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addresses, which are applied to the system memory. In response to the commands and
addresses, data are transferred between the system memory and the processor. The
memory 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.

[003] 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. As a result, the data bandwidth between a processor and memory devices
to which it is coupled is significantly lower than the data bandwidth capabilities of the
processor. The data bandwidth between the processor and memory devices is limited to
a greater degree by the even lower data bandwidth between the processor and the

memory devices.
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However, other bus system may alternatively be used. For example, a switched bus
system as shown in Figure 2A, a shared bus system as shown in Figure 2B, or some
other bus system may also be used. The switched bus system shown in Figure 2A
includes a processor 40 coupled to a switching circuit 42. The switching circuit 42 is
coupled to several memory modules 44a-d, a graphics processor 46 and an I/O device
48. In operation, the switching circuit 42 couples the processor 40 to either one of the
memory modules 44a-d, the graphics processor 46 or the I/O device 48. The shared bus
system shown in Figure 2B includes a processor 50 coupled to several memory modules
54a-c through a shared bus system 58.

[007] Any of the above-described architectures may also be used to couple
multiple processors to multiple memory modules. For example, as shown in Figure 3, a

pair of a processors 60, 62 are coupled through respective bi-directional bus systems 64



menory nodul es 44a-d, the graphics processor 46 or the
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nodul es 54a-c through a shared bus system 58. [007]
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[010] Another limitation of the memory architectures shown in Figures 1 and 3 is
the relatively high latency that the processors 14, 60, 62 incur in accessing their
respective memory modules 20, 66, 68. Insofar as each memory module is accessed
through any memory module that is between it and the processor, substantial delays may
be incurred in coupling address, data and control signals through the intervening
memory modules. Further, if any of the memory modules 20, 66, 68 becomes defective,
the memory modules that must be accessed through the defective memory module

become unusable.
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plurality of memory ports coupled to respective memory controllers. The cross bar
switch is operable to selectively couple each of the link interfaces to any one of the

memory controllers.

BRIEF DESCRIPTION OF THE DRAWINGS

[013] Figure 1 is a block diagram of a conventional processor-based electronic
system including several memory modules each of which include a memory hub
coupled to several memory devices.

[014] Figures 2A and 2B are block diagrams showing various conventional

architectures for coupling memory modules to multiple processors.
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one exanple of the invention is shown in Figure 4. The
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transmitting packets. The system 100 also includes a first rank 130 of four memory

modules 132, 134, 136, 138 each of which includes a first set of four memory access
ports 142, 144, 146, 148. As explained below, each of the memory modules 132-138
includes a memory hub coupled to eight memory devices, which are preferably dynamic
random access memory (“DRAM™) devices, and, more preferably, synchronous DRAM
(“SDRAM™) devices. However, it will be understood that a greater or lesser number of
memory devices may be coupled to the memory hub in each of the memory modules
132-138.

[020] The memory access ports 112, 114, 116, 118 of the first processor 104 are
coupled to the memory access port 142 of each of the memory modules 132, 134, 136,
138, respectively, through respective buses 162, 164, 166, 168. Similarly, the memory
access ports 112, 114, 116, 118 of the second processor 106 are coupled to the memory
access port 144 of each of the memory modules 132, 134, 136, 138, respectively,
through respective buses 172, 174, 176, 178, and the memory access ports 112, 114,
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nodul es 132-138 includes a nenory hub coupled to eight

116 ”Fl'”g’%ﬁ’thg %&3@% ¢s\§4§9 fd@; &k %mﬁm&i & BRI Yerftyartsss pefdamof each

devices, and, nore preferably,
of tl&ymelhbmnuéulal?m (1'3&3[]:56[,\/1138 despectg@ly, ﬁbﬁg@gl@requ:thwbppes 182,

DG Tderslona inel o preater o becser WPk ols o memory
modd@&N 39f13t8hqn'£qﬂaéfrﬁa1ﬁieﬂ %@&e&l%%r A38ss 1RRO]12Thet, rremmyg of the

access ports 112, 114, 116, 118 of the flrst rocessor
DM20devdcee] tbenel @uipted toHbe memsry asessepartfddtofiepoh of tagggmory

mofilssoB, TTbIL3S, [T S e P tietde Pusrs 192,194 45 1%

Thuthﬁe DRI de@ice )08 chie 2B Bdeys b es shametsrylthaduléd 432,136, 136,
8 of the second processor 106 are coupled to the
138wenory access port 144 of each of the nenory nodul es

[021] éﬁg s otltflg Zne]f%o%g nﬁ@@e%%zv ?% 136N 949ho HETRES bl §éBond set

and "t Re "'nenory access ports

of f&&%nerﬁa{}/ abd&es pbit8201, 2082060208 that areesspied kOBsegprd rank 210 of
coupled to the nenory access gort é6 of _.each of th

foumﬁmoyy modulead12,314, 31y 21§ 34/M0r¢sgect %aglaeg{el EPOrY acsss ports
202t BH? U?& anypﬁcﬁlé%ﬁelﬂ&getﬁoélﬁg 13%%@ c@%ﬁed 188. refifecfive memory

