Request handling |ogic 1004 deserializes the wite
conmmand and pPR%e&ethis information to control |ogic 1002. | PCTRSPH0ISES a
-di fference between the nunber of bytes selected for witing in SDRAl\/qzlAUG 2002
1204-1207(e. 8., 32 bytes) and the nunmber of bytes selected by the single
wite transa&totednin wsitedubipr {BE sntit érmaedsopoecprnided ¢ép a(memaryldewe es)

then the first wi command, WRI TEL on_contr ol S. 4235, may wite a first
amount (e.g."'? J‘.jé’t%vt]%ﬂr%rﬁryd};\@; ‘gﬁ:&_”a?sg(é%%m ﬁc?rtegs go(fntﬁﬁn “Y\%Qﬁjaftéfiﬁhy be
i ssued fromyd e@rddtirt R IdIE stRabe uMid 10142 Becandlaiiinte &hbdatdete: 9.

anot her 16 bytes). Fromtine t6to tine t9, data handllng | ogi ¢ 1046 may

recei ve wi tveritmbaffOATNER mapedanittdlisDarshaadidngringiad fae may alfegseréiati ze

the wite 32 V\¢)99ﬁ%11660deTJU89/0f 885 1 uG 2 OZI?g)ta. Dgr'ﬁa
handl i ng | ol 168 e SP8PedFRESHPT £ SMBRCLY BATAYIS e STakR Y & BEFTEY 1012,
and addr ess 13b0rade ol Pd4 BReSI03E Dhe NARdEnAHYi€ssaotidRUEeBYmheMEest
handling logic 1004. If a subsequent ~rite or read command i s received,

control | ogidatd @@ stormaieppettedrbivt thetprbtegol DO sPstamdmegiewsbus 1Gidgkor1 014
for the requested, address., | f, the.address ..s |ocated,in address storage
1014, then (E COPPELHETAL BERS i SRt Ao sBrroranes HeEptEEY alu or
overwitten. a'ck,ir%eﬁigb@&Qﬂgﬂérﬁ/{”thb@r&@mbméeﬁﬁ%ﬂ éxdrﬁﬁlé?@hwlcfb@"(e%ﬁTAz

recei ved fr(?m ti t9 to time t1ll, and associated with this command,” may be
unpacked or tddsier)i mbinwey danite alagpbys d0FHand amarteveuld.gr 160 darrbustine t7

to ti t8, trol | ogi 1002 th id t . add ta t
sel ect od SOARRE P& EaBPHES SRISHDERt Qitipreribng BT COS SRTURRIAEe bank
activate CORRBMEthtiAL AN td 204y %Z%Erf@v&redcwmlrolbwgiclm.and /or 1240

(e.g., as described aﬁove_wlth respect to Fi'gures 15 and 16). Fromtime t11
to time tl2, contGaitrélogigec 1WI2ist therintplbgérizesot menvaiyumedaddcestrodlad t he

wite comm o the sel,ect.ed SDRAMs over, addr.ess bus.1214 and/o 22 and
over cont rolq(agh'sari BEAAg g}e %L&Blrﬁ,f)ri’aéesf‘)%%ttr?gé}fj?“zbé{ gnd Céia GETRS Ef’é(llk%gtbove
Wi th respectmé@oly IHE@SlelPeddy kdvicds iQMespBRsd 10 thd sigri®s tdcive&D flone!

| ogic may cause the wite data to be provided to the sel ected SDP°  AMs on

data |ines Ieguestipasllingoipgic HiH. / BachipEmenomodate conobler egiviqeyin1022. For

exanpl e, 32 bytes of data may.be itten to.the four , SDRA 204- 1207 in
the ol | ot FaChanper 7y Bfa RikereRbepb ) fit bl v bt S 2022 my
provi de dat @gaa@ﬂ@&&ar@mid\cbméw Meslgrilansr?p@é ghtl prvte®l drnivhebyyisesmt 0 each
of the four SDRAMs; and fromtinme t12 to finme t13 data ﬁacket D1 i ncl udi ng

the second éngmorppueandsthe speeiéis memesy KigsTalSpmARSOtrok expected by thed D1

