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WD 2004/ 013897 PCT/ US2003/ 024242 1 MEMORY HUB AND

ACCESS METHOD HAVI NG | NTERNAL ROW CACHI NG TECHNI CAL
WO-R@D13BPT s i nvention relates to conputer systROBFUSZNS024242

nore particularly, to a conputer system having a

menory hub coupling several Inenory devices to a

processor 5 or other nenory access devi ce. BACKGROUND

OF THE | NVENTI ON Conput er systens use nenory devi ces,

VORI HOM R A LERRS TR T AT i b RNAY Bpwy cacrmva

accessed by a processor. These nenory devices are
normal |y used as system nmenory in a conputer 10
TESHNKEMML FIEIaDt ypi cal conputer system the processor

conmuni cates. with the system nenory through a .
or 0ces S0 VPP FORBHI SYILERS, 3Fe TEFopELCHAY, f0 o

co%gﬁ]t%g %gfené ba %X nichfbis g{ﬂ% 8%1%%513%%1[{2%@0% ﬁ?ﬁgg ¥ a processor

S area ess
or oihst membbingeckdtalevizeat i on from whi ch data or
instructions are to be read. The nenory controller
uses the conmand and address to generate appropriate

%gﬁ@ﬁl]ﬁg i RAS as row and col um

BAa resses, %?g@ are a%%l\llred to the systemnenory. In
r esponse Jopnpulfe sgQemBnssmamdrpdeicssarh o dlgandic@andom access
transferred between the system nenory and the

meptasy dSEBAM Thdeviessoty staatingrucipns gndfdagh thssrage gpcegsed by a
s¥st emtl,ﬁont rollnl er V.thi ceh 0aI s]g i ne usdest busebri dl%eal computer

ProgFselii £ PSPOrBY YISV ICHY TR 0% 8L M BeRsY P

sysEHRangi O ypiddl TompHEh sfsterd, Bie! probSisor2EbrntiteMed witkethe system

operating speed of nenory devices has continuously
menmey dbroagh at piosessercbusassl Brmeperyacdntiplisn e dihe agcasedr issues a

kept pace with.increases in the operating speed of
ey BT MhieDdRE SIS oAy SRS TR e ey Bieg cpipmand, and an
ad P& @ésigq‘lgtiﬁ%) 88 oRhtion BER WhieR Mafa0b BESuGRHP At be read. The

processors 1o nenory devices. The relatively slow
megee doniodllerarsos yhecamimaid end addrdssnpenerae appreprihte dotremand

. the data bandw dt h between the (ﬁg processor_and the
SighRlfraP Y ctlerriTeWsand| cluRERddretics ¢vhitreteiarpl etiiogh dvitdR emory.
In R& 05 YieC .

RS PS50, S BIBCY WAPY B vy e s
mehRire a0y thermbtessa. tThatmemory controller is often part of a system controller,
which also includes bus bridge circuitry for coupling the processor bus to an expansion
bus, such as a PCI bus.

Although the operating speed of memory devices has continuously
increased, this increase in operating speed has not kept pace with increases in the
operating speed of processors. Even slower has been the increase in operating speed of
memory controllers coupling processors to memory devices. The relatively slow speed
of memory controllers and memory devices limits the data bandwidth between the
processor and the memory devices.

In addition to the limited bandwidth between processors and memory

devices, the performance of computer systems is also limited by latency problems that

increase the time required to read data from system memory devices. More specifically,
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increase the time required to read data from system

menory devices. Mre specifically, W 2004/013897
WOEOMANWEROD3/ 024242 2 when a nmenory devi ce r eaPlCTUMUA50R4242

is coupled to a system nenory device, such as a

synchr onous DRAM (" SDRAM') Zevice, the read data are

output fromthe SDRAM device only after a delay of

several clock periods. Therefore, although SDRAM

Wik HPia: Qo e HaICAPTHS TP oG OE AR as o
syng%ﬁg&%sgﬁm Sﬁbw gV\‘léva% AREfAl 190 ﬁ@%ﬂnﬂ?fﬂcﬁn the SDRAM

er system usi ng such’ "SDRAM devi ces.

devaqeordaafiert :0deddst ﬁiﬂe@éxalngocﬂdmnnsémﬂyerbmee ratthotpghcﬂjl)léﬁi\/l devices
to use nultiple nenpry devjces coupl ed

canpyygelEesensly wteutgwlr@r dhr 3/ ugh slaty ratcy ﬂ.*-r:eﬁed?sym lm}t?ﬂy providing
the ac{a% 2 lgzgne téﬁ{f%ant SRt tﬁ@“né%‘nhg fhg EeHpr %9&515%5'1{?% such

evera ?es each” of

SDRQ@M@@@@eﬁ.nEnDry hub coupled to several menory
devices. The menory hub efficiently routes nenory

requestsO@ndﬂ%@@ﬁbﬁ@e@kﬁﬁﬁm@eﬂwtﬁ@nmﬁbﬁﬁ@%WIEF*&WH1§H8‘Ee

mug}%goﬁég%% pegvﬁcgegﬁou é) tgl Iq St sesn¥ B}Sc%) 10y }[n%&b%%s eIn g memory
hulpﬁreﬁl@&%ﬁé £AR1ACERHDANG rﬁﬁﬂ@r&)boﬁ@éﬂll&@s ¥hiplel toasadrilahemory
menory device is responding tO a prior menpry access,

mofales,eocahyifeyhitin en611516§ rROWEMOTH h@amml@tbm sweratl én@a‘iﬂé{ deyices.

ft h
ThggRgRgnBo TP douSE tasol "Febal iy RspSiecf M IER. e
corltRA@r 434 ?hetlﬁerﬁ RUREE SEBMputefbiRINIEM BTG Bl aidlﬁt‘é@tﬁﬁe can

usi ng menory S may prOV|de superi or perftormnce,
havteh@ yhigley dahdveldts beaiute n Ifracdssctrocanpmcaaseom m@ptqryndmllce while
speed for several reasons. For. exa even thou

an MREH S HEH 15 FSRIMENE BRI TEHL %@CW% hFgr Kille, the
pro?ésfégf Rhn %91 Rit¥ ?an Whil Iaf tl%é1 Eenhl [ deviRtd 1find Eﬁ'ﬁ@m while

atency pr ens o e type descri bed above.
andtR&ahémedl deyicedh lt}tw;yghmt is @repanng ssmovideyreabdatal tui thalpeocessor
with one nenory device while another nmenory device is
Altb@%ha ﬁomgutteb Sﬁt%m% PERS dREROTY; ubs may, pEvidre §un?é‘eé oeefpymance,

theg al%eveﬁﬁeele ?alff %&Q& %H@Eﬁmﬂeéﬁeg& BELAS e?a[lt IQQ%ODS For

on1ano ry dev can e used.

exYSIB! edkdt ﬂlcﬁgﬁtm&ﬁoﬂyelﬁﬂisV@l proRieofEm PR e Eystahey imdth a greater
before dat 5 received from another nmenory device can
mepwry banflwitithe thextsti syffer oo dateraymrphlaws of $he typodescHbed above.

Mo(%g %{)gél 1ca(¥1 gﬁl ougﬁftheS %Porc]:escsgp%%tyecronuX%@an with one memory device
while another memory device is preparing to transfer data, it is sometimes necessary to
receive data from one memory device before the data from another memory device can
be used. In the event data must be received from one memory device before data
received from another memory device can be used, the latency problem continues to
slow the operating speed of such computer systems.

One technique that has been used to reduce latency in memory devices is
a cache memory, which stores data recently accessed from system memory. The cache
memory is generally in the form of a static random access memory (“SRAM”), which

has a substantially shorter access time compared to dynamic random access memory
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One technique that has been used to reduce latency in
menory devices is a cache nenory, which stores data

WO e@en1dsy’ accessed from system nenory. The cacP@r/US2003/024242
menory is generally in the formof a static random
access nenory ("SRAM'), whixh 30 has a substantially
shorter access tine conpared to dynam ¢ random access
menory WO 2004/ 013897 PCT/ US2003/ 024242 3 (" DRAM')

(DRSS Tty e AR PP o B0 dra T el e Y s Hebory
is %ﬁ@rﬁﬁ? S felar@ﬁ‘%lﬂ atopfhgclﬁééé&ﬁ PHSoUA Berobdidddt bl Fa@kkghthan
sysemg olg tell?<

ontr r or e as Is typical with
thro@?i\w syteinesonieer or. thé\iik@as isagpitsl with DRAN @ystem mpsery. Asa
0

cache nenory and the closer, proximty of cache
resulieafchg faster speadeoisagheagnery @Héh%@s%ﬂ”‘é’é’&“ﬁéf Oﬁﬁﬁ&eﬁn%‘ﬁ‘y to
reat | educe [ d
the RicERial 08 S0 B4 B g K o RIdled BR o RO L0 rea
opeRfieRSS | atencies in conventional conputer systens,
cache nenory has not been used in a _nmanner that

provi desAbeughueepentionatashche | MeBORyp ok redyrst e EMQEY fgoess

menory hubs.. 10 | ticular, | im .
ol ) PO G p ok o 36088 n
mad@s taY préVid&s otRRGA Igedfoharkcy Ph eampARTEBYsyeriIlisify Sieattry hubs.

menor i és makes cache menory of | esser value since a
In pratidwdarhilte limited storagekepgoityoolotypisel carhi snepestaseipmpared to the