P esul of the processors can access any
accék [idie 202 rafr the Melubysmbddled 282, |2h4 a216, k?e18nﬁ¢ﬁ@é¢tlvelmethrough

menory access po 2.1 6, 1
resRrEUT Sf&é3%nr2éa W a8 sttty Repo Rhet My 204 206
080c§f faGk r?/ ?1@4 YreBRapIkE S0 Iid2merhdfy ackdss, pokBB24 of each of
respecti vety, rough respective buses 192, 194, 196,

the m@nor?hnedulemélmud 816,c 81 08 peciivelih seyongl easpediverbuses 242,
244, Al R TR iipray pagess bis 2022047 305, 208 SHEACHOR module
13@5&%%%1%@&0 Qhe FRHHoryTBETREY pHE 026 Bf RaCH 6f ﬂﬁ.?melﬁ&ﬁ,f mad@es 212,
that are coupled to a second rank 21

214;\2&6; 31 Sywerpbeityelyl shropghy respacbive pyges A gsgp%{é @?gaﬂvﬂy, the
el R 5 2R P B gl o i
memory access port 228 of each of the memory modules 212, 214, 216, 218,
respectively, through respective buses 262, 264, 266, 268.

[022] Each of the memory modules 212-218 in the second rank 210, like the
memory modules 132-138 in the first rank 130, includes a memory hub coupled to eight
memory devices. As explained in greater detail below, each of the memory hubs in the
first rank 130 of memory modules 132-138 includes a crossbar switch (not shown in
Figure 4) that can couple any of the memory access ports 112-118 to any of the memory
access ports 202-208. In the same manner, 2 memory hub in each of the memory
modules 212-218 in the second rank 210 can couple any of the memory access ports
202-208 to any of the memory access ports 222-228. As a result, any of the processors
102-106 and the DMA device 108 can access any of the memory modules 132-138
directly and any of the memory modules 212-218 through the memory modules 132-
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218, respectively, through respective buses 232, 234,
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[024] 't heC)nSeeeCrr%]oddirrngl?tkotZ a:1l (r)ne?riaor}y kfﬁlbvﬁ)r()i t%gt %ysbiengsleﬁ in the memory
modules 132-138, 212-218 of Figure 4 is shown in Figure 5. The memory hub 300
includes four link interfaces 304a-d that are coupled to respective buses, such as the
buses in the first set shown in Figure 4. Similarly, four additional link interfaces 308a-d
are included that are also coupled to respective buses, such as the buses in the second set
shown in Figure 4. All of the link interfaces 304, 308 are coupled to a cross bar switch
310, which may be of a conventional or hereinafter developed design. The cross bar
switch 310 can couple any of the link interfaces 304a-d to any of the link interfaces 308-
a-d, as previously explained with respect to Figure 4. The link interfaces 304a-d, 308a-d
may be either unidirectional or duplex interfaces, and the nature of the memory accesses

coupled to or from the link interfaces 304a-d, 308a-d may vary as desired, including



varyi ng the nunber of interconnections to the nenory

nmodul es 212-218. For exanple, if each of the buses are
wdageosioe4semi de, the processor 106 can be coupl eRCT/OSZNY025522

of the menory nodul es 212-218 through a 16-bit data

bus by using only a single one of the buses extending

fromthe processor 106 to one of the nodul es 132-138

and a single one of the buses extending from one of

conveMRofi dﬁkﬂi\/& 1RidrelS Scdifro? rbiﬁd Ofatd REnARAYh&8d 2Hdredd Gnd Tdimtrol

processor 6 can be coupled to any of the menory
s1gnﬁ13d1hﬂp$cl&ﬂ12ed2ri1&nbtyraw@s signdB- bit data bus by being

o S0P E v 6L TRO S 52455 AT A e,
308% a%ozfa% W%&uﬁﬁ&@%hh i€ S of WRRhHE Q68680 kOusiey of

e cou o any of the menory nodul es 212-218
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DRAM-devgeocoplgrie. iei SONTRR BRUHIgH &% BT ARye Wil
refe?é{l%e 29 1gk.1ﬂecé UEES . b QUWar %‘M{Kh 810 & %?éé%ﬁe ﬁ%ﬁt&fdc@@%@[@to the

pl'ed*o respective buses, suc buses in the
DRIAM SéntﬁﬁlbrsSﬂ“l@tmd tio ll6ivgmy elath to Be nmaha?mtrw tOf @ufrom DRAM devices

ddi t | link
BB T GUL I LB SRS S0 0 LACL AR M memer
mo@ﬁé{&n’taﬁ‘mh? gu58bo.Sshown in Figure 4. AUof the

I'nterfaces 3 4, 308 are coupled to a cross bar
[026] swi tcﬁh@lﬁemwmlmb A8 alse inéludescaache: memery GR0a-d and a write

h f t d
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314bhe Al RKvdinkRvipmate 398each ofl theaacly @¥in6Hed m(h)«plvmlﬂenhay be

with respect to Figure 4. The link interfaces 304
a stam&amdbmaycds@mnmee“sml\d "y deyiceowates Beeilnp equenﬁ‘y accessed

t er.f.
ot SR 0RO B0 FllRE pEFESTB e 3140
Thém%ht& Hu¥fedS 30854 rRumulagd welite gddmmmtmdn@dta [da;wed to DRAM

trol dd
devaonseTcedi GBS ARy p et AR BSPY A AL JhARADRAM

devices are busy servicing a read memory request or there are other read requests

pending. By accumulating the write memory requests in this manner, they can be
processed more efficiently in a pipelined manner since there is no need to incurs delays
associated with alternating write and read requests.

