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Computer systems use memory devices, such as dynamic random access

memory (“DRAM”) devices, to store data that are accessed by a processor. These
memory devices are normally used as system memory in a computer system. In a
typical computer system, the processor communicates with the system memory through
a processor bus and a memory controller. The processor issues a memory request,
which includes a memory command, such as a read command, and an address
designating the location from which data or instructions are to be read. The memory
controller uses the command and address to generate appropriate command signals as
well as row and column 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.
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operating speed of nmenory controllers coupling

processors to nenory devices. The relatively slow

speed 5 of nenory controllers and nenory devi ces

limts the data bandw dth between the processor and
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link, with the first nmenory nodul e connected to a
sHeBAM depiessry nodul e through a second hi gh speed data

link, dt . [F i
o a5 SR DAL 1R e, v e
arﬂglti?{b 18Bmbfy devicdd codil&d/ tochapidctashihesughfbaabmeB Mty In a memory

modul'e includes a nenmory hub that is coupled to the .
clorbr arshitestiiraga miayiors gwbdcagiéroBen isrdospled dovgr pulmBl spedd data link to

menory devi ces on t nmodule, with the nenory hubs. .
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memory module through a second high speed data link, and the second memory module
coupled to a third memory module through a third high (speed data link, and so on in a
daisy chain fashion.
Each memory module includes a memory hub that is coupled to the
corresponding high speed data links and a number of memory devices on the module,
with the memory hubs efficiently routing memory requests and memory responses

between the controller and the memory devices over the high speed data links. Fach

memory requests typically includes a memory command specifying the type of memory



WD 2005/ 076856 PCT/ US2005/ 003015 3 access (e.g., a
read or a wite) called for by the request, a nenory

wa@oasemssepeci fying a nenory |ocation that i sPE€DUR®05/003015

10

15

20

25

30

accessed, and, in the case of a wite nenory request,
wite data. The nenory reques® al so normally includes
information identifying the nenory nodule that is
bei ng accessed, but this can be acconplished by
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| at enc robl ens of the e 25 described above. Mbr .
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b D b8 S chitRREy device while another nmenory device is
preparing to transfer data, it is sonetines necessary
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from -
performance, they nevertheless may often fail to operate at optimum speeds for a variety

of reasons. For example, even though memory hubs can provide computer systems with
a greater memory bandwidth, they still suffer from latency problems of the type
described above. More specifically, although the processor may communicate 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.
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Ir@&ue% 1&%%1;18&3311% rémoves the memory request identifier from the packet memory.

A multiplexor receives remote memory responses and local memory responses. The
multiplexor selects an output responsive to a control signal. Arbitration control logic
coupled to the multiplexor and the packet memory develops the control signal to select

a memory response for output.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of a computer system including a system
memory having a high bandwidth memory hub architecture according to one example of

the present invention.
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2 is a functional block diagramillustrating an

arbitration system included i% the hub controllers of
Figure 1 according to one exanple of the present

invention. Figure 3a and 3b are functional

illTustrations of a packet nmenmory shown 5 in Figure-2
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Qﬁﬁr\ﬁdy 08 mdnmtgz habs effednels homutne Rfende biitdspentive ment ey modules
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pndbe systemn mpemenydyy, cortellaEnhal arickPsespenrg ArenieiiRds o2 system
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I'ng specitrc sof

RFER Hbt%ﬁ@cdré i ot f67th Cldl BlovRieS a Ofuffieishs una'éigtaﬂilﬁg)&ﬁ‘sﬂfe present
104 is typically a central processing unit ("CPU') 25

havéntigna Qneslaebin thesartl 9él uhderstaest, demieyer, that Gareivaption may be
apciggtﬁ:seg vkv)ll’g}?outahgs%n{)ax%culgru%ietaﬁs. 13 other instances, well-known circuits,
control signals, timing protocols, and/or software operations have not been shown in
detail or omitted entirely in order to avoid unnecessarily obscuring the present
invention.

The computer system 100 includes a processor 104 for performing
various computing functions, such as executing specific software to perform specific
calculations or tasks. The processor 104 is typically a central processing unit (“CPU”)
having a processor bus 106 that normally includes an address bus, a control bus, and a
data bus. The processor bus 106 is typically coupled to cache memory 108, which, as
previously mentioned, is usually static random access memory (“SRAM”). Finally, the

processor bus 106 is coupled to the system controller 110, which is also sometimes

referred to as a “North Bridge” or “memory controller.”
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Finally, the processor bus 106 is coupled to the

system controller 110, which i6 al so sonetines

referred to as a "North Bridge" or "nenory

controller.” W) 2005/076856 PCT/ US2005/003015 6 The
systemcontroller 110 serves as a conmuni cations path

to the protlssgytemogontigpller Hd0 seresyasmsdesramuniationsdpath to the
[ fo@e¥21 0Ly B RLASH, GRERE0 T Sna ARG SREPLEIGAL dimponcas,

_sten1pon r e I ncludes a_
thete bfecificRilyathk byste@Udn€e116:01 F) GicRiARS _%?rﬁﬂﬁ&i B Qhat is typically
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systemcontrol | er 110. One or nore data storage
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ess0 i the control.ler 110 t
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fth@ Bystdni ceithsller A0 €x bB6WAhe HloBEBEC] (ER RoretRia SIRWRYe data from
Exanpl es of typical storage devices 124 include hard

anigrifal opgsieinbiterage mediadnstsbowe} , Exampleoofiapicalditekge devices 124

r.ead-only mempries . (CD-ROMs). The system cgntroller i
iHquds Byt e Ty QISfﬁse 8RSy C?%ﬁteéo?ﬁ! Eomafct crek feagyqely memories
k@@ykﬁ@&gjs coupled to the system nenory 102 i ncl udi ng

the nmenory nodules 130a,b...n, and operates to apply
conmands t d’leorystah eomtrollecd46 alad antlndéshe mefmty hub controller

dul es. ~The nenory nodul es 130 are coupled in a
E’Mﬁ ) d3pbhahds eiplee hepveterhmengr 1§ 2enplidinghe Riegiory modules