Vas‘@g%%gr%g{q%gvb%ﬁt}g&g@ﬁe}qﬁ% ﬁ1§;{jb Is}é/st»i%rg 1]%1%125‘@%%{15@%:? %%%%trﬁerﬁ&y of
less%f?:?lﬁcg yxﬁ@é a &Erﬁf‘i SO ERES to MBER, SIMRCHDbbIRA is¥xadetbatéd by the

cul't to couple the data that 15 wi || subsequently
diffhltpeiadaansferoing addta 06 chtte menory thadisl Beely He daegthet subject of

menory controller to the processar d then fromth
SUb AR MBS a e FRTOF Al Speult 4 foyle the dffa that
willk t{s'eﬁqﬁgnttl?/t@e HBldah aﬁ(ﬂn Caﬁcgfﬁtl‘%oﬂl%ﬁl%ﬂﬁhddﬁle@ thRIMBHUBE memory
system usirng nenory hubs and a cache nenory coupl ed _
contr@l1&h® 1hE QeSS ahl tieanghorh ke proceess tr theuwsacheamempty. cAkso, it
require significant hardware resources to naintain

candhecdi Biedinerariaipin Fashe Keherency, in @Rommuier sysiomdisiig Bgmpty hubs

mai nt.ai n_cache cohere ryyan :
R R R A e A R
reqfite WishiTtafPEAEWARMRE &R N0 Reaihtahi cachbeokerexyt Mantkonere, the

~a need for a conputer architecture that provides the
time deqamited de snamtain Grehorsherby st HPWEBETPE RAPIARARGS to the extent

thatnr]chi:ﬂn;)tz t%etpre]lirfgmllafantcg A qan ar;g(e)sb c|>fe lirsri;ng cache memory can be lost.

There is therefore a need for a computer architecture that provides the
advantages of a memory hub architecture and also minimize this latency problems
common in such systems, thereby providing a memory devices with high bandwidth and

low latency.
SUMMARY OF THE INVENTION

A plurality of memory modules are coupled to a controller in a computer

system. Each of the memory modules includes a plurality of memory devices and a
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common in such systens, thereby providing a nenory

devices with high bandw dth and 25 | ow | atency.
WEIMMBREIOF THE | NVENTI ON A plurality of menorpCHose0se24242

are coupled to a controller in a conmputer system

Each of the nenory nodul es #ncludes a plurality of

menory devices and a WO 2004/ 013897 PCT/ US2003/ 024242

4 nennry hub. The nenory hub conprises a link

interface co ed to the.con .l er. and
ey P | RRGREROD BULATE 55 LHE e OB G e cppgoller and
a rﬂegrﬁf}' 'del@éﬁ &?acreec% ¥& %o tHEEHBLY, 18/ &Hest Th«f: [1ﬁEn1ﬁtQ§ace receives

or acce s to arow menory s in at
meheasieqaests frof thheomteiiier Yordevdss ésa radef kneniory nd:lltsrlhat h‘:ast one
transfers the nmenp uests to the nenory 5 dev
of thp fegmory deviges: c?hetln%ﬁ %e?ﬂ fEanstrs theaRERYTY FeGels 1 thednemory
ry [
de‘}n% nlir&fg% \lell até?r? & n@rleosf tﬁg ﬁlg&ﬁn% qe@.\ééfegyogcfelg %Jeﬁcfﬁ// devices for
acc@ﬁm@r ¥y rov(?j QY integndrilcellf @CA [kdreoné o€ eevidSmbhedgvirrs. dakanemory
fromthe nenory devices responsive to at | east sone
devige infrsfase ﬁbﬁrwrep@@;@setbp geadedath fr@fn th‘?én%ﬁﬂﬁfr devisgh gesppagve to at

clf PR 5, TR YU By NS SR e o

mefory @SRABS ity €hd tefory Baste @fﬂ@rfﬂ:fe i*ob @cd¥RARS Y¥ind %ﬁiﬂﬁlﬁt&ad data
A sequencer that is also included in the nmenor

resp@swaplaedieasbondﬁ the memomy mqbedt®, Atseeuansaithyt ig i/soa@cluded in

t f dt Th
thegBHBPI B0 Brieblstgr S LG NG By g R BV PG e gnd te
rovﬁ%ga{ey i cRfb#g St Thé QediRAckrdadRrAdsOMATRBRIIYs &8 lthS nhéhdty device

row of nenory cells being accessed responsive to a
interfee nyemmqueqmestsr tansicdatedrdm mmepmdfmr dellaln arrper éfamempry cells
the 15 gp device interface, e %f& E ﬁ fro t he
beiRg AESSAAPIROTFiNS f%aemﬁwqﬁ%ﬁtrms S| framgs e ntetface fo the
si
megugggggge [RGPRAS T%E & itk b2k r}gr%ggg ¥y 89Y8YfSnemory

0 stored int row cac
celBegigaeesspd efspomiveyto ghe gerretasd hiemonyeraquysts agubstssored in the
when nenory requests are not being received fromthe

IOV GpgheomEBPLY. BﬁmEFsemm prefersb et eHEIRMSTY gequests when
meﬁm%’fegug‘sté ?rg%opi)aﬁéregéﬁ?c[ ﬁg]}noc%% Bty er system

e I nvention in which a
nmenory hub i's |ncluded in each of a plurallty of

menory nodul es.
BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram of a computer system according to one
example of the invention in which a memory hub is included in each of a plurality of
memory modules.

Figure 2 is a block diagram of a memory hub used in the computer

system of Figure 1.

DETAILED DESCRIPTION OF THE INVENTION
A computer system 100 according to one example of the invention is
shown in Figure 1. The computer system 100 includes a processor 104 for performing

various computing functions, such as executing specific software to perform specific
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Figure 2 is a block diagramof a nenory hub used in
the conputer systemof Figure 1. 25 DETAILED

WORBORIIBTT ON OF THE | NVENTI ON A conput er syst ePC1/082003/024242
according to one exanple of the invention is shown in
Figure 1. The conputer systém 100 i ncludes a processor
104 for perform ng various conputing functions, such
as executing specific software to perform speci fic WO

2004/ 013 PCT/ US2003/ 242. 5 cal cu at|
cal S Shetsr ouieaRBresstat e bges & Bt Bl et ggmatty
1ncﬁlﬁést aR OfdeRss Yous, Q%bﬁ%@(ﬁsblﬁn 2AdGr 888 WS, The ?ﬁ“ﬁ%&@f bRsIS06 is
a data bus.” The processor bus 106 is ypically

typrcal]uplceuiplbd) tc aatte memory 108)8whishi eh pr@muglyemlemy@wﬂ 1S usually

pentioned, is usual] at andom acce
statjo rgpgqy acqss Pgmoyy Sﬁé@rbcﬁé&@& Beodet bus Th6ib ogpieg to =
sysf% MRS Feﬁn lclgn(f)'h?dh'\%r al%élgom\épﬂngé" réferréd 8 a8 ATeNbAR Bridge” or
erre to a5 a Bridge" or menory
“mﬁﬁ@ﬁyrdahtreller"” The system control ler 110 serves as a
comruni cations path tg the processor 104 for . a

variety ohe svHieR eoolaeAlQ. SCRisE eaSs petdmpirstons path to the
1
SRR S BT S Sty Y s

con\t&‘@lléﬁl 1®incivded & gﬂuiphﬁg ppttatattio t}@loalllgiQOu}iled t6 sgtaphicd controller
The systemcontroller 110 is also co&gl ed to one or

112gyvhéch ispin tewqouplsd 198, v1§mwna§1abl%y asysten eniplierel 10 is

o B B e 3 R
an bﬁb%tHF‘ﬁ)Sm@Hﬂﬁc@ﬁthQﬁ@c&ﬁﬁlﬂéﬂ sygﬁiﬂ 8033 }jﬁ)ct.al@llﬁl'é Rfpater system

printer, coupled to the processor hrough the
100s 90 enaludest o1ts! dremore] GutpEndeviges rh?ﬂe Sl@iélt @ @mnﬁ‘gecoupled to the

profiest Aot WP Oah Pt By HPe T PO e S0 devices 12¢
are ailéooi’ypk}éﬁ RIAHES 30 rthel%cgééoﬁtl@i @hfélag@t&r sysBil COMRIRANA0 to

from’i nter nal” or external storage nedia (not shown).
alldex ﬂrq;bresessdir 10Apiocstdre sibtar @getrbev idetsfrd@i@ 4nternel od extianati storage

mog 84ROy e ForFBles CEBTHAS] o er P a A EgATs B floppy
dlsl%sé %ge%a&gﬁ@, % %c%np%@f’ ﬁﬁlglfeag%ﬂgfﬁeﬂggég ReMs).