t TAL,  Addi ti Ly, f e 113,109 ti 4 1/ 0
TRy ot T eshaaghey RATh: ai e AR o BT Ep BB o P20 1 12
two bytes taongpphoditie SRR apiboprzid-atidss spalkrtomddires inleérface ditdmt 1018 dat a

packet D3 i ncludi n%gt he | ast 'ei ght bytes, two bytes to each of SDRAMs
1204- 1207. D2 dings B844rethe appreBpairdcardrpystanals it cgntiol patesfsecdicaited t hat

cycl os oy BOop SRuIP TS, o P pRBH R Fke Moy YaRSi TR tyfp Jy ELGRARNry HomRer O
PCT/ US99/ 01885cckitraliiy 2001 Bilfferdil1a wio livkeel Selsect iti:6BPstoRbe 1044 biaugh i n
a

this exanpl e all DI re ~n,~ritten to, i nﬁgelternati ve enbodi nents a
partial , ~rilnestl@>dn&arerolllegis 10RAmay plsogproy TORNAIBEOBKOE Ut ed.

Al t hough the; i I ) j ! r id C
erbodi nent s tar U 18T K SoRER R s Fad B el ARG i

al terati ons on glhterherymacel by id posddsditd Ideda mahbEngribgiv 1046ut Thie patetfang from

the spirit and scope of the invention. The invention should therefore be
measur ed i n AEHHSE TRY HMAUQe BHHBTS-AM E§BIFISK |evnents to drive dadrest 1032,

memory control signals 1034 and data 1036.
Interface circuits 1018, 1020, and 1022 may be clocked by a clock signal
generated by clock generator 1010. Clock generator 1010 may also provide a

clock signal to control logic 1002 and to clock buffers 1016 which may drive

19



34 ~ 2z a~~ zooz Clainms 1. A nenory nodule controller for pzoviding an

I nterface bet\)@é?{“a?(’gystem menory controller and a plurality offGi&i»gp/(188s
‘devi ces on a nenory nodul e, conprising: first interface circuitry to 172 AUG 2002
receive fromthe systemnmenory controller a first nenory transaction in a
first formatclodndgeant0F] andfpecloskpnadla signpls thirnemarftdavicesedrci reui try

and to convert e firs Ly, lransac j«an..1 nt econd nmenory

transacti on Tﬁmég'sg}:%n fef ggﬂictk ’r’%[}erfjﬁoer pqlﬁrrgh tg%ngﬁstﬁecﬁ% S‘é"éi‘/‘Fé‘és, wherein
the second fresgpse @b o iocR8ReRd preITRied by BNMIATIISONDLE 1456 infd e fdcefvie®n t he
first format of the first nenory transaction. 2. The nenory nodul e

control | er of mpw efptk signalhdpP2¢ erpridadhigorsest mamerydus 28cGiltky
coupled to t control lLogic and to transmt t Second nenory transaction
to at |east 1@2%”39’ {’%é'1 %’I?%r’%rllti rﬁqg?n%ﬁn%?rn;glécel‘v?@eg. 3. The menory nodul e

control ler of cl aiginbryWasHealdcéhgofler ID00TRIHT ¥sb iaBiRRet 4 PBWeAGhaesert | Ne
mul ti pl exed address and command i nformation. 4. The nmenory nodul e

control | er ofnicl@iSnitayt, uhdeethe cortrpl peontieledogin 0@ mayi anapleongisabless: - 35
12, AL 2002 e han o onhe, 8 ASROAALS LIRANS SR SRS
the control d@gdéhatle sifealBiTRidednduhe mOMbrPe@icedforChahsmbry WiRlEen the
first menory transaction
so as to control power dissipated by these memory devices.
Memory module controller 1000 may optionally include address
storage unit 1040 coupled to control logic 1002, address interface circuit 1018,
and optionally to clock generator 1010. Address storage 1040 may be used to
store address information that may be provided from CMD/ADDR 1026.
Memory module controller 1000 may further include refresh and
prefetch logic as illustrated in Figure 8 which operates under the control of
control logic 1002. Memory module controller 1000 may further include
serial presence detect circuitry, ECC circuitry, current calibration circuitry,
and other circuitry that may be removed from either the system memory
controller or from the memory devices to reduce the complexity of the
designs of these parts. This may reduce the number of pins on the system
memory controller.
Figure 11 shows a flow chart that illustrates one embodiment of the
operation of memory module controller 1000 for write and read
transactions. The process may be a pipelined process or implemented a
single stage process. It will be appreciated that memory module controller
1000 may perform many more functions besides translating write and read
transaction between a system memory controller and memory devices on a
memory module.
The process starts at step 1102, At step 1104, memory module
controller 1000 receives a memory transaction request on CMD/ADDR bus