[027] As mentioned above, data can be transferred from one memory module
containing a memory hub 300 to another memory module containing a memory hub
300. These inter-module data transfers are controlled by a direct memory access
(“DMA”) engine 330, which may be of a conventional or hereinafter developed design.

The DMA engine 330 may also be used to transfer data from a partially defective



[025] The cross bar switch 310 can al so coupl e any of
the link interfaces 304a-d, 308a-d to four DRAM
wa@omsopisber s 314a-d, each of which is coupl ed POI/ES2004/025522
plurality of DRAM devices (not shown in Figure 5). The
DRAM control l ers 314a-d nay be conventional DRAM
control l ers or sone hereinaffer devel oped design for a
DEAM controller. The specific structure and operation
0 ! - :
e B & o o oy e
operatidunl of theTraetial lyodefedtiae nomory mogel. coupl es the |ink

i nterfaces 304a- t.he copt;ral ]l er -d.
028 % o g T8 B BN DY ShBbdgE it o wose
shoWhn! fneFidate?s.t HBhever allegtahdvel e dinfidll de\the ésteresiupf Brbvity or
to the controllers 314a-d, as al so expl ai ned above

clanifiyt uTlsceﬁmsm]e @pn;i@amr@ue@nmnem ehewp EsFigare Sy &p omtied. For
(o t i i - ;
exagg)xf, rtﬁi? |wer{}§ bg']if%%s%ﬂ{ g %‘%&e@e §191§£?eggitf tv%t%)?%\d%%s %umover are

ow any a to pbe transterre

accktaIe. M%mﬁlﬁ}ﬂhdﬁy heepre hupd@Xistioovrt in i gRAK includes two sets of
clgntrol lers 314a-d fromor to

not tively,
fourit aferfites F0d-Go A0SR LAY Fosr AN TS SGC3 H4eGhaRe fgber of
[y . 0 ele . -
sl 70 8L A0 LLEE RS0 By DG, PRt o
DRs\&\:iitbﬁtﬁﬂlebymW Wﬁgpedmkixed. DRAM control |l er 314a-d. As is
we nown in the art, each of the y .
10291 3208 61 AR tagmbetincSt 8 b Froiemps PERt EEe gy gom 350 s
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kBRI RE 80 ISR, bt el 5 o
procémorses diettinemd@RAbtass deviods, eachdfadich isTheplag iq @ first Tank 354

uffers 324a- [ dd ;
of goweRieRgTY st e dough e HhET JudR o s, The
me{glfor); R alRANE 608 taf Ofhli§ ESnfibhfddt @ thé sdrhe eyl ey itleeanBrdiment

usy servicing a read nenory request or there are .
of Bigherd. riBenlevesather thap epenling caglyotibe meamagy mgutes 8 oG the first
ry r ts in thi I :
rarf o8 SpRTiTant o BoBrSER Bssobd BRI HRERIARE in e
emBOdiRRECf Bigicd e fiehaypmadsies Bo6:d avd ¢tdehabtipledds amgspective

wite and read requests. [027] As _menti oned above,
set@f four caamasy modaesfia gseePnfl ek %ﬁ?@ Thisothy fﬂﬁdﬁ‘ﬂ%oﬂ/ module 356a

is c%gﬁ]{eg :t@ ;fo% n%ﬂn%&)éluﬁg §6§298, th s 304 Bfe'in&i‘? ARIM1Ré8i€ coupled
to four memory modules 362e-h, the third memory module 356¢ is coupled to four
memory modules 362i-1, and the fourth memory module 356d is coupled to four
memory modules 362m-p. The advantage of the topography shown in Figure 6 over the
topography shown in Figure 4 is that the second rank 360 of memory modules 362
provide a larger memory capacity than the memory modules in the second rank 210
using the topography shown in Figure 4. However, a disadvantage of the memory
topography shown in Figure 6 is that it provides less bandwidth and flexibility in
accessing the memory modules 362 in the second rank 360.

[030] 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. For example, although the processors 104-108 and the DAM device 110 are



300. These inter-nodule data transfers are controlled
by a direct nenory access ("DMA") engine 330, which
woregosioeised a conventional or hereinafter devel PEEUS2004/025522
desi gn. The DMA engine 330 nay al so be used to
transfer data froma partially defectivenenory nodul e
to a properly functioning mdfory nodule prior to
di sabling the operation of the partially defective
shoWr @I?Béing%g%sd alrO48] 1o ThEmBRIGEY thobibies 398198 |it waeBenaddrstood
I'ncl ude“conponents”in addition to those shown in
that Fheyumey be coiphel/darqughtdise devives, sednasdivistbridges. nAlspethe systems

interest of brevjt r clarity. 0, | .
100 PyF o3 B S ereeeehstn T ERold SR THge squmponents in
addRiShtth @Hoser Howdx aRBERdink e thY idventit {sefic [BR#dat exdvpy abdy the

omtted i f wite/read access turnovers are acceptabl e.
app&ided claans.nough t he menory hub 300 shown in Figure 5

includes two sets of four link interfaces 304a-d,

308a-d and four DRAM control |l ers 314a-d, the nunber of
sets of link interfaces, the nunber of link interfaces
in each set and the nunber of DRAM controllers my

vary as desired. [029] An alternative enbodi nent of a

processor-based el ectronic system 350 is shown in

Figure 6. The system 350 includes four nenory

requestors 352a-d, such as processors or direct nenory

access devices, each of which is coupled to a first
rank 354 of four nmenory nodul es 356a-d through buses,
generally indicated at 358. The nenory nodul es 356a-d
are thus configured in the sane manner as in the
enbodi mnent of Figure 4. However, rather than coupling

each of the nenory nodules 356 in the first rank 354

to each of the nenory nodules in a second rank of

menory nodul es as in the enbodi nent of Figure 4, the
menory nodul es 356a-d are each coupled to a respective
set of four nenory nodules in a second rank 360. Thus,
the first nmenory nodul e 356a is coupled to four nenory
nodul es 362a-d, the second nenory nodul e 356b is
coupled to four nmenory nodul es 362e-h, the third
menory nodul e 356¢ is coupled to four nenory nodul es