serve as system neno for the
conput er Thy System10&htrollee MOy goupted ub e.&:vﬂ:fﬁﬂ) memory modules

ref er abI coupled to the systemcontroller 8
13qgm OHgW is wp@fﬁ_aglggségn memory for the computer system 10 The memory

modules 130 are preferably coupled to the system controller 110 through a high-speed

link 134, which may be an optical or electrical communication path or some other type
of communications path. In the event the high-speed link 134 is implemented as an
optical communication path, the optical communication path may be in the form of one
or more optical fibers, for example. In such case, the system controller 110 and the
memory modules will include an optical input/output port or separate input and output
ports coupled to the optical communication path. The memory modules 130 are shown
coupled to the system controller 110 in a multi-drop arrangement in which the single
high-speed link 134 is coupled to all of the memory modules 130. However, it will be

understood that other topologies may also be used, such as a point-to-point coupling
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l'ink 134, which may be an optical or electrica
comruni cation path or sone other type of
weoormioniseat i ons path. In the event the hi gh-spereriusionko024242
134 is inplenmented as an optical comrunication path,
the optical communication path may be in the form of
one 25 or nore optical fibers, for exanple. In such
case, the systemcontroller 110 and the rrem)ry

arrgtg%gllreg in Whﬁ]&{ansgh%g‘%ﬁghfféeg g‘n{lcs(lngtp %]8 E)upcie each of
theOrHElh&%'l mS&H&Uf‘J Rt the Byshah BontldIRr TROD Msvﬂ%&ﬂgeﬁpéﬁ@y Al also

shown” coupled to the systemcontroller 110 1n
be nzddtin-wridptha rsyslerge:nnmllard 10k sshectifely sbwgled to tacgwf;ﬂme@rnory

o 3 (spREf PGl 50 SRRy <O BB PRI g may Be dsed will be

be used, such as a point-to-point
ap%a%é&%}t(?’ﬁ%@%@gail}%%sg7 PCT/ US2003/ 024242 6

arrangenﬁhﬂlbﬁthhhnhnaysapduhtdsbiQMR@peadnhhnkyambtl401br

shown) is used to couple each nMenor y dul(ﬁ
confradling,aqopes tg;ﬁsrtl@fﬁwwwrcsﬁ L3, w@eh w XtaEH?iIWé gylisure

2 ﬁ@%@ olugg Iﬁhe\dém? %J%%%\B‘Em%?f@ ge rrerm 8‘J_:‘Jl(r‘?r%sd ﬁ&wver 2

fewled Oort g‘téﬂbkgﬂlrﬁbéir%ﬂ mbmbﬂoﬂe\&mv\l% meYy ﬂberus%d),paid)gieﬁfbry devices
t hat ]% be used will be 5 apparent to one skilled in

othen éhagr $I Ré%hle*otrze& rayneheeyrsenadig be ussh Eh@ﬂ@@@@rYath 140 is

o DL 3 04 i SRR DR 1SRO8 TR0, whi

nofmAINificludes a¥oRtrSVBENEOAREss By i éldzitQBd@m access
memdry (" SDRAM') devi ces. However, a fewer or great er

nunber oﬂnmmnpledﬁvth@ @eniofg hirhyl ABef Fégute 1ain ghomnon Yigure 2.

20181 Bl R 68 S g i

13/9f Tthg %aﬁbf@ bf ”Eﬂenﬁ@ [1%6@&%\6' 188 Swilt*@epehd ‘ﬁﬁ&lﬂ tide Q&b?ao‘-‘téﬁsh@ﬁbf the

0, which normally 1 ncludes a control bus,
mgheja@emshnlbl&l alft eaaxmptq-mbtlns ev@t&h@k}glmipe,edo]ﬁnl{ h#d mempteynented

.hub 140, of Figure is sho The nory .
usipg @nlm%%q%%w%ms ey e e s fpovif Singlilp Pagpptical

! 1 £ N8k %&ﬁﬁﬁ thd Nptical
mphﬁ?]épﬁta? vvl{’zdFi %ﬁlggrrt]délf}%%ﬁ Sf%({e} char ct erlgt%hgs o% ed
corhhﬁnfma'gdsnsSpﬁhdmltd rekectrdodl skgmalsex dnpdng, case, tifee lmke'mterfdoe 152

h-speed link 134 is inp] enented using an o

bredesAiN rnelEN 5o B Sah RUCh Keb iR AEPRbWISSE dythy Teoatving and
ol R0 ARLLOR) el MELBHER YRR IneidbLle SA0YSE! The

coupf e rough t
memory requests are stored in the buffer 154 until they can be processed by the memory

hub 140.

When the memory hub 140 is able to process a memory request, one of
the memory requests stored in the buffer 154 is transferred to a memory sequencer 160.
The memory sequencer 160 converts the memory requests from the format output from
the system controller 110 into a memory request having a format that can be used by the
memory devices 148. These re-formatted request signals will normally include memory
command signals, which are derived from memory commands contained in the memory

request received by the memory hub 140, and row and column address signals, which



10

15

20

25

conmuni cations path into electrical signals. In any

case, the link interface 152 20 preferably includes a
whedoter3sosuch as a first-in, first-out buffer BRGHDS$003/024242

receiving and storing nenory requests as they are

recei ved through the high-sgeed link 134. The nenory

requests are stored in the buffer 154 until they can

be processed by the nenory hub 140. Wen the nenory

s A o ek BERREE B B TR SR 08y B momrs

hub 126S ir?f}fee&/eﬁtoth@ n‘i@fﬁ@&%eﬁﬁ%@ RGRte Hoémory HBGud¥E AR de-formatted

sequencer 160 converts t menory req uests fromthe
reqlestreignatsut/filihofuadiy intlde syrge ela’uamgnaisowmh ad @enmcbfram write

t h f t t hat b
da@ﬁ”gﬁ%yneégg ocmomay, ToHHEs B by 1At e rEqHBae0s PyngFSuple
whid the BRRTRY h¥it ial4498e OERBYonaf d@ﬁm Gepiced ﬁ{esme%}y%l%quencer

are derived frommenory conmman contal ned I n

160reA1D bitpaOrokesidesss sigaale) a/mdv fddrésh etroEnCTRA SN blgﬁdoan autiore high
row and col unmm address SI gnhal s, which WD 2004/ 013897
writgFtiyslon e sime! (¢ ‘W/z% s or@ﬂur% adqressnsignals aad @<column address

str% ueb{‘ ?ég‘e’ 9 5 |$ﬂ%t hfhé@ {tgcﬂﬂl%ﬁlto?; Feégééfg gr b%ref"e?@olf@%ﬁy from

e eve € nenor

theFRfBn¥er’ WYUA Slhe ordBEthEE wilDbEBIci & the RGHOS) dsigRaUs. W | |
normal 'y include wite data signals which are derived
from wri e nefmery cotiears é@ouanph%éhmrmaﬁ@ha@mory requests to

d. hub. 140.. .F
o PAEOARSISS R SOR A T B 6 i o vy Bl Egcios wi
agdif AefEIiYorS BRUSRAEREerisHEO oMie! m@ﬂﬂb He\fl@é’él pdr @s8ny case, the
signals, '‘a row address strobe gnal , an

meawiry devibé ghierfagei 166/ meferabdy in@wdpe ad> ey r&alch @s WEFEFO)buffer 168,
col unn adaress Si nals and a col um add{ess stro

fo pgkBng 20f GTRII"E Yook BoROPRRP RO B OFy P dqt SeE Ay drom he
ImE ﬁgﬁéic%blliﬁ OPﬁeoﬁEmEfﬁ%huésﬁear@ Sfdds nSthe %ﬁﬁ‘eﬂ 64 ﬁ'@alQﬁé%%an be

ey w Il be used by the nenory devices 148
prora:esmd )bystaq uaamery d&Acappis. e$lovieeer; an ftbe rmenteﬂhe rmcmmyy device

requests to a nory device interface 166.. The n re
mt%ﬁfacpﬂéfiﬁ@ﬁmﬁv PEBIOr FegPfsis: dher BEmary fieVl%‘g‘é’F‘%ﬁfeaG%EéaHlay re-

orddP B2 rhé}ﬁo&t}ﬁ@f’e"é{se‘s@tﬁé‘t t%eér 295 afwﬂ]f‘edqg ﬁﬁer%gé} (fe%rct;eg' ZEﬁ%onluanother

any case VI C€ |nter pre era

ordefic| Rl e amplpy) fthe rmerﬁmfre@.:?es& ﬁhif@ebslélfeérlnltﬁS intefface 166 in a
receiving and storing one or nore menory requests. as
mapperthefreaupescaie\ERe ok SAIshe26epd FREUPHE & beaE@cwzd bafes other

typ{ggg};{%%éﬁ%gg_ei%@&gqu%gtg‘r ed in the buffer 168 until

The memory requests are described above as being received by the
memory hub 140 in a format that is different from the format that the memory requests
are applied to the memory devices 148. However, the system controller 110 may
instead re-format memory requests from the processor 104 (Figure 1) to a format that
can be used by the memory devices 148. In such case, it is not necessary for the
sequencer 160 to re-format the memory request. Instead, the sequencer 160 simply
schedules the re-formatted memory request signals in the order needed for use by the

memory devices 148. The memory request signals for one or more memory requests are
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processed by the nenory devices 148. However, in the

event the nenory device interface 166 stores severa
wOoretmny3spequest s, the nmenory device interface REGBUSHY3/024242

re- order the nenory requests so that they are applied

to the nenory devices in some other order. For

exanpl e, the nenory requests may be stored in the

interface 166 in a 20 nmanner that causes one type of
request, .e. r ead ue rocessed bef
g tonieq 5o Biopénnaiy SR T Tape d o HheSreag g et o apptied

re described above as being received

toggq?%§n&ﬁgﬁ§§§ﬁﬁﬁb 140 in a format that is different

f rom t he Asgpreeibudlpakplhined, vaoof therdspdesitsges af @siap plenedy hubs

to the nmenpry devices 148. However, the system
is theninerspsedy latepgy ﬁlaesy ean somgtigiey Greats. Orﬁ]saglsqr@ﬁqyggpsly explained, a