1026. At step 1006, data handling logic 1004 unpacks or deserializes the
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1) further Ct%)gggaic?iiorr]\q:s requested at step 1110. If the transaction 1s a write transaction,
control logic 1002 generates the appropriate write control signals (e.g., WE,
CS, etc.) at step 1112 and provides these signals to control interface circuit
1020. Request handling logic 1004 may also provide the write address to
address storage 1014. Alternatively, control logic 1002 may provide the
write address to address interface circuit 1018, for example, when write
buffer 1012 is not used. At step 1114, data handling logic 1046 accepts write
data from 1027, unpacks or deserializes the write data, and provide the write
data to write buffer 1012. At step 1116, the write data is provided in the
appropriate data format to data [/O circuitry 1022. The data may then be
written into the desired memory location of the selected memory device.
At step 1118, an optional acknowledge signal may be sent back to the system
memory controller after the write operation is completed. The process then
returns to step 1102.

If the transaction is a read transaction, control logic 1002 generates the
appropriate read control signals (e.g., WE, CS, OE, etc.) at step 1120 and
provides these signals to control interface circuit 1020. At step 1122, control
logic 1002 then provides the read address of the selected memory device to
address interface circuit 1018. The data may then be read from the desired
memory location of the selected memory device. The read data may be

buffered in read buffer 1038, stored in control logic 1002, or registered. At

step 1124, the read data may be provided to data handling logic 1046 where it
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Figure 12 is a block diagram of memory module 1200 that is one
embodiment of memory module 306 of Figure 3. Memory module 1200 is
an SDRAM module that includes SDRAM devices 1204-1207 and memory
module controller 1202. Memory module controlier 1202 provides a bridge
between system memory bus 1242 using a Direct Rambus™ protocol (and
coupled to a system memory controller) and SDRAM devices 1204-1207.
The Direct Rambus™ protocol includes clock signals CLK 1228, /CLK 1230
(where the symbol “/” indicates a complementary signal), data lines 1232,
row address lines 1234, and column address lines 1236. The data may
include 16 signals lines, the row address may include 3 signal lines, and the
column address may include 5 signal lines as described in the Advance
Information Direct RDRAMM 64/72-Mbit (256Kx16/18x16d) data sheet. For
one embodiment, CLK 1228 and /CLK 1230 may have a frequency of
approximately 400 MHz. Other signals used by this protocol are not shown
so as not to obscure the present invention.

Memory module controller 1202 provides memory transactions
received from system memory bus 1242 to SDRAMs 1204-1207. For one
embodiment, SDRAMs 1204-1207 may be 64Mb SDRAMs such as described
in the preliminary data sheet of IBM's IBM0364804C, IBM 0364164C,

9
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Figure 1 shows one embodiment of a process implemented by

memory module controller 1202 to perform a read transaction from one or
more of SDRAMs 1204-1207 after receiving a read request from system
memory bus 1242. Figure 13 is described with the aid of the exemplary
timing diagram of Figure 14. It will be appreciated that Figure 14 shows CLK
1228 having approximately twice the frequency of CLK 1208. For one
embodiment, CLK 1228 may have a frequency of approximately 400 MHz

and CLK 1208 may have a frequency of approximately 200 MHz. For other
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Memory module controller 1202 may implement the process of
Figure 13 using the circuitry shown in memory module 1000 of Figure 10.
For example, CLK 1024 corresponds to CLK 1228, CMD/ADDR 1026
corresponds to row 1234 and column 1236, data 1027 corresponds to data
1232, CLK 1030 corresponds to CLK 1208, address 1032 corresponds to address
1214, memory control signals 1034 corresponds to control bus 1238, and data
1036 corresponds to data 1224. For other embodiments, other circuitry may
be used to implement the process of Figure 13.