3621-1, and the fourth nenory nodul e 356d i s coupl ed

to four nenory nodul es 362m p. The advantage of the

t opography shown in Figure 6 over the topography shown

in Figure 4 is that the second rank 360 of nenory

nodul es 362



provide a |larger nmenory capacity than the nenory
nmodul es in the second rank 210 using the topography
W@ b@d24500 Fi gure 4. However, a di sadvant age of P€TeS2004/025522
menory topography shown in Figure 6 is that it
provi des | ess bandwidth and flexibility in accessing
the nenory nodul es 362 in the second rank 360. [030]

Fromthe foregoing it will be appreciated that,
it h specific enbodi ments of the invention have
b‘e‘eétn%scri bed herein for purposes of illustration,

var i oéhatid¢lbinedtis:ons nmay be nade wit hout devi ating
fromthe spirit and scope of the invention. For

exanpl e, al though the processors 104-108 and t he DAM

devi ce 110 areshown as heing coupled djrectly to t{we .
menory noddt es Pgpenygy hub {r|yseyd ¢AHBERS 8y of g plurality of

S, AR, O i

@Bﬂllpﬁsingespect ively, would normally include conponents

in addition to those shown. Accordingly, the invention

i s not | i miatgldradige epmemsorycontrellesppeashiedf the anemony ganipgllers
Xghat is clai mid '{s: ]f A mam)rg hub for use in
GISICeRRICR K9 least one T fPEPCYT LS S br y requestors to

each of a plac@linbiyQlr 1IFRTREMaE8Yir@es, the menory hub,
conprising: a plurality of nenory controllers, each of

t he nenory acanbty bhi ewictdianiggco dsteplurabityof | ssdtch ports and a

of the nmenory devices; first plurality of link .
el st e @od cretsal e v Seh Bt Hrins syPleditp Adpspective one
I g . ; - e
T s S e T S
RS REFGhE Vieene cohtrdlies,| thekrdasatbar bwitels beiap bpeeble of sdléntively
menory ports being coupled to a _respective one of the
reonple padoeftthe line inferfacaetony 9ge ghthedgraery CB%W@@IS-
operable to selectively couple each of the |ink
interfaces to any one of the nmenory controllers. 2.

The menory ub afheChdinGtyl hub Witdigim ¢OMathesi dogapRisBRCo sdcond
plurality of link interfaces, and wherein the cross

tpdurakity o& hink Uintetfecesi med wdweein the cross bar switch further includes a
second plurality of switch ports each of which is coupled to a respective one of the

link interfaces in the second plurality of link interfaces.

3. The memory hub of claim 1 wherein each of the memory

controllers comprises a dynamic random access memory controller.

4. The memory hub of claim 1, further comprising a respective
cache memory device associated with each of the memory controllers, each of the
cache memory devices being operable to store data that is accessed through a

respective one of the memory ports of the cross bar switch.

5. The memory hub of claim 1 wherein each of the link

interfaces comprises a bi-directional link interface.



second plurality of switch ports each of which is
coupled to a respective one of the link interfaces in

wo b@ssesend plurality of link interfaces. 3. TPET/DS2004/§25522
hub of claim1 wherein each of the nenory controllers
conprises a dynam c random access nenory controller.
4. The menory hub of claim 112 further conprising a
respecti ve cache nenory devi ce associ at ed wi th each of
the nenory controllers, ch of the cac menor .
devi ces beifng opgde ame@oﬂbai%]ﬂ’olog ety kt “?1% %?Gge%fsé%e link

r h a respe . .
B PrpfRRCE b Br HEafteubhd ERIRE ARGAiEh e an npu
%ﬁmn_afthemﬁeﬂdﬂwmmﬁ@ruﬂa@@so itses a bi -directional

I'i nk interface.6. The nmenory hub of claim1 wherein

each of the link interfaces conprises a pair of
uni -di rectional |.inks on f i.ch.i udes an .
port and tHe ot TBFOH| ‘?fl\@"fuﬁ'd%’sﬁﬁth %?nﬁlfﬁlsnb% réSpeCtlve

Aritd NG 1SR TRESEI AP \xﬁfh EAchi 67 the FdfioRe CoftPsTRIY, SEdH oF the write
respective wite buffer associated with each of the

rafiforsybeimndprecdbletosrec aecivritf dathandrmssecdatbd vkisy @ddmﬂsﬁﬁgthrough a

b o A S AL oG BBl e
K ngtdgtgrggsreg for sﬁ%ﬂﬁéﬂt E&Lg)q % b (Pesg&ﬁfv% onB & We thém88t @ntrollers.