L
witéss thé tradlﬁoﬁultapple)@ds&)aﬂe&udhﬁg mbhﬁry sad Ueaest s wiell suited to

re-format the nmenory request. Instead, the sequencer
a MmemoLy Ftgm %%Wt}hlés - el memary e i} pxaBpigesiown in

er
FiihP B SO Y AR s Rah dire B G eI R e memory
17094 SadFESDIhE h &G IHhibs 61'216 Vl@e%@@“da@ﬂ@ﬁ&ﬁmry 170 may be similar in
PCT/ US2003/ 02424 8 then transferred to the nmenory

degigw ite eonvensionalc eache Gystems Hagludiag & dbgemamany i/noﬁ;eshown) a tag

to th devi 148. .As
ey bt b ph e o Re e R et BEF fhehadntpy The row
cadhelBembS fﬂ)estblréE ueas@dtdiRten QﬁﬁetoP%}[org B IAER} hd@%sed rows of
create. "As al so previously explained, 'a 5 cache

memenp cglls m ¢rieeorpnocesdbe HIEMrwdexacﬂspﬂ%dnttbe tiodule 140. The row
rocessor @us 106 ( %gre 1 which is thetradltlonz;}1

Ca@ﬁﬁ%%w eI qdé ing 231 ofdmepory apet fige fhe link

intSiide st hl?}l %Fegg(g n%%¥§tt<ﬁ Thdeidad oFRIDIY %ﬂf@s Tn ¥ @event of an

menory hu own in Figure 2 provi
addredsambieh] whichwindiates thatehel dhtatbeiy fanghed rgl thdi mgnayrreq\aest is
cache menmory 170 in each of the nmenory hubs 140. The

Stor%wnéla%w ﬁ%%rryer&% 1Ay theg én%nw 14p quﬁoui-btha dequgsted data and a
5| S
AR BB GAERCY e ) TR PRSI bt o o
muttilsesntii7onakagddhedsa Gorpae icacit hogbs (700b tehowplkd tolthe link
row cache nenory 170 stores data contained in one or

intpgace 5P en SReseXEnbabis Eavs eeFhe awiss, dhe miindexer ¢ €6 Feunles d@tﬁeﬁom
th&erenglra/edeQ/{CG 1Pt%rfg<‘:aen%6y toqﬁe mckemterflace W8, t lfﬁe WlfﬁT s1gna1 is also

applied to the memory sequencer 160 so that the sequencer will not couple the memory

request to the memory device interface 166 in the event of a row hit since the data
called for by the memory request has already been supplied by the row cache memory
170.

Although the row cache memory 170 may store data only from columns
in a row that have been previously accessed, the memory 170 preferably pre-fetches
data from many or all of the columns in the cached row when the memory hub 140 is
not busy responding to memory requests from the system controller 110. More

specifically, the memory sequencer 160 contains conventional circuitry to keep track of
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cache nenory 170 receives addresses formng part of a
menory request fromthe link 15 interface 152, which
wae@4oaspar ed to addresses of cached data. |n P¢EUS20031024242
of an address match, which indicates that the data
bei ng fetched by the nenory9request is stored in the
row cache nenory 170, the nmenory 170 outputs the
requested data and a "ROWH T" signal indicative of a
cache hit. The RONH T signal .is _applied to.a .
which cofUpmsyatya mops beige assrswdtiee had I gahsiorrd bgingransterred to
c t [ : ' r
the FEFiabhd Sty 1907 PHALE the @aliifet 160 19T Bl hacing omory
reqG@UPem €t Aol faenfadehEs 2o saqueser d60i generafascaerh6y teguests,
the link interface 152. The RONH T signal is also .
whighpre egptied todharimesiopy slevige inieriaass H0&ofor paupe gl stored in the

rem G g oL o ARlrp LR N R Rt 1o MRS ach Sfpipy 170
As 8irB6iftt, kige Gdndbry Godes&s af@t@lﬁfé}zﬂli bea BEISBIOf rh@fu®Jbcdiiass in the
al ready been supplied by the row cache nenory 25 170.
his

samp oo thyhrovheache meseasyi é 7 risntilely o siegngdain thag 3ilh be fitghed in
romcolums 1in a row that have been previously

f
SUbSGAUSRIREMODHEIWERor y 170 pref er ably pre-fetches data
from manyp@metory Biib 14BcHYPYERS aisibdefier ety reillewhBRcted

the menory hub 140 is not busy responding to nenory
to 7 equeswsof memorheclky st em elbiheroéthery devices NgBeusBE a variety of

progitisn g satingler M 1YY Va5t GEFEY 28 FoPOEs P60RFioE da from
mof%qi{a.lrfsggg %@?4ﬁ§§e S €60 Coh URBIOtaie! @W 88A Nbred in the

accessed have he data stored therein transferred
subsequehthe acersed aoweaorbentmnyfeddd to eanwt ¢trehs egumnyg é70.180he row

IS not busy.servicing nenpry _  requests fromthe |ink
cachemeprozg & 79 Bcapgite oégta@%"gaée froppe) B AsHg gryory cells, or

the {c%%léé?lfié@grylw 15 A EwRERL R £0 stbﬂlge F%Sgtl&g, tg@ Vih@&ored in the

to cause data store remal ni ng

nevd® latkedsedabwaot nashalsre S sitsban Githple obervirita fisf frevieasly stotddelata.
row cache mempry 170. ~As a result, since nenory
accessesAlibeughnt shewy/inRigure eridissugsed ghonss Yheiraarpery dyg 140

L0 the t . 17Q i1 S]] -
B BT B LSRR ) b
meRBAPEChE @eiiRsduSs. TRE eRBAFIEYtHE Hub 1D @ap eplphsLes Swiite through”

subsequent nenory request directed 10 to a new row of
modeabeReraim o 4 ‘Wwigabadkt masle orepereljorithe exent 982 meimegy gequest
forvaa\rﬂin é Yo %f location followed by a memory request for a read from that same
location.
From the foregoing it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of illustration,
various modifications may be made without deviating from the spirit and scope of the

invention. Accordingly, the invention is not limited except as by the appended claims.



procedures. For exanple, if the row cache nenory 170
is capable of storing data from nore than one row,

wo b@4degaencer 160 can sinply cause the data sPCT/E82008/024242
the subsequently accessed row to be transferred to
the row cache nenmory 170.1df the row cache nenmory 170
is capable of storing data fromonly a single row of
menory cells, or 15 the cache nenory 170 has ot herw se
reached its storage ca ' g the data stored in the
new y accessed row of Egﬁgbé cells can sinply
overwite the previously stored data. Although not
shown in Figure 2 or discussed above, the nmenory hub
140 pr ef evratmenorymbdwdescoviprsingt ry f or mai nt ai ni ng
cache consi stency usi ng conyventional nenory cache
techﬁPéH@@WcﬁQWm@¥&ﬁﬁP S; 8k hub 140 may enpl oy a

wri e, B’ i[jede of operation or a "wite
back't‘1 ﬁ%%%9g¥'ﬁﬁé ati6h in the event of a menory

request f arligk \iiteifecet ecavingcateinony freduestaefdr gcass menmrgw of
request for a read fromthat sane |ocation. Fromthe
nfepay 6¢lgniak legt qnepéthegperey degiget:hat , al t hough

specific j t.S. ' ' Q9¥§
describeda%@?ﬁ%hqgg%§gﬁ%ﬁ%@ggm§¥g?%F%g?ra .g?ﬁ%&%gmrnmnmy
d¥dté RiE AR BefrgCipetBIStoBRMpleendAGS réduidsBub tidemembiyndevices for
fromthe spirit and scope of the invention.

ageseoiodd ryY ¢f memory pellsriniableaptsonsod! the memody dxdedstanddo pgeeive

TR Ty YA A N PR
bR kddu¥st® EoulfREPhYhSRNee S devidtd bRingBERpoMsihed memory requests

conprising: a link interface receiving nenory requests
trhnsfermetfom thelink mbsufage to thempagoryelevise interdace] east one

of the nenory devices; a nmenory deyice interface.
coupl ed 18 T AioRymeRy colled it mgmory” dEVe dnterface for

rdc@ivitd AEstOBNBa@RRL L t&y SPHRLR BRI BEIHLAEEIE S rdsPonsive

the menory devices for access to a row of nenory
tec et llsast mnatofl desmemosy ofqueste bebrm cyupdel ifoes tha dndnoory device
sive to at |east sone of the

.receive _ read data respo
1 %ﬁ?ﬁoﬂgﬁﬁ %?%@“HF“F@H§QY§5ﬁ@dOf the nenmory requests
coupled tg §é&ﬁgﬁ@%ﬂ6¥plg@%bcﬁ§ R RtefEEP AP e n‘ié?nory device

menory reque
interface and the row cache memory, the sequencer being operable to generate and

couple to the memory device interface memory requests to read data from memory
cells in row of memory cells being accessed, the read data read from the memory cells

in the row of memory cells being accessed being stored in the row cache memory.

2. The memory module of claim 1 wherein the memory device interface
further comprises a first-in, first-out buffer that is operable to receive and to store memory
requests received from the link interface and from the sequencer and to transfer the stored

memory requests to the at least one memory device in the order in which they were received.