The process starts at step 1302. At step 1304 and from time t0 to time
t1, an activate command is sent on row lines 1234 including a device, bank,
and row address of selected memory locations in one or more of SDRAMs
1204-1207. At step 1306 and from time t2 to time t3, data request logic 1004
deserializes the command and address information and provides this
information to control logic 1002. Control logic 1002 then provides the row
address to the selected SDRAMSs over address bus 1214 and/or 1222, and the
appropriate bank activate command to the selected SDRAMSs over control
bus 1238 and/or 1240. For one émbodiment, the appropriate bank activate
command includes disabling CAS lines 1211 and/or 1219 and WE lines 1210
and/or 1218, and enabling CS lines 1213 and/or 1221 and RAS lines 1212
and/or 1220 at the rising edge of CLK 1208 and/or 1216.

Because the memory addressing scheme protocol used by Direct
RDRAM™ devices may be different than that used by the selected
SDRAMSs, the activate command supplied on row address lines 1234 may
include column address information for the selected SDRAMs. In this
example, this column address information may be stored in address storage
unit 1040 until such time that the column address information is issued to
the selected SDRAM:s.

At step 1308 and from time t4 to time t6, a read command is sent on
column lines 1236. The read command includes device, bank, and column

address information for the desired read location in the selected SDRAMs.
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logic 1002. Control logic 1002 then provides the column address and the
read command to the selected SDRAMs over address bus 1214 and/or 1222
and over control bus 1238 and/or 1240, respectively. For one embodiment,
the appropriate read command includes disabling RAS lines 1212 and/or
1220 and WE lines 1210 and/or 1218, and enabling CS lines 1213 and/or 1221
and CAS lines 1211 and/or 1219 at the rising edge of CLK 1208 and/or CLK
1216.

If there is a difference between the number of bytes selected in the
selected SDRAMs and the number of bytes expected from a single read
transaction by the system memory controller, then steps 1308 and 1310 may
be repeated a desired number of times to match the number of bytes. For
example, as shown in Figure 14, if the first read command READ1 on
column 1236 (together with the activate command on row 1234) addresses
16 bytes of data and the read command to the selected SDRAMs addresses 32
bytes of data, then a second read command READ2 may be issued from time
t6 to time t9 to address the second 16 bytes.

At step 1312 and from time t8 to time t15, data I/O circuitry 1022 may
receive data read from the selected SDRAMs. For example, 32 bytes of data
may be read from the four SDRAMs 1204-1207 in the following manner:
from time t8 to time t10 data /O circuitry 1022 may receive data packet DO
that includes the first eight bytes, two bytes from each of the four SDRAMSs
1204-1207; from time t10 to time t12 data packet D1 that includes the second
eight bytes, two bytes from each of the four SDRAMs; from time t12 to time
t13 data packet D2 that includes the third eight bytes, two bytes from each of
the four SDRAMs; and, from time t13 to time t14 data packet D3 that
includes the last eight bytes, two bytes from each of the four SDRAMs. It
will be appreciated that for other embodiments a different number of bytes
and a different number of cycles may be required to read the selected data

from the selected SDRAMs.
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handling logic may serialize or pack the data into the proper format
expected by the system memory controller on data bus 1232. For one
embodiment, data packets DO and D1, including a total of 16 bytes of data
from SDRAMs 1204-1207, may be packed into one uninterrupted
transmission DATA1 that may provided to data bus 1232 at step 1316 and
from time t11 to time t15. Similarly, data packets D2 and D3, including a
second 16 bytes of data from SDRAMSs 1204-1207 may be packed into one
uninterrupted transmission DATA?2 that may provided to data bus 1232 at
step 1316 and from time 14 to time t16.

Figure 15 shows one embodiment of a process implemented by
memory module controller 1202 to perform a write transaction to one or
more of SDRAMs 1204-1207 after receiving a write request from system
memory bus 1242. The same process may be used to write data to any of the
SDRAMs. Figure 15 is described with the aid of the exemplary timing
diagram of Figure 16. Memory module controller 1202 may implement the
process of Figure 13 using the circuitry shown in memory module 1000 of
Figure 10.