resses sub nt co Ing to a respective
one of the nmenory controllers. 8. The nenory hub of

claim7 wherein each of the wite buffers ac&knula
Wwite datafnd ddemaesery hugofglam frahereip eaeh gf fhegvrite buffers

%gﬁé las GCV% e%s(\fﬁ ?l%j 8&({}&@633 goq' tﬂa@‘ﬂtgl ¥r GHHP In?entld}g accesses and

a an Fresses to res

Qhéh %uéﬂiﬁllﬂ%ﬁﬁiﬂy teOplifalityl @ ®ritel datboaiid sddyeskdatte ra\»respeﬁ@ve one
read nenory accesses. 9. The nenory hub of claiml1,

faf thehmemonyngomirellerg vathg ik anytintentening readagmoneadeesses.
coupled to the cross bar switch and the nmenory
controllers, the direct nmenory access device being

oper abl e t @ causgt BRrfeFP3ab PG cBkh L ChiRiner @8fri étthhrect
menory controllers to performmenory wite and rea

anaasyescest Gevide weupled tanthd wress beo ewgitéls amhthe memory controllers,
the direct memory access device being operable to cause the cross bar switch and

each of the memory controllers to perform memory write and read accesses.

10. A memory module, comprising:
a substrate;
a plurality of memory devices carried by the substrate; and
a memory hub carried by the substrate, the memory hub comprising:
a plurality of memory controllers, each of the memory
controllers being coupled to at least one of the memory devices;
a first plurality of link interfaces, each of the link interfaces
being for coupling to each of a plurality of memory requestors; and
a cross bar switch having a first plurality of switch ports and a

plurality of memory ports, each of the switch ports being coupled to a



a substrate; a plurality of nenory devices carried by

the substrate; and a nenory hub carried by the
waese#be, the menory hub conprising: a plurabPCT/ySmb4/025522

menory controllers, each of the nenory controllers

bei ng coupled to at |east one of the nenory devices; a

first plurality of link i ntek¥ aces, each of the Ilink

interfaces being for coupling to each of a plurality

of menory requestors; . and a_ cross_ bar switch havin

first respentirei aup of thevinkchtosipess 2athgach pf Lt}_reamew%pgrtsa being
menor ég]%)@%&i f% ?egsﬁgctg{e c{nﬁeoﬁﬁ\é @%ﬁ??;g E:(%Iﬁr&ﬁ%é? I YR ﬁegg?;vitch

to ar e lin aces, 'and eac

t he MpBEREGpRRAbISo BelcBEvelP bRiptsledch of theBilletitértgeoreayfone of
the menory controllers, the cross bar swtch being

oper altheememoredongollerel y coupl e each of the |ink
interfaces to any one of the nenory controllers. 11.
The menory nodul e of claim 10 wherein the nmenory hub

further conpri sithg Aef6§ORIdRk Wradldily 1QfwHekdl the memory hub
i nterfaces, and wherein"the cross bar switch further

iferthen dempaismgcosmtond phadlity ywf dinksufetfobesp end svheeedth thef cross bar

which is coupled to a_respective qne of the.link.

SHH(ER Firthss Hofideha SSoBGRIFHIY PPV Bt e_raﬁﬁ Of Whisfrisgapled to
ByralelV; e
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menory device. 13. The nmenory nodul e of claim 10

wherein the nmenory hub further conprise a.resge tive
cache nenorlg- devileanemayanedulsrfglam Khwhersin qag o?rg}%p%;nory

BB EbronTrbon Bl atREPE BB EERY, P00 0

respective one of the nmenory ports of the cross bar
switch. 14. The nmenory nodul e of claim 10 wherein the
substrate dénpriBesmemerninedwld aftdrins 40 sylesgin the mepmory hub

erein the menory devices, the |ink interfaces.
FPORBPO Al B IRICEE TYDOY Sroos i Ra g gt b of the
f R &5 FoRFolsEs, ®ach of the cache memory devices being operable to store data

that is accessed through a respective one of the memory ports of the cross bar

switch.

14.  The memory module of claim 10 wherein the substrate
comprises a semiconductor substrate, and wherein the memory devices, the link
interfaces, the memory controllers and the cross bar switch are fabricated as a

common integrated circuit in the semiconductor substrate.

15.  The memory module of claim 10 wherein each of the link

interfaces in the memory hub comprises a bi-directional link interface.

16.  The memory module of claim 10 wherein each of the link
interfaces in the memory hub comprises a pair of uni-directional links one of which

includes an input port and the other of which includes an output port.



common integrated circuit in the sem conductor

substrate. 15. The nenory nodul e of claim 10 wherein
we@awh/opfset he |ink interfaces in the nenory hubPCT/US2004/025522