3. The memory module of claim 1 wherein the link interface comprises a

first-in, first-out buffer that is operable to receive and store memory requests and to transfer



transferred fromthe link interface to the nenory

device interface; a row cache nenory coupled to the
woreemny3sgevi ce interface for receiving and stPCT/NHR003/024242

read data froma row of nmenory cells being accessed

responsive to at |least ope of the nenory requests

bei ng coupled fromthe nenory device interface to the

at | east one nmenory device; and a sequencer coupled to

he link interface and t devi,ce .inter
the storef Fiprpifg TPREBAE 10" BT SEEREBaTsE i S Py el apevere
receivedt O generate and couple to the nmenory device interface

menory requests to read data fromnenory cells in row
of menory cells being accessed, the read data read
fromthe no cells, .in.the ro cells.
bei nd accﬁ’Qé’ég e die PRI 3K erP]H\%ﬁ BI%@W?/ interface
further cém LR& ABiRL i¥1 L&)‘P? bﬁE el ki T3 % Wﬂﬁfeeﬂonret:&% PRACKHe memory
I'cCe Interface urther conpr ses a first-in,
requests rédeBied dudm hié ]llﬁk iittefhcel andofremathb ecquencecanid\vie teameifet dhe stored
store nenor requests received fromthe |i
memory fequeyts kride %J&asrt paaeROry dejienhindhe gilgr tnowlalPlaﬂ?ffé?Yef? Freeived.
stored nenory requests to the at | east one nenory
device in the order in which they were received. 3.
The @enOr rhewghm ey afodaled feldmihehetin thelink iméface comprises an
interface conprises a first-in, first-out buffer that
optical iripyt/opipptpdte to receive and store nenory requests and
to transfer WD 2004/ 013897 PCT/ US2003/ 024242 11 the
stored menmory requests to the menory device interface
in thge ordee i CloliileY oflfm reGeherel. the nldiory devices
menory nodul e of aim 3 wherein the nenory device
comprisdsrdtyaatm@;crenddlmactdammcmnp'rdewmsa first-in, first-out
buffer that is operable to receive and store nmenory
requests received fromthe link interface and fromthe
sequencer @RAndfod " AR]E6f then St #hedin 1B @ﬁﬂen&%‘sl &pefuble to
to the at | east ohe nenory device in the order in
output andréss tchetpined ireeach ceadvaemory. request mmt@/frmndhd: bnlbfnterface, and

. claiml wherein the |i interface c s an
wherein gig ¥%Paqh¢ptmm%m15weﬁ§fet 10 Ygoci v 1o, TS BN B gpauencer to
l ' r C8irod MY 13 Badl NGy, th
doin RYTYRETE 0 A TRl e SRS i .
row cachelraémivrd; osmiténgntht heandseumedoeneratin®phit atpghel if the data called for by
the memory request is stored in the row cache memory and generating a row miss signal if the

data called for by the memory request is not stored in the row cache memory.

8. The memory module of claim 7 further comprising a multiplexer
having data inputs coupled to the row cache memory and to the memory device interface, a
data output coupled to the link interface and a control input coupled to receive the row cache
hit and row cache miss signals from the row cache memory, the multiplexer coupling read
data from the memory device interface responsive to the row cache miss signal and coupling

read data from the row cache memory responsive to the row cache hit signal.



out put an address contained in each read nenory
request received fromthe link interface, and wherein
W0 b@4osswrtache menory is operable to receive tPEI/US2003/024242
addresses fromthe sequencer to determne if data
called for by the nenory jnequest is stored in the row
cache nenory, the row cache nenory outputting the
read data and generating a hit signal if the data
called for, by the ry. r.equest. i s ored in t
caché nmemdky }ffgﬁﬁ’rlj é‘ﬁ’aq‘fﬁ %{%ﬁa‘% 30‘%1%?18 35% F’egﬂ]ilgp%rfl { ? %éer%l'e to
generate Qﬁ& acoﬁg;el ﬁdﬁlqag AheR¥ryt B&i5E MREYack BHHaSE tequékdd 16 r@idedath from
the row cache nenory. 8. The nmenory frodul e of claim?7
memory Eells mefowe ofprehrirngelds heihg iaptesseelr onlj axhiengnelaory feqpestsare not
) coupled to the row cache nenory and t he nmenory
being traprfgredeiromitlas indciaterfrce iy H&F&?%Oﬁ%fie\e E&E0 the 1ink
interface and a control input coupled to receive the
row cache hit and row cache mss signals fromthe row
cacheo menaryembiyanodilt,icohpxieingcoupl i ng read data from
the nmenory device interface responsive to the row
cache piiraldty of eaIoTadYViesSuUMd ng read data fromthe row

cache _nenory responsive to the row cache hit signal.
VO 2BEHPTSEY, BEPTIEE003/ 024242 12 9. The menory

modul e of ok Mtdrfabereetifingh@emofu enuedts ifsr apaksahd e tav of
generate and couple to the nmenory device interface

meenwy yellsdgatlsast one of tgdneieary dpYiees; nenory cells in row

of menory cells hei.ng. accessed .o Wh .
requests &FEHOY Eeﬂgﬁgwgﬂ%ﬁﬁﬁp&&eﬁh‘? F%%f’?? gy‘flf¥er1skthe memory
dbALE @8R e bBink PG ABIERD Y oHSI¥ intndri k&fubats € thkGneroyRIEDIcYs for
nmodul e, conprising: a plurality of nmenory devices,; _
acress & arEvopimkmory calspn iat leagtong dfithekmpmosy deydees and to receive
receiving nenory requests f access to a row of
1P TSRS 1Y 2 ISR AOTe e MR PSP Ablirdame,of the
L ESiplda (5" BRIPS 1 1HEMbE§S8quest
nﬁﬁ@%ﬁ‘@?iﬁé gﬁgl/%actg ﬂfl%t‘ﬁgrrnf% %Vg%is Egn% ?)%Pabl eto coulg’?eques °
taRsternad frequeskisk interfadoe tortiemiematg dedesintayfaceaccess to a

row of nenory cells in at |east one qof the nor .
devi ces addscaBencet &pyRled rfg e oika THe: %Gngri%get gl%ilory device
Ny t 0 ; f t
38, AU lot SR S5k oL S ABIE ot
aB@lefOonBSIANS eXch fead MMy raqacH estived froantht dink éuteffacem

the link interface to the nenory device interface;
a row cache memory coupled ‘to the memory device mterface for

receiving and storing read data from a row of memory cells being accessed responsive
to one of the memory requests being coupled from the memory device interface to the
at least one memory device, the row cache memory further being operable to receive
the addresses from the sequencer to determine if data called for by the memory
request is stored in the row cache memory, the row cache memory outputting the read
data and generating a hit signal if the data called for by the memory request is stored
in the row cache memory and ,generating a row miss signal if the data called for by the
memory request is not stored in the row cache memory; and

a multiplexer having data inputs coupled to the row cache memory and

to the memory device interface, a data output coupled to the link interface and a



a sequencer coupled to the link interface and the
menory device interface and the row cache nenory, the
WG egumenmseT bei ng operable to output an addr eSBCT/US2003/024242
contai ned in each read nenory request received from
the link interface; a rowscache nmenory coupled to the
menory device interface for receiving and storing
read data froma row of nmenory cells being accessed
responsive _.to one of the nmeno requests bei ng.
c@ﬁwg Yt PR IR ECoRbYRIDG TQRE GRE %ma& ??‘é{&éa}ednisﬁ glgn%%f from the
rdvf AineCREMSRTOhY ﬂﬁl\ﬁ?&%er E&ﬁﬁfn@v‘fgg@%ﬁl AP kNe hdnidi@rdevice
eing operabl’e to recelive the~ addresses fromthe
int@ai¢e Rexpondiee tdethe koW Bacheimidasignat ahd eouflimg rbad ddie from the row
menory request is stored in the row cache nenory, the
cach/meatHE TaFRARMYE O URDIA Fashe MhsigPdad  data and
generating a hit signal if the data called for by the
menory request is stored in the row cache nenory and
genefat i NYhéeWrihfosiukl @vddim 10 wheetiaha nealdredetios idtgrface
the nenory request is not stored in the row cache
further compuses; a dimgl-in, Aratoupbuifer thahid pRprale 40 iaprive 2Bd $iAre dnemory

to the row.c e. ry an t.o the nmenor [
requests FREPY S50 UiF KOS  COUPI B Reb el 2t Af ey o ored
memory F3fests Heh@Q044P $RS8REnIET dd4e20R et which GR\tWead received.

I nput coupled to receive the row cache hit and row

cache mss signals fromthe row cache nenory, the

mul ti pl ex coupling read data.from.the no devi ce.

i nt elllf-ac e%[lé gF?Q’ Vg’d’t@ ﬁgupg\%‘@}fﬁ’%%?ﬁ ]g‘ﬁ( @F%ﬁlﬁ? Cfpgyses a
first-in, QMG RSk B isdﬁ;;é?aljlé AdcBi%e hRWVstofAmRRI0ME PRUYsts and to transfer

responsive to the row cache hit signal. 11." The nenory
the storedmgbhay eéquekiaitontidmatnerye devitchmtarfan® iy thtemiderini whigh flhayewere

. further conprises a first-in, first-out buffer that is

Tecel"ed-oper able to receive and store nmenory requests

received fromthe link interface and fromthe

sequencer and to transfer the stored nenory requests

to the at Theasimanenddmiosicladevi2cehémint the noenakey dievice interface

whi ch they were received. 12. The menory nodul e of
further comaripgs19 finftenefipstnk dffak thahie ppealie dBrsFeE@ gng store memory

v K43 W 0 A b L BRGE B o o

memory PRIUBtYto'tREI BEISASE ohOnichRriTBsmBEe/indieydrder inwigeh e weie tdaeived.
order in which they were received. 13. The nenory

nodul e of claim 12 wherein the nenory device interface

14.  The memory module of claim 10 wherein the link interface comprises

an optical input/output port.