It will be appreciated that Figure 15 shows CLK 1228 having
approximately twice the frequency of CLK 1208. For one embodiment, CLK
1228 may have a frequency of approximately 400 MHz and CLK 1208 may
have a frequency of approximately 200 MHz. For other embodiments,
different ratios of frequencies, and/or different frequencies, may be used.

The process starts at step 1502. At step 1504 and from time t0 to time
tl, an activate command is sent on row lines 1234 including a device, bank,
and row address of memory locations in one or more of selected SDRAMs
1204-1207. At step 1506, data request logic 1004 deserializes the command
and address information and provides this information to control logic

1002.
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until such time that the column address information is issued to the
selected SDRAMs.

At step 1508 and from time t2 to time t3, a write command is sent on
column lines 1236. The write command includes device, bank, and column
address information for the desired write locations in the selected SDRAMs.
At step 1510, request handling logic 1004 deserializes the write command
and provides this information to control logic 1002. If there is a difference
between the number of bytes selected for writing in the selected SDRAMs
and the number of bytes selected by the system memory controller, then
steps 1508 and 1510 may be repeated a desired number of times to match the
number of bytes. For example, as shown in Figure 16, if the first write
command WRITE1L on column 1236 (together with the activate command
on row 1234) selects 16 bytes of data and the write command to the selected
SDRAMSs addresses 32 bytes of data, then a second write command WRITE2
may be issued from time t3 to time t4 to address the second 16 bytes.

At step 1512 and from time t5 to time t6, data handling logic 1046 may
receive write data DATA1 from data bus 1232 and may unpack or deserialize
the write data. Data handling logic 1046 may store the write data DATA1
into write buffer 1012, and address storage 1014 may store the write address
output by request handling logic 1004. If a subsequent write or read
command is received, control logic 1002 may inspect write buffer 1012 and
address storage 1014 for the requested address. If the address is located in
address storage 1014, then the corresponding data in write buffer 1012 may
be read or overwritten. If a subsequent write command WRITE2 is issued,
then DATA?2 received from time t8 to time t10, and associated with this
command, may be unpacked or deserialized and also stored in write buffer

1012.
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appropriate bank activate command includes disabling CAS lines 1211
and/or 1219 and WE lines 1210 and/or 1218, and enabling CS lines 1213
and/or 1221 and RAS lines 1212 and/or 1220 at the rising edge of CLK 1208
and/or CLK 1216. At step 1518 and from time t9 to time t11, control logic
1002 then provides the column address and the write command to the
selected SDRAMSs over address bus 1214 and/or 1222 and control bus 1238
and /or 1240, respectively. For one embodiment, the appropriate write
command includes disabling RAS lines 1212 and/or 1210 and enabling CS
lines 1213 and/or 1221, RAS lines 1212 and/or 1210, and WE lines 1210
and/or 1218 at the rising edge of CLK 1208 and/or CLK 1216.

At step 1520 and from time t9 to time t14, control logic may cause the

write data to be provided to the selected SDRAMs on data lines 1224, 1225,
1226, and /or 1227 from data 1/O circuitry 1022. For example, 32 bytes of data
may be written to the four SDRAMSs 1204-1207 in the following manner:
from time t9 to time t11 data 1/O circuitry 1022 may provide data packet D0
including the first eight bytes, two bytes to each of the four SDRAMs; and
from time t11 to time t12 data packet D1 including the second eight bytes,
two bytes to each of SDRAMs 1204-1207. DO and D1 may correspond to
DATAI1. Additionally, from time t12 to time t13 data I/O circuitry 1022 may
provide data packet D2 including the third eight bytes, two bytes to each of
SDRAMSs 1204-1207, and from time t13 to time t14 data packet D3 including
the last eight bytes, two bytes to each of SDRAMSs 1204-1207. D2 and D3 may
correspond to DATA2. It will be appreciated that for other embodiments a
different number of bytes and a different number of cycles may be required
to write the selected the data to the selected SDRAMs. Although in this
example all DRAMs are written to, in alternative embodiments a partial

write to one (or less than all) of the SDRAMs may be executed.
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1207 using a modified protocol. The modified protocol may be
demultiplexed having a data bus and a separate control bus that transmits
control information and address between a system memory controller (e.g.,
system memory controller 304 of Figure 3) and memory module controller
1202.