conprises a bi-directional link interface. 16. The

menory nodul e of cl ai mwherein each of the link

interfaces in the nenory hubléonprises a pair of

uni -directional |inks one of which includes an input

port and the other of which includes an out put

port.17. Th¥menbiymepeny aogplecohelaim dOviwhereinnthe yemory hub

ry hub.further NRIi.Ses r ' | ke ffer

B cbioe vh e R R B R RS Wi e ot e fmory
ontrBBerdl i BERE KFitd DulBrsOPahaiperdbl tEeedehe Wiitd @ata and
data and associated wite addresses through a
rasspuged weitoadsiresses theough moespegttret anesft thevaemonsportsaaf the cross
witch and to store th ite data and. addresses for..
<K BASB R BT A METe d5ta apd RS TaT BYoERET sy © @
%Eﬁeﬁﬁ#ré §iSof thSmetidsy Lo smodul € of claim 17 wherein
each of the wite buffers accunulate wite data and
addresses for a plurality of wite nmenory accesses and
then sequentjally couple the plurality_of w.ite da .
and addr essg%_ t ol B¢ P‘é%“ﬁ@bmox‘}éﬁo‘#{a‘ﬁ@m ﬁﬂ@’h?é‘ﬁﬁreﬁ"h Ot The write
c . .
SRRt R P R0 P AR BRI omory acoesses
thel theiedqyemtidilyfoduple elie slarity seerite dhitd &l adieesessyto a respective
access device coupled to the cross bar swtch and the
natecfyhemameny ¢aatrollers mathapt awtintesiepng raedtBEBIOREIGCETes.
bei ng operable to cause the cross bar switch and each
of the nmenory controllers to performnenory wite and
read accessps. 2fhe MeARPMOIGSHLBRinE ATPKh&EMIthednemory hub
plurality of nemory requestors; a first rank of menory
nibcthérenywisps @diress maneorpreessy devaepeoaplsrdgo thesgrhssdfar swech and

nmory nmodules in the first rank bejn oupl ed a
e Pigfnary cnollis HabRs! MEYRBCROFS degas ROUE oD RSPy te
MR 63 SGATRah& e offthB Il (¥n@b11dTE Pt fHRVInERSTY R and

read accesses.

C

20. A memory system, comprising:

a plurality of memory requestors;

a first rank of memory modules coupled to the memory requestors,
each of the memory modules in the first rank being coupled to a plurality of the
memory requestors, each of the memory modules comprising:

a plurality of memory devices; and
a memory hub comprising:
a plurality of memory controllers, each of the memory
controllers being coupled to at least one of the memory devices;
a first plurality of link interfaces, each of the link
interfaces being coupled to a respective one of the memory

requestors; and



a menory hub conprising: a plurality of nmenory

controllers, each of the nenory controllers being
waeowpletfed 0 at | east one of the nmenory devi cesPCHUB1004025522

plurality of link interfaces, each of the |ink

interfaces being coupled to a_respective one of the

menory requestors; anda cros$dbar switch having a

first plurality of switch ports and a plurality of

menory ports, each of the switch ports bejn oupl ed. .
to a respective one Gf CiOpe b ﬁ‘Klt‘F}hg%‘le%@egr,s é’i‘HaIgté(c‘hf switch

of the nme P . .
of the memstadd EbRRLODIHELE b AchCTRREH VR AR boing
oper abl e t @ogple€ab idvaispectiotipne ofabd link ihteefatésnlnd each of the

interfaces to any one of the nenory controllers. 21.
The menory mgmenPYts bpiakmoppleghier @iTasnerévareregf thgpmemory

o oo a8 e SR BIMECHHla Bt pelstugh coumte
i ncl udes a (eceNde Bhiidbificss 8 arf¥re©F tiRAhES 0BGt lers.

which is coupled to a respective one of the |'ink
interfaces in the second plurality of link interfaces.

22. The nenpry stem of claim 20 wherein each,of the
menory devi<es %I‘Fp‘?’le@é@’ SYSRM 'CéalF‘ahgd‘zl?eé%‘Ee@g memory hub
Y, o‘#&ﬁ ARG S, a8l 3HB-AA th b
eréeri cn t gﬁ‘%e%ng)%fngg’gu urt ﬂejl}tﬁ%:/orrpri ses ar espect? \%)SS o
cxdtel fomthon inycluliy iacecaspdwhktyed switth pedcéachfof whéchnis woupled to
controllers, each of the cache nqur%%gevifes bei ng
GErRsiige ens fithe Bnlgmterfacasnin the segepdBbEality pf WnlgHtegfaces.

respective one of the nenory ports of the cross bar
switch. 24. The nmenory system of claim 20 wherein the

substrat e conpriBRSnams8EyseRdsfdlainm Fuhhtichi €chafithe memory
wherein the nenory devices, the link interfaces, the

risisey capprises b dgnamigrandoneacsessssepely dovicech ar e
fabricated as a common integrated circuit in the
sem conduct or substrate.

23.  The memory system of claim 20 wherein the memory hub
further comprises a respective cache memory device associated with each of the
memory controllers, each of the cache memory devices being operable to store data
that is accessed through a respective one of the memory ports of the cross bar

switch.

24.  The memory system of claim 20 wherein the substrate
comprises a semiconductor substrate, and wherein the memory devices, the link
interfaces, the memory controllers and the cross bar switch are fabricated as a

common integrated circuit in the semiconductor substrate.

25.  The memory system of claim 20 wherein each of the link

interfaces in the memory hub comprises a bi-directional link interface.