15.  The memory module of claim 10 wherein the memory devices

comprises dynamic random access memory devices.

16. A memory hub, comprising:
a link interface receiving memory requests, at least some of the memory

requests including a row address;



further conprises a first-in, first-out buffer that is
operable to receive and store nenory requests
wo e@aiovisg7’ fromthe |ink interface and from t hePCT/US2003/024242
sequencer and to transfer the stored nenory requests
to the at -|east one nmengyy device in the order in
whi ch they were received. 14. The nenory nodul e of
claim 10 wherein the link interface conprises an
opti cal input/output port. 15. The nenory nodul e .
cl ai aiNEHORA BP\EPH INFECRORFLE 4R PP PNE me&ﬂ% PSS &9‘% g" joEeIve
random ace i 18queftsTBIMRAM SBHR of the memor
read datagHGRNLE 5 58 ol T of B oA Rory SEucfis RIS SO Y
requests bBQHUE S thedinehfs t desrRintdrfach eheirgroesponsiee e stsmory requests
i ncluding a row address; WD 2004/ 013897
transferre@@nUSRA0G ionRapto tha memesySFWCedBIEFReS:i nt er f ace
operabl e to output LGV Rceivi d
r ead® W3¥ FPEINENT; &gﬁé‘ig& Zﬁ ﬁl?%%@?&gg@ngg%w?ﬁe menory e

storing rea8 AHBSESoived frbiBaBE nfe@iBRy QbvitdRtdrRIED Fasponstgeisitdeastibpiof the
by the nenory device interface being responsive to

memory reguestsybeireispitsiom thawmtmeralevice sretee; Ptk interface

to the nmenory device.inter.f a fow Dk

coupt SHUEO KeTER Gt §redit BEfss S BY aFREHS AIREP ierface and
the row c%ﬁft?ee?'%ﬁf&w, e 5&RALNAR IRINgEHRIBRMOf FepBtatd1EndesTIIY todide ingeenory

ace responsive to at |east one of the nenory
device iMterfhice shambei reguests poitreddr date tabsociatedmythdesail cdata received by the

interface; and a.seguencer coupled to t lipk, ..
memory flgiicer iieERCH FRIPPIFEY rPaWOIaéeﬁ%g‘fS ?W%@FS@ g‘%@e lip dnterfage to
the mem&ﬁgl Gicl 'ﬁf{&]ﬂce, ﬁﬁqeﬁ?&’(ﬂ@ RG8 redRRicA Y PBREPP I EMER oBERG S Fom
a coupleto’t

e nenory device interface nenory
the sequen€bRiioStdred irethd rowtcactessenogt ed with read data
received by the nenory device interface responsive to
menory requests transferred fromthe link interface to

the g ror af‘hg %}{érﬁgry' bgr)f Bfafm 1t6h@'h51%ﬁldﬂ{éaﬁ1@m()ﬁf‘ﬁgvice interface

recei Ved responsive menory requests from

further cORPHERCLFirkEh Grdloat dffentHahés opsvablaciberenemorapd stoke memory
The menory hub of claim 16 wherein the nmenory device
requests repeived fean. thelink dnteslopm pnd Somathe; segpencar angd f¢ ougyf the stored

buffer. that js.operabl Lye and store nenory
memory Fe@H?FSSs’lnsyﬂ? 8‘6‘13 %‘%ﬁlfcrﬁglgﬁ t ée:)re Fel%%%le?{'nt erface and fromthe
sequencer and to output the stored nenory requests in
the order in which they were received, = . i
18.  The memory hub of claim 16 wherein the link interface comprises a
first-in, first-out buffer that is operable to receive and store memory requests and to transfer
the stored memory requests to the memory device interface in the order in which they were

received.

19.  The memory hub of claim 18 wherein the memory device interface
further comprises a first-in, first-out buffer that is operable to receive and store memory
requests received from the link interface and from the sequencer and to output the stored

memory requests in the order in which they were received.



18. The nmenory hub of claim 16 wherein the |ink
interface conprises a first-in, first-out buffer that

WO 2000pe38abl e to receive and store nenory requeBCHUS2003/024242
to transfer the stored nenory requests to the nenory
device interface in the qgrder in which they were
received. 19. The nenory hub of claim 18 wherein the
menory device interface further conprises a first-in,

first-out_buffer thaj i.s,operable to,recei.ve and stor
ety hapiory debiof SRS ey R AR i Pl an
ot guencer and to output the stored nenory
°pt1"a“nﬁ’gtg€ﬁ§§‘?3’°?ﬁ the order in which they were received. WO
2004/ 013897 PCT/ US2003/ 024242 15 20. The menory hub

of claim 16 wherein the link . interface conprises an
opti 8kl i ABENSReHURubyE ¢lamd 16 Wherels Vaﬁ%%ﬁs pgpbip to

output an;aggi’@g? Egﬂtgln%:&] fh g‘agﬂ ygar&%é'nﬁér? égcgl%gtax@ée?vécpﬁorﬁ WPk Rferface, and

ress contalned in eac menory request received
wherein fheQawt Eht idindigtierohable tandceivddreeiddrdshes frany thastpencer to
~menory is operable to receive the addresses fromthe
determing éfydrimcalled or byethe MRy redugelt s stapd @aﬂ%ﬁo“bﬂjacglﬁ gnemory, the

nmenory reguest i s_stor i . .Ca . ’
oo s OGP s b AL SR RNl or o
the mem&§ P61kl 18 GtoRedlin thé k¥ 8dche inchitey did gereadtingd rb@rmisy sighdléf the
nmenory request is stored in the row cache nenory and

data callagefnebythemgeraoryaedueskis nei sorad in therpw caghgraemant ed f or
by the nenory request is not stored in the row cache
menory. 22. The menory hub of claim21 further
CONMPHH Si NGHA nidthdrk M8 Clahd i1 NSirtheiddnpriit § nftinb:es having
to the row cache imenory and to the nmenory device
data inpuitsiceuflet ¢y the dar aacleunpuorycadptoethetroempy deévige interface, a data
interface and a control input coupled . to receive the .
output cquplidadhie AR nCHRRE P ERRLIIAL SOUGHh e ey e Saghy hit
bénitp 938 ol RLRX RlenfoR¥iRhé BEhIfiSIBEk E8hAting fefdMata
and row ;8%21 nelm?%ﬁ%]gﬁl ce intoerface reesponsi ve tlg tﬁe r%iwg
from the eatiey diesise $htgrfade raspbnsiveipl thegoweadhe whiss aignaband dvaplingwead
cache menory responsive to the row cache hit signal.
data fronpthe rqW CacheFBPHORUBSRONSKE tg the 16V \Rﬁfé}egi“r?l@ﬁg sequencer
is operable to generate and couple to the nenory
device interface nenory requests to read data only

when23mrenihy mheqosshsh af elafint]behagirt tansqaetced if pperable to

the link interface to the nenory device interface.
generate and couple to the memory device interface mémory requests to read data only when

)

memory requests are not being transferred from the link interface to the memory device

interface.

24. A computer system, comprising:

a central processing unit (“CPU”);

a system controller coupled to the CPU, the system controller having an input
port and an output port;

an input device coupled to the CPU through the system controller;
an output device coupled to the CPU through the system controller;
a storage device coupled to the CPU through the system controller;



24. A conputer system conprising: a central
processing unit ("CPU'); a systemcontroller coupled
wao 00he3sCPU, the system control |l er having an iPQIUS2003/024242
port and an output port; an input device coupled to
the CPU through the systgg controller; an output
devi ce coupled to the CPU through the system
controller; a storage device coupled to the CPU

t hrough the system controller;. WO 2004/ 013897 S

T/ Bty DRmony ety PRATSIC S B POREE o aisine

each of t r : jsing: a plurality of
ADIRHRIoY MY BSviERIRId

nmenory devi‘ces; nmory hub, conprising: a link
i nt er f ace ahasthéry hab, donpuisingort and an out put port, the

link interface receiving nenory requests through .

i nput port foralek B’é@fﬁcé%é"l%\ﬂp Lggput ﬂ%ﬁﬁ‘i‘lé ag QPﬁpggP?ﬁ’gﬁe link
| east . ope of tk Y. | drl 19 af@kat

t b on e sl TR BB Ay SHpRLb A 18 alihdto a ow
I eqUSBHSmody GEIIDInYatdeast oeioftthe hassorg alepices abd outpatting data
menory devices, the nenory device interface being

oper tabjughtthe ewnpl rortresasngive Eyihe ey reRESSenor y
devices for access to ro

| east one of t ﬁglen}gpﬁg?\glic%}é\{&%gacg%a n}éﬁég & tﬂesmérﬂoﬁ/t dev(ijpes, the

es O recelve'rea

dat a,LRIRPASYI¥E hterfRk heRSbp&abR tof couple niBRIDDY Yequests to the
requests,” at | east some of the nenory requests coupl ed

to tinemoendeyicesdfoviacesss beRrgw ok memery eeioimenisasy one of the
requests transferred fromth ink interface

TeORS B FRBCT P ARV e AL ErrROREIS ik B of e
the IRARLY G 8t Toitk §6ﬁl§%?thefrﬁém61?(i§%déb@ Goapled & 1BE n@nory
read data ¥roma row of nenory cells being accessed )

r espasidtase bting atespamsive  tenenepfory heeqrestorisensistiadsfrem the link
bei ng caoupl ed fromtge . menory device interface to the

at | Buerfacs i thegApnsry deViPe BMeIES® a sequencer coupl ed to

the link interfase apd H@:ﬁmﬁ? @Bépled ESWiLCRembBEREEAES nterface

and the row cache nenory, the sequencer being operable

t0  for receiving and storing read data from a row of memory cells being accessed
responsive to at least one of the memory requests being coupled from the
memory device interface to the at least one memory device; and

a sequencer coupled to the link interface and the memory

device interface and the row cache memory, the sequencer being operable to
generate and couple to the memory device interface memory requests to read
data from memory cells in row of memory cells being accessed, the read data
read from the memory cells in the row of memory cells being accessed being
stored in the row cache memory; and
a communications link coupling the output port of the system controller to the

input port of the memory hub in each of the memory modules, and coupling the input port of

the system controller to the output port of the memory hub in each of the memory modules.