In this embodiment, a read transaction from one or more of
SDRAMs 1204-1207 may be performed as shown in Figure 17 wherein row
bus 1234 and column bus 1236 are used as one control bus 1235 having eight
signal lines. For other embodiments, a different number of signal lines may
be used.

From time t0 to time t1, an activate command is sent on control bus
1235 including a device, bank, and row address of selected memory locations
in SDRAMSs 1204-1207. In this embodiment, the activate command may be
spread over two cycles (i.e., cycle 0 and cycle 1 in Table 1 below) of CLK 1228
in which data is transferred on each clock edge of the CLK 1228 (i.e., double-
pumped). For one embodiment the packet format is as shown in Table 1

where RQ[7:0] correspond to the signal lines of control bus 1235.

Cycle | RQ[7] | RQI6] | RQ[3] | RQ[4] | RQ[3] | RQ[2] | RQ1} | RQ[0]
0 ST SE | D4 | DB | D2l | D | DOl | BO]
0 R6] | RG] | RAEl | RB | R2 | R | RO B[1]
i R3] | R12) | R(II] | RO0] | RO] | R\l | R7I | B2
TABLE 1

The activate command includes several fields:

B[2:0] Bank Select: Selects one of eight banks in SDRAMs 1204-1207;

Devi

controllers;
R[13:0] Row Address: Provides a row address for one or more
locations selected in SDRAMs 1204-1207; and

elect: Selects one of 2° or 32 memory module

29




103: 10%&' () - Jgg%%é)-l@@ 109 ()-~~I WB~_@ 1! &109B& ()- 109B& (-7

@ 10988&' () - 109 10988 ()- ! $S1098B& ()-tubefghdyYNC! 1! 10BE-T4B
-10Bl : 1098&’ () - 4! 10%3&'() YF 10%3&'() 10988’ ()- 1098 ()- hu JaBYNC' JI'Z AUG 2002
- @OYB& ()- 1! 109B8 0 ()91 ] $100& ( 10988’ (

11 10%| & () - ! f ‘ fB&S%fs t%/}’ndféa’XB&’Vk‘?fhﬁ’dE @
11 - 10%| & ) 9
@ 10%| &' 0 (%Lo%]@‘%‘?%q %fﬁ(“)‘eﬁ ?/? ypn%%% ?“ %10%?1 l(ﬁ% %T%“deﬂ COPEH o4

may include noop, precharge, retresh and other commands.

ST SF Operation

0 0 No Framing

0 1 Frame an Active Command (page
activate)

1 0 Frame a Read/Write Command
(page hit)

1 1 Frame an Extended Command

TABLE 2

From time t2 to time t3, data request logic 1004 deserializes the
command and address information and provides this information to
control logic 1002. Control logic 1002 then provides the row address to the
selected SDRAMs over address bus 1214 and /or 1222, and the appropriate
bank activate command to the selected SDRAMs over control bus 1238
and/or 1240 (e.g., as described above with respect to Figures 13 and 14).

From time t4 to time t3, a read command is sent on control bus 1235.
The read command includes device, bank, and column address information
for the desired read locations in the SDRAMSs. In this embodiment, the read
command may be spread over two cycles (i.e., cycle 0 and cycle 1 in Table 3

below) of CLK 1228, and have a packet format as shown in Table 3.

Cycle | RQ[7] | RQl6] | RQ[5] | RQM4] | RQI3] | RQ[2} | RQ1} | RQ[O]
0 ST SF D4] | DB | DRI | DO | D[] B[O]
0 Clel | CBI | CHl | CBEl CRl | C | o) )
1 AP | R/W | Cl1J | Cfi0} | €Ol | C8l | CI7) Cl2]
TABLE 3

The read command includes several different fields not present in

the activate command:

30



104| LY: 109%| & ()-/ 109%4| & ()-: @ $YRJE: / 10 10Y: 10%& ()- S&6@
109& () - 421093 4@%%109&' () -, 10%& () - @ 10%& () - 3& SERXY:/ 10@PEFHEIPP1885
L 109% ()-S 109%& () - (&MLO%& ()-$10%& ()-109%& ()- 10/ NdE:/ 10@@ 10%& O19 AUG 7002