25. The nenory system of claim 20 wherein each of the
link interfaces in the nenory hub conprises a

whreodioe4sed i onal |ink interface.26. The nmenory BEUSI000025522
clai m 20 wherein each of the link interfaces in the
menory hub conprises a pair of uni-directional |inks

one of which includes an i npw%® port and the other of
whi ch i ncl udes an output port. 27. The nmenory system

of claim 20 % n the menory hub_further conprises
respective Bafm%mré(s%@rrhpé& ajt 30 é‘ﬁ@FPl%fea?}h@f the link

Mt el ﬂmhre%érﬁ&r? huﬁ%%{hgﬁ%e ah;?al F L8 L ghgﬁé ?193 of which
operable to receive wi assocl ate

adra&nlm&s es irfplut porg Andthe @#Re6f wm%h%‘@udéfs ahld@tpiepeity ports

of the cross bar switch and to store the wite data

and addresses for subsequent coupling to a respective

one of the nor cont roller Th r stem
of claim 27%\Nher P TAAROTY P SEe Oénp af%ezbd”r%gorr%n'%e memory hub
aQathed lcobPrivgs & Qedpatidver et BEfES 8R88cihRl @t]ﬂ"eﬁélﬁ'of tile ﬁ{emory

wite menory accesses and then sequentially coupl e the
pPQIrthletSy coth \ofi the wiateabulfeds hdihgesiable go arec@speymte wiata and

one af ntrollers thout tervem

- et Ateebes Soud o Shaeclfis oSG fassiter pERapHfc cros
20aBRERI Shd foestHRNEE Yvrith Qia{auéfrfdhﬁfdﬁ&s@ég)fdr %ﬁgseﬁuéﬂt ldofipling to a
menory access device coupled to the cross bar swt
aredp¢diize orenf the comiarpkcberdlers he direct nmenory access

devi ce being operable to cause the cross bar swtch

and each of the mermry controllers to perform nenory
write and r§§d a‘fﬁ@ %gsteﬁghcﬁ‘ (T?iﬁ? hY W&élﬁngagfl of the write

claim 20 wherein eas¥

r eufifas h@:ummattarwms&ata afid advesssey for @ i;lur&’lit? ollTWim& ¥efloBy £d¥esses
of claim20 wherein at |east sone of the nenory

r dhiben é@%le%%%]b’rqoéléleéh@lphléaéﬁy abwoits date eed addesspeio. B@spective
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of the nmenory nodules in the first rank, each of the

menory nodul es in the second rank conprising: a
plurality o29.menbhey mbaviry egstemnef claim 20 wherein the memory hub

further comprises a direct memory access device coupled to the cross bar switch and
the memory controllers, the direct memory access device being operable to cause the
cross bar switch and each of the memory controllers to perform memory write and

read accesses.

30.  The memory system of claim 20 wherein at least some of the

memory requesters comprise a processor.

31.  The memory system of claim 20 wherein at least some of the

memory requesters comprise a direct memory access device.



a menory hub conprising: a plurality of nmenory

controllers, each of the nenory controllers being
wa@omploeded o at | east one of the menory devi cesPCHUB2I008025522

plurality of link interfaces, each of the |ink

interfaces being coupled to a respective one of the

menory nodul es in the first rldnk; and a cross bar

switch having a first plurality of switch ports and a

lurality of  ne ports, each of the switch ports

Eei ng coupl é%‘ tmféé/rr@w&sww ghelagp 2P pfgirthprgomprising a second

i r C ' upl

R oy P SRR leq 0 JTRAREY oA b Ty RN o v

crank sedoh of theithahoryenaiulesfie takieoridoraplet@aprisigs:y coupl e

each of the Ijnk interfaces to any one of the nenory

cont r ol | er sa Phmlity gEmemeny Jevisesy angh of cl ai m 20,

further co | S lural.ity of sets of nenory
nodul es inngHs?%l@gﬁg&rg%ﬂ?nﬁl% nunber of sets of nenory

modul es in the sgcaBRlitANE GRMoAERIAGHINGs, BadtBPelhet femory
the nunber of nmenory nodules in the first rank, the
menor yeanbigllpts eing cenplad &eat lpast olreofSke methorpdévitesi ng

coupled to a respectivye one of the penory nodules in

the first rank, ?gc?fﬁﬁli p:g‘fraﬁ e° n%%rqug%leé%h Pgﬁ*%]él_]k mterfaces
Secondydifd KoufWiPfd # bddBectife RinH olhd %efh%r}n%?més eV CRR rank;
and a nmenory hub conprising: a plurality of nmenory
controdrders, each of the nenory controllers being

coupled to at | east one of the nmenory devices; a |ink

interface coupl et A SVHENBAYE ditit @lyrality|ed spitek ports and a

rank t ' S ti t, of F es. i.n

o et SSHRRE LU SEE BTN b o

havi ngregpesiivd ohe pOitiic Hiild itterPades,2drdt dachfofMBERASMAYT fotts being

the swtch port being coupled to the |ink interface,

and edg®ypled to a respective one of the memory controllers, the cross bar switch
being operable to selectively couple each of the link interfaces to any one of

the memory controllers.