25.  The computer system of claim 24 wherein the memory device interface

further comprises a first-in, first-out buffer that is operable to receive and to store memory



generate and couple to the nenory device interface

menory requests to read data fromnenory cells in row
w@boomenmsyy cells bei ng accessed, the read dat aPCT/EsH03/024242

fromthe nmenory cells in the row of nenory cells being

accessed being stored in+he row cache nenory;, and a

comruni cations link coupling the output port of the

systemcontroller to the input port of the nmenory hub

s S R 08 S o s
memory Iééglgrgﬁﬁ'ﬁoﬂﬁ aidist bfle RREIrPHevi BEin TR MBAMLIS they Aere TdR€ived.

uter system of clai'm 24 wherein the nenory device
interface further conprises a first-in, first-out
buffer that is operable t eceive and to.store_nmenory .
VIO 2864/ 0138 SomPERT OSETRS] 6248 W lPél?ﬁﬂé@i WiGEfACE cormrises
f . .

s frsteiny et B R an A R Bhis A 8 anster
the store@RerN®OEyuedB\td Cigs memdhe deviceintérfacetin die érdeyinvehieh they were
. received. 26. The conputer system of claim 24 wherein

receivedt he |ink interface conprises a first-in, first-out
buffer that is operable to receive and store nenory
requests and to transfer the stored nenory requests
to the menmeYospitet ysidht ef £laige26 Whicten thed@smony dafice interface

they were received. 27. The conputer systemof claim
further cpgpwises eifirstine finstowt pufey theb is wpeteblgcle repeive fad store memory

s SR8 WOE P MU B o e v
memory FREBItY RFkhE GORAd: BRe hicHory BREd MGRe 8iddr frveHILh ity were received.

sequencer and to transfer the stored nenory requests
to the at | east one nenory device in the order in

whi ch_they were received. 28.. The,conputer st em of .
cl ai 2@24 ﬁ#@r%‘?ﬂﬂ"{?ﬂe S}‘Fg?ﬁir & cgg VrgB?)rﬁﬁ]r i %én%ﬁmdnges
isd: AGRERS 2 FRERLY, deGRSs. 29. The conputer system
COmPTS g@gﬁgilcm 24 vvla%er ein 1%lﬁlglvsequsencer is operable to

out put an address contained in each read nenory
request received fromthe é@nk interface, and where

t he 8w cdbBSOWRASE §ystem 85 1P 24 wherein &1%9 Q;@l@tﬁ:gr 18 opelra%le to
rgsg %?ﬁtafn%@ M LR l‘éﬁqﬂaﬁ&z'r reél%st Q@éi@éd&r&g{ thé 1iff@tAerface, and
e or by t qu

e nmenory r st 1s stored In the row
wherein €&y Fa¢Riembyes opembbavheceretiiey adiutssest fromgthetsequencer to
read data and generating a hit signal if the data

determing4f Katg qeded iy b3t e MeReyefgistiored in thy gy racheraemeRy, the
row cach%%g}ﬁo&eor{%&ﬁi&ntﬂe i Aﬂaggeﬁexraﬁﬁ‘é Thit JignhGR e data &diRd for by

the memory request is stored in the row cache memory and generating a row miss signal if the

~

output aﬁagj(
ca

data called for by the memory request is not stored in the row cache memory.

30. The computer system of claim 29 further comprising a multiplexer
having data inputs coupled to the row cache memory and to the memory device interface, a
data output coupled to the link interface and a control input coupled to receive the row cache
hit and row cache miss signals from the row cache memory, the multiplexer coupling read
data from the memory device interface responsive to the row cache miss signal and coupling

read data from the row cache memory responsive to the row cache hit signal.



data called for by the nenory request is not stored in
the row cache nenory. 30. The conputer system of claim
WQ@00R013I8Er conprising a nmultiplexer having deCEUS2003/024242
i nputs coupled to the row cache nenory and to the
menory device interface, §g data output coupled to the
link interface and a control input coupled to receive
the row cache hit and row cache m ss signals fromthe
row c¢ache nor t he nul ti pl.exer coupling read .dat
fromiihe. MRRSPYPUIE PEeT el ISR LT SRy el t
generateCARNEUPIS o O RRIMAN HebREBhicEce hRAbriabquchisoR) teh€ datiVrom
cache nmenory responsive to the row cache hit signal.
memory W12 0 460 LTSI GG TS IBNZY 82434Q only8wBdn niEhery geqigsterare not
, system_of claim 24 wherein the sequencer. is operable
being trapétsérrﬁé Aepy %ﬁﬁﬁq&“%ﬂ’ﬁlt@ themepary PYEdRSece interface
menory requests to read data from nenory cells in row
of menory cells being accessed only when nenory
requegt s ame coniputed eydtgm tof alagh @d rveekrdin thra inpvet dnidrkatput ports of

interface to the nmenory device interfac%. 32. The ..
the systegbeRaabler c3aRtEses 1CORDEIch IRIURHENEPFT FRRPIFhIo e 4ARMuNications
. . t. f 4 0 I ' :
i, and NG00 ot DS SORTEMETH, B0 OTBE) B85 Eompries o
combined @FRIRdLGAL p&OSoupléds, theBsminhaiceiisnhstiing. | nput and out put

ports of each of the nmenory hubs conprises a conbined

i nput/out put port coupled to the conmunications I|ink.

33. e c uter st.em of .cl ai 2.wherein the . .. .

con‘n&ﬁ@' ca?lgﬁg ncsoqﬁuﬁ% syé%ﬁb P |f §iélzma@n£g%?ﬁe§naﬁ’e comffunications link
compris&O bt caPédrMnichtidhs MRS inibfbirt TR ihfiR 4hd 0EhL@ YoRY bf the system

ports of the system controller conprises an optical )
controller ppmptisest aueptisel npeiderppeicbarocaupteddp ttheaptical communications link

and wheg%?tt g %ﬁ)ﬁéé@ﬂgg%{l{] ﬁc&’t%\é@ eq%fﬁl!beg mtggﬁalf, ﬁ@gstscogrrl]lgris%g taprggpective
optical ifREBEGuE Y&it cARIdCBthd Bl SithBbhicRRILE 1igRUP! ed to the
optical comunications link. 34. A conputer system
conprising: a central processing unit ("CPU'); a
syst §g1 controller coupled tqg.the CPU, the system
cont 16t | er™ FRIVPHE YR SOPIIBEt and an out put port;

an i'&%fm@%‘f &gsiﬁ%#%t?qj&ﬁ@?),t he CPU t hrough the system

controller; -an o evice coupled to the CPU
t hr ougdystelmecomytsilancompiedrioltheCPU, thesystemgmnttellercieaving an input
coupled to the CPU through the system controller;
port and an output port;
an input device coupled to the CPU through the system controller;
an output device coupled to the CPU through the system controller;
a storage device coupled to the CPU through the system controller;
a plurality of memory modules, each of the memory modules comprising:
a plurality of memory devices; and
a memory hub, comprising:
a link interface receiving memory requests for access to a row
of memory cells in at least one of the memory devices;

a memory device interface coupled to the memory devices, the

memory device interface being operable to couple memory requests to the



a plurality of nmenory nodul es, each of the nenory

nmodul es conprising: a plurality of nenory devices;
w@pea4@al1asenory hub, conprising: a link interfackBCT/US2003/024242

receiving nmenory requests for access to a row of

menory cells in at |east qoe of the nenory devices; a

menory device interface coupled to the nenory devices,

the nmenory device interface being operable to couple

menory requests to the 2004/ 013897 .