Z10%& ()- @Y109& ()- @ 10%& ()- @ 10%& ()-  10%& ()-"-aVK@ 10 10 10

10F: 109%& ()-! S/ 1@&&%@%(%@@?5 Ao -addresRgpr(gne dEMGERLO 10f -
10%& s %8 () - 4R % %d09%&' ()-9109%& ()-bC 10 19! 10%
U ()()(sml ?‘{@"’8 §§f§;& %’P%‘J%%&ﬁ (150710 10 18@, 109&’ (§)Q\ITUVW‘PB4

R/W Read Write: indicates whether the command is a read

transaction or a write transaction. When this signal is in one logical state it
indicates a read transaction, and when it is in the complementary logic state
it indicates a write transaction; and

AP Autoprecharge: Indicates whether the selected column {(or row)
of selected memory cells should be precharged after reading.

From time t6 to time t8, request handling logic 1004 deserializes the
read command and provides this information to control logic 1002. Control
logic 1002 then provides the column address and the read command to the
selected SDRAMSs over address bus 1214 and/or 1222 and over control bus
1238 and/or 1240, respectively, (e.g., as described above with respect to
Figures 13 and 14). If the first read command READ1 on control bus 1235
addresses less bytes of data and the read command issued to SDRAMs 1204-
1207, then a second read command READ2 may be issued from time t7 to
time t9.

From time t10 to time t16, data I/O circuitry 1022 may receive data
read from the selected SDRAMs. For example, 32 bytes of data may be read
from the four SDRAMs 1204-1207 in the following manner: from time t10
to time t11 data [/O circuitry 1022 may receive data packet DO that includes
the first eight bytes, two bytes from each of the four SDRAMs 1204-1207;
from time t11 to time t12 data packet D1 that includes the second eight bytes
two bytes from each of the four SDRAMSs; from time t13 to time t14 data
packet D2 that includes the third eight bytes, two bytes from each of the four
SDRAMs; and, from time t14 to time t16 data packet D3 that includes the
last eight bytes, two bytes from each of the four SDRAMs. It will be
appreciated that for other embodiments a different number of bytes and a
different number of cycles may be required to read the selected data from the
selected SDRAMs.

When the read data is received, it may be stored in read buffer 1038

prior to providing the data to data handling logic 1046. Alternatively, it
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may be provided directly to data handling logic 1046. At step 1314, data
handling logic may serialize or pack the data into the proper format
expected by the system memory controller on data bus 1232. For one
embodiment, data packets DO and D1, including a total of 16 bytes of data
from SDRAMSs 1204-1207, may be packed into one uninterrupted
transmission DATAL1 that may provided to data bus 1232 from time t12 to
time t15. Similarly, data packets D2 and D3, including a second 16 bytes of
data from SDRAMSs 1204-1207 may be packed into one uninterrupted
transmission DATA2 that may provided to data bus 1232 from time t15 to
time t17.

For this embodiment, a write transaction to one or more of SDRAMSs
1204-1207 may be performed as shown in Figure 18. From time t0 to time t1,
an activate command as shown in Table 1 is sent on control bus 1235
including a device, bank, and row address of memory locations in one or
more of SDRAMSs 1204-1207. Data request logic 1004 deserializes the
command and address information and provides this information to
control logic 1002.

From time t2 to time t3, a write command is sent on control bus 1235
that includes device, bank, and column address information for the desired
write locations in SDRAMs 1204-1207. The write command uses the packet
format shown in Table 3 with the R/W bit set appropriately to indicate a
write transaction. Request handling logic 1004 deserializes the write
command and provides this information to control logic 1002. If there is a
difference between the number of bytes selected for writing in SDRAMs
1204-1207(e.g., 32 bytes) and the number of bytes selected by the single write
transaction issued by the system memory controller (e.g., 16 bytes), then the
first write command WRITE1 on control bus 1235 may write a first amount
(e.g., 16 bytes) of data, and a second write command WRITE2 may be issued
from time t4 to time t5 to write a second amount of data (e.g., another 16
bytes).

From time t6 to time t9, data handling logic 1046 may receive write

data DATA1 from data bus 1232 and may unpack or deserialize the write
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buffer 1012, and address storage 1014 may store the write address output by
request handling logic 1004. If a subsequent write or read command is
received, control logic 1002 may inspect write buffer 1012 and address
storage 1014 for the requested address. If the address is located in address
storage 1014, then the corresponding data in write buffer 1012 may be read or
overwritten. If a subsequent write command WRITE2 is issued, then
DATA2 received from time t9 to time t11, and associated with this
command, may be unpacked or deserialized and also stored in write buffer
1012.