33.  The memory system of claim 20, further comprising a
plurality of sets of memory modules in a second rank, the number of sets of memory
modules in the second rank corresponding in number to the number of memory
modules in the first rank, the memory modules in each set in the second rank being
coupled to a respective one of the mémory modules in the first rank, each of the
memory modules in the second rank comprising:

a plurality of memory devices; and

a memory hub comprising:

a plurality of memory controllers, each of the memory
controllers being coupled to at least one of the memory devices;

a link interface coupled to the memory module in the first
rank to which the respective set of memory modules in the second rank

corresponds; and



of the nmenory ports being coupled to a respective one

of the nmenory controllers, the cross bar swtch being
wop@sabiseo t 0 sel ectively couple the |ink interP@res1004/025522

any one of the nmenory controllers. 34. The nenory

system of claim 20 wherein the nenory devices, the

link interfaces, the menory tontrollers and the cross

bar switch are fabricated as a conmon integrated

circuit in a sem conductor substrate. . A menor .

system conpri siangfossaba svieh hgvipg an%‘ﬁ’g‘iypi”éqa@gg‘i é}lg‘?hty of

a first rank of . : BRI h

requ eHIPYY RS {Bn:é%%h E’ggme@ ?0215?%? :tgftlfl? él%ja r%zlatn k eé)élﬁd o

i ncl udjn@e anbhbst pe@s beingNE@MPled POk trespeotivee spordi thg remory

nunber to the nunber of nenory requestors, each of ttLe .

menor yoptrolies,ithe tives barrssiitch hajegirarrgleciosslestivaly cguple the link

respective one of the. menory regu rs, the menory

nodul &BF Cec‘i‘?ean’?’iopgf’fplgl’?&er?%ﬁcﬂ%F&?e%%l udi ng a second

set of nmenory ports, each of the nenory nodules in the

first rank including a plurality of nenory devices and,
a menory huht. coufllesderharytsystemeafutamPé\veseindhgimemophdevices,

menpry ports in the first and s nd sets; econd .
R RSPy he EIoR: R TR B Hgop iR B bricated as
Menor ER Ugein the first
fﬁﬁ%n¥ﬂ€gﬁéﬁgggg%ﬁ%?%ﬂg%rt |nﬁ%ﬁgag%éoﬁd set, each of

the menory nodules in the second rank including a

plurality of nenmory devices and a nmenmory hub coupl ed
to the menody delring@RorySyPiem, ORPIHINE east one menory

port. 36. Thglug%ig%o%mg%ﬁtth Qfstqgl.ai m 35 wherein each

of the meno? ST secdnd rank includes a

plurality of fig® R oPalch®re alodake@adpled to thamrhery tauestors,
the nunber of nenory nodules in the first rank, the

nﬁmgtnwmgdmlpﬁaacmeoﬁrst reakngagh iyclpding st get %@emory ports
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the memory modules in the first rank further including a second set of memory
ports, each of the memory modules in the first rank including a plurality of memory
devices and a memory hub coupled to the memory devices and to the memory ports
in the first and second sets;
a second rank of memory modules each including at least one
memory port coupled to a memory module in the first rank through a memory port
in the second set, each of the memory modules in the second rank including a

plurality of memory devices and a memory hub coupled to the memory devices and

to the at least one memory port.

36.  The memory system of claim 35 wherein each of the memory

modules in the second rank includes a plurality of memory ports corresponding in

number to the number of memory modules in the first rank, the memory ports in



sets of nenory nodules in the second rank are coupl ed
to a respective one of the nenory nodules in the first

wo a0/ 0245ach of the nmenory nodul es in the firstPCEOKR2004/025522
including a nmenory port coupled to the nmenory nodul e
in the first rank to which the respective set of
menory nodul es in the second!%ank corresponds. 38. The
menory system of claimwherein the nenory hub in each

of the menory nodules in the first rank conFrise ﬁ%
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first rank 38 omEeymefotyheysreenof glaine§ ediergio thesmenoaty hub in
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> ond
rcark of s mamry sHodules I EIRGFS PR RIERTSGrATeS T SR agereble to

| east one t he nmenory . u i.n t i : ;
By TR MR ol el i o
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is further operable to couple any of the memory ports in the second set to any of the

memory devices.

40. A method of accessing memory devices from a plurality of
memory request ports, the method comprising:

arranging a first plurality of memory modules in a first rank, each of
the memory modules in the first rank including a plurality of memory devices;

arranging a second plurality of memory modules in a second rank,
each of the memory modules in the second rank including a plurality of memory
devices;

accessing each of the memory modules in the first rank from any of
the memory request ports; and

accessing each of the memory modules in the second rank from any

of the memory request ports through at least one of the memory modules in the first

rank.



42. The nethod of claim 40 wherein the act of
accessing each of the nenory nodules in the second
w0 asg/oedssough at | east one of the menory nodul BET/UR200kE25522
first rank conprises accessing a set of menmory nodul es
in the second rank through a menory nodule in the
first rank correspondi ng to2Phe set of mermory nodul es
in the second rank. 43. The nethod of clai m 40,

further conprising a [ h. of )

R
mory nodul es .i t he sec

e

AR rsPA! &indried REce8REOBELY aNthel membAnmodiles e the second
nmenory request ports through at |east one of the

freouphyeaniv dfithe snenmory meodules sn theirkt ré®lpr i ses varying the
nunber of menory nodules in the first rank through
whi ch a nenory nodule in the second rank is accessed

from one of,t he :
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accessed. 45. The nethod of claima40, furth
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modules in the second rank.

43.  The method of claim 40, further comprising accessing each of
the memory modules in the first rank from at least some of the memory modules in

the second rank.

44.  The method of claim 40 wherein the act of accessing each of
the memory modules in the second rank from any of the memory request ports
through at least one of the memory modules in the first rank comprises varying the
number of memory modules in the first rank through which a memory module in the
second rank is accessed from one of the memory request ports to vary the data
bandwidth between the memory request port and the memory module in the second

rank that is being accessed.

45. The method of claim 40, further comprising accumulating
write memory accesses in at least some of the memory modules and sequentially

executing the stored write memory accesses.