e o6y B350 1R AyOHeth Begopopels Betigepy oge of the
r oW OheMBRDISVIES and tbreddivd RAGIdaNRsPInstReto TBBRYE ¥ome of the
devices and to receive read data responsive to at

| eastmemony rofuestseat lpastroome pEidie esnsory sequegiasoupdedte thé memory
t he nory .requests coupl ed to the nepor evj ces i
ot ey et SRS E o ek D e o fopepr e Tt e link

the lihRkacd tBs FRERIT GevifieiniBARLY device interface; a
sequencer coupled to the Iink interface and the nenory

devi ce i nt er f ace seqentdrecoupledc & hiee Mmkoimyerfacheand the memory

sequencer .bei ng operable to  output an address .
cont AN MiHACH G BsdORETAShS mesipne dpe sRusneR PeingopRerable to

the Adt;g}f a!nnatdﬂfécsg%g?taﬁleﬁq cadf ?eead%&:ﬁ&%f I%gﬁ'&lt eehRd ! ffin the

menory device Interface Tfor receiving-and storing

r ead lid#tiateffaeen a row of menory cells bei ng accessed
responsive to one of the nenory requests being coupl ed
from t he nenor 2 'afegpehs PaRaRt ¢vpleddot the memery davicgaterface

rrermrfé}' %@%1'8&1%’ an'ii:}?or[n%\%gc? g%g ﬁ%ﬁl@% 0% tl g)%;scéegﬁieb%gléraccesséd

opera ecei ve the addresses trom

to deipehsiéeo iohe ddtthe GRh&Y EQlcsRYbdime OB Yrohf ehéembmory

is stored in the row cache nenory, the row cache
menordgvisatipigrieentp theeatr lsatt algtmemony davicss dhd rayv @adhiet memory

si gn i f the data.cal]ed for t he nmeno request is
sporg%##ﬁ %ﬁ&gr%MF@§8H% r%@ﬁ@r3%hﬁ@%§§ﬁ%r%%@n§&hs?ﬁﬁﬁcafto
M ss E&teale if dafaNRI6R TS 152tht i@ r&)ucktng sBREP Y the row cache
request is not stored in'the row cache nenory; and a

mul t inpérectEy th aowrmgchikamemony avipuitiog hettat elatahandr ganerating a hit
cac hesignal if the data called for by the memory request is stored in the row cache
memory and generating a row miss signal if the data called for by the memory
request is not stored in the row cache memory; and
a multiplexer having data inputs coupled to the row cache
memory and to the memory device interface, a data output coupled to the link
interface and a control input coupled to receive the row cache hit and row
cache miss signals from the row cache memory, the multiplexer coupling read
data from the memory device interface responsive to the row cache miss signal
and coupling read data from the row cache memory responsive to the row
cache hit signal; and
a communications link coupling the output port of the system controller to the

input port of the memory hub in each of the memory modules, and coupling the input port of

the system controller to the output port of the memory hub in each of the memory modules.



menory and to the nenory device interface, a data
output coupled to the link interface and a control

WO pu138oupl ed to receive the row cache hit anPCT/U82003/024242
cache mss signals fromthe row cache nenory, the
mul ti pl exer coupling readygdata fromthe nenory device
interface responsive to the row cache mss signal and
coupling read data fromthe row cache nenory

respaqnsi ve,to the row, cache. hi ignal,:  and s
o catisremptisk eI r Rt na Bt ilte R0 R deyieg ntertuce
further WPHREY G OMYsH-BY, [fREt-d@ BulfRr thadRYlopBable ©f récbi®e MRADItYreMibmory

in each of the menory nodul es, and coupling the input
requests peeivedf fromibe dipktinterioomendfiberthe sequracauanduto fanster ghe stored

oSS S B SSReEEERE e TR BB P v

system of claim 34 wherein the nmenory device interface
further conprises a first-in, first-out buffer that is
oper 86! e tTheropnmiutee spstem of olaen Pd molreyeinrtee) livls irgerface comprises

.received fromthe link interface and fromthe
a firsting SR HORET (Rt (RORE §f%‘ie°?1}ﬁ%al_§le YPEdnoRRRIPY S didde ganster
6yt (RO SRR iy Pl ol T (P RP B whfth ¢
the Store&hq}l%:rﬁ he@ﬁe\%e%?gg recei ved. ‘gg@}ﬂ%ﬂe cco]%'put(ér esystem of 7 W
receivedcl ai m 34 wherein the link interface conprises a
first-in, first-out buffer that is operable to receive
and store nenory requests and to transfer the stored
nmeno re 3 hce.int in. th
or der i 1w sy Sl B Pl 36 Wieftsh BeGhiAGS ik Mertuce
further coyiiees affirel-d, MrdfouttirIrRt fhat e opeEbleytodRYEve andt Rérbatemory
further conﬁri.ses. a first-in, first-out buffer that is
requests gprgivgd| feorm dhe dinkiivierfagriansk G the sequencereandetot tsansfer the stored
recei.ved. fr the link interfa and fromthe .
memory SGGEAH Bt 2b ot % miehiirk i IR PG i ikh P anpretsegived.
to the at | east one nenory device in the order in
which they were received. 38. The conputer systemof
cl ai A834 e rceimputeh eysiém bf claine 3ft adheran tipy lislemterfave comprises
. tical input/output port. 39. The conputer system of
anoPthﬁ@F%uﬁ??Eu{:ﬁ ‘ein the menory devices conprises dynamc
random access nenory devices. 40. The conputer system
of claim34 wherein the input and output ports of the
syst 8th coftheotdeputenspstermest alaimnBé4 netleienpuhd an¢mporty devices

.ﬁpo t c,ougl(fd to the co ni cati ons
COIIlpI‘lS S ynam1cr Nnaom access memory CVICES.

40. The computer system of claim 34 wherein the input and output ports of
the system controller comprises a combined input/output port coupled to the communications
link, and wherein the input and output ports of each of the memory hubs comprises a

combined input/output port coupled to the communications link.

41. The computer system of claim 40 wherein the communications link
comprises an optical communications link, wherein the input and output ports of the system

controller comprises an optical input/output port coupled to the optical communications link



l'ink, and wherein the input and output ports of each

of the nmenory hubs conprises a conbined input/output
wW@eoot/0c3sopl ed to the comruni cations |ink. 41. A¢EUS2003/024242

conmput er system of claim40 wherein the comuni cations

link conprises an opticabjconmuni cations |ink,

wherein the input and output ports of the system

controller conprises an optical input/output port

and SR E b LA 635 PE SHBID 2 T o o » resectv
optical inpRHutRRPofWoRpled ROTHeDpHEal 88@hiRicatibgs FEAOrY hubs

conpriseS a respective optical input/output port
coupled to the optical conmunications |ink. 42. A

nmet hod, of readin ata.in,each of a_plyral.ity.of
oo ot BEO0 o AP GAE 1 Rt Of BuiaE & Phmory modules
using a COREBY1¥r {@gwd% thd AEmBBLAGHI &GO R éetp coth Iﬁir%' ng

menory uests fromthe confrol y a t one of
the nmenoreceivnhgl msmont reljeassd frone thef cddtwllee bpray first one of the
requests being a request to access nenory cells in a

TPERPTT MedRtEy Al Bppisorst ohthe BAROTY Aearaltding @ liegkest o gooess
%r#%&yde% él‘SF, éc;)\g%ﬂl{e%’rlloﬁg &il%%‘cf al féﬁgt%(i’lg anréelﬂox&l?i%vfcg e é Plsurality of

coup € recelve nory reque

hembdRyaleaicel aadided e theeiisinyemslgvh@ild;n the first nmenory
nodul e; generati ngqreq_uests to read data from nenory
cel I's in t9papHBgy thy recese myerey) qpesinép Ak akdeagt one memory

J:GRRIN Ml QebdS, f8gHEst to access merory cells in a
row of ‘menory cel’l's of 'the at | east one nenory devi ce,

t he requesgdheR€indGeGRRRI Bt REAd IHRE Frofe TENMoryEEBIRSInSthe row of
fromthe controller are not being coupled to the at

memely ewhle beftinagopssgévespensivo tiptherigqedse ty eerssatisghory cells in a

ne requests .t.o the at |east one.nmenpr devj ce;
P e P e S0 s n FRRophASrR, 0 TaHGTs bk gpsrated
WIRAOMERbA 1dqBERO ABHY Beld@ntr SIS ¥e ol TBERE YotifIEUES IR ANéhst one
the generated nmenory requests. 43. The net'’hod of claim
mgmorfydlevicer conprising, in response to a nmenory
request from]tjlg%e controller to read data fromthe
first mendyPiRe Hicegengrcs: MemoRg requesth do the, gt iﬁ%tao%r giemory
®URESthd n the cache nenory;

storing in cache memory in the first memory module read data

responsive to received memory requests and the generated memory requests.

43. The method of claim 42, further comprising, in response to a memory
request from the controller to read data from the first memory module:

determining if the read data are stored in the cache memory;

if the read data are stored in the cache memory, transferring the requested read
data from the cache memory to the controller; and

if the read data are not stored in the cache memory, transferring the requested

read data from the at least one memory device to the controller.



if the read data are stored in the cache nenory,

transferring the requested read data fromthe cache
wOoreemany3shd the controller; and if the read datPCHUS208024242

stored in the cache nenory, transferring the requested

read data fromthe at | easp one nenory device to the

control l er. WO 2004/013897 PCT/ US2003/ 024242 22 44.

The nethod of claim42 wherein the act of receiving

menory, requests., f.r the,C roller by.a fi.r n

the nihory o tiied SSIrLeERiel b et ofect e ey aguests
from th& 861tRIRE B aNGkst Shel dFehd BeRioViEROTEIP E¥mpE skl @8deSringt 5?‘{16511 €ignals

nmet hod of "claim42 wherein the nenory devices incl uded

correspandittghie thé racsivedmremoyy regueste conpri ses dynami ¢ random
access nenory devi ces.

45.  The method of claim 42 wherein the memory devices included in the

first memory module comprises dynamic random access memory devices.