From time t7 to time t8, control logic 1002 then provides the row
address to the selected SDRAMSs over address bus 1214 and /or 1222, and the
appropriate bank activate command to SDRAMs 1204-1207 over control bus
1238 and/or 1240 (e.g., as described above with respect to Figures 15 and 16).
From time t11 to time t12, control logic 1002 then provides the column
address and the write command to the selected SDRAMSs over address bus
1214 and/or 1222 and over control bus 1238 and/or 1240, respectively (e.g., as
described above with respect to Figures 15 and 16).

From time t10 to time t15, control logic may cause the write data to be
provided to the selected SDRAMSs on data lines 1224, 1225, 1226, and/or 1227
from data [/O circuitry 1022. For example, 32 bytes of data may be written to
the four SDRAMs 1204-1207 in the following manner: from time t10 to
time t12 data I/O circuitry 1022 may provide data packet DO including the
first eight bytes, two bytes to each of the four SDRAMSs; and from time t12 to
time t13 data packet D1 including the second eight bytes, two bytes to each of
SDRAMSs 1204-1207. DO and D1 may correspond to DATA1. Additionally,
from time t13 to time t14 data I/O circuitry 1022 may provide data packet D2
including the third eight bytes, two bytes to each of SDRAMs 1204-1207, and
from time t14 to time t15 data packet D3 including the last eight bytes, two
bytes to each of SDRAMSs 1204-1207. D2 and D3 may correspond to DATA2.
It will be appreciated that for other embodiments a different number of

bytes and a different number of cycles may be required to write the selected
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all) of the SDRAMs may be executed.

Although the present invention has been described in terms of
specific embodiments, it will be appreciated that various modifications and
alterations might be made by those skilled in the art without departing from

the spirit and scope of the invention. The invention should therefore be

measured in terms of the claims which follow.
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Claims

1. A memory module controller for providing an interface between a system
memory controller and a plurality of memory devices on a memory module, comprising:
first interface circuitry to receive from the system memory controller a first
memory transaction in a first format; and
control logic coupled to the first interface circuitry and to convert the first memory
transaction into a second memory transaction in a second format for the plurality of memory
devices, wherein the second format of the second memory transaction is different from the

first format of the first memory transaction.
2.  The memory module controller of claim 1, further comprising:
second interface circuitry coupled to the control logic and to transmit the second

memory transaction to at least one of the plurality of memory devices.

3. The memory module controller of claim 1, wherein the first memory transaction

includes time multiplexed address and command information.

4. The memory module controller of claim 3, wherein the first interface circuitry

comprises:
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comprises:

data handling logic to receive data for the first memory transaction from the system

memory controller and to reformat the data for the second memory transaction.
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10.  The memory module controller of claim 1, further comprising:
a read buffer coupled to the control logic and to store data read from at least one of

the plurality of memory devices.

11.  The memory module controller of claim 1, further comprising:
a clock generator circuit coupled to the control logic and to receive a first clock signal
from the systerm memory controller and to generate a second clock signal for the plurality of

memory devices.

12. A memory module controller for providing an interface between a system

memory controller and a plurality of memory devices on a memory module, comprising:
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transaction in a first format; and
means for converting the first transaction into a second memory transaction in a
second format for the plurality of memory devices, wherein the second format of the second

memory transaction is different from the first format of the first memory transaction.

13. A memory module controller for providing an interface between a system
memory controller and a plurality of memory devices on 2 memory module comprising:
first interface circuitry to receive from the system memory controller a first
memory transaction in a first format; and
control logic coupled to the first interface circuitry and to reformat the first memory
transaction such that the plurality of memory devices perform the reformatted first memory

transaction.

14. The memory module controller of claim 13, further comprising:

second interface circuitry coupled to the control logic and to receive from one of the
plurality of memory devices a second memory transaction in a second format, wherein the
control logic is to reformat the second memory transaction such that the system memory

controller is to perform the reformatted second memory transaction.
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