R R e L S

rolTer

besdtesn _mejmm_msm30@%&1&@3@%6111@&135{1@ afbhtboture through
speed |ink 134a is the downlink, carrying nenory

respaetsieshigh epsedHinkseidda ynd Addh comledbétween 8% memptyemodule 1302
T TR, 5, O AR A I 13w
h"[_‘l’l@ h‘HiQﬁspE@@ #nk 1893 {e BWRlINK & 'n%qjﬁérhg:ty: %g?%%é%orﬁgﬁe memory

i gh-Speed Iinks 134a and 134b y be o
hub controller 132 to the memory modules 130a-n. The high speed link 134b is the

uplink, carrying memory responses from the memory modules 130a-n to the memory
hub controller 132. The high-speed links 134a and 134b may be optical, RF, or
electrical communications paths, or may be some other suitable type of communications
paths, as will be appreciated by those skilled in the art. In the event the high-speed links
134a and 134b are implemented as optical communications paths, each optical
communication path may be in the form of one or more optical fibers, for example. In
such a system, the memory hub controller 132 and the memory modules 130 will each
include an optical input/output port or separate input and output ports coupled to the

corresponding optical communications paths. Although the memory modules 130 are
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t he hi gh-speed links 134a and 134b are inplenented as

opti cal comuni cations paths, &ach optical

comruni cation path may be in the formof one or nore

optical fibers, for exanple. In such a system the

menory hub controller 132 and_the menory, nodul es 130
whawiceipled; ta dheaemeny Bph peirollen h3d o3 PRint-1qyBeint architecture, other
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t i apenory nodul es 130 are WD 2005/ 076856
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5 communi cati ng over the correspondi ng hi gh-speed
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S 4 S e iy oSl S s comeponding
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c K mey deiused, cndgnemery davighs ofse thanj TRBAMA dpeges mey also be used.
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UsigChysterhlNS OMRARIholMBILL HBuldSs £ 8t ot Bud, An B8G&HsOhust BRI a data bus.

syst ém nenory devi ces 148 through a bus system 150,
whi ch nor maAk yrevictsly esentionahtaach ofuhs naemagtdrubssldfuskecutes an

ang’,éa data bus, As prevjously mﬁnﬁli oned, each of the i
n¥hRisFaion a@&ewbafés@é@aké e WAY imwhigh gaemogy respopses @gsgsiated with the
t ; .

L D@hofiP Rl 1 30"EoliBhibd (HORB ARTRIDNA-FSBIAES from, downstream

hinbmaRd mvduRs Yaré estpoRdas the anemieyiaibr eaitolleENBLY In the following
nmodul es are returned to the nmenory hub controller 132.

| @eserigticng MeBWIrY gespeases iapsoriatad, Witk sy pertiedpomsmery hub 140 and the

associated with the rt.i,cul nmenor ub 140 and the ,, ..

CSR Rt Mk dRo b dap oL B iERmbg Ao et app el whit
" needly 8§RAN%Ee From WiWiRirdsn TRIEofy ' RP9BARS eFill M Mreferred to as
downstream nenory nodules will be referred to as

“downstream responses.” In operation, each memory hub 140 executes a desired

arbitration process to control the way in which local and downstream responses are
returned to the memory hub controller 132. For example, each hub 140 may give
priority to downstream responses and thereby forward such downstream responses
upstream prior to local responses that need to be sent upstream. Conversely, each
memory hub 140 may give priority to local responses and thereby forward such local
responses upstream prior to downstream responses that need to be sent upstream.
Examples of arbitration processes that may be executed by the memory hubs 140 will be

described in more detail below.
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returned to the nenory hub controller 132. For

exanpl e, each hub 140 may give8 priority to downstream
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w@@bﬁﬁankxaﬁmp&wbﬁgg@onses need to be returned
upstream at the same time. O her exanples o
ar bi tr at i onAgchample ofran atbidietipn é&‘ﬁtqfﬁ 280 mql‘é@dl igrihe hub controllers
ntitled "Arbitr em and

1%06%@%‘% eggp%}}?g‘gg i B ggr%g V@II ercyl g‘y?ﬁ%rﬁ:oewes memory

1RGh&EOT PReaefoRe E@%@st?ﬁnélﬁcﬂeeﬁﬁﬁﬂ&tlﬂ% BAHRE &fion, which
arbltratlon systeém 200 i ncluded in the hub con roIPers

1m@hﬂésEmQunehdevansh@mmmﬂm1Fﬁgmm®lzqu¢¢dd%nhdmﬁﬁkxlsraknedto

s SR e B A
ﬂelmrkjelrég%g%eﬂ)l% Fhe gk g {rhffﬁgs ﬁYelefSﬁ%rrné)P}gr rqglgéﬁ%r{cg?eﬁ aassomated with

a@acﬁ rﬂéiﬁdf@tredl@sﬂr Tﬁe PRAADTY réRasteidént] fibed butef dtered ida packet memory
decoder 204 is coupled to the downlink receiver

a2itp. dBhecpaskpleempey Mxoyvnrle@@g@ 2jig arfirpiring first-out (FIFO) memory,

e i ronP RS R e Rl R TRARG Y gp this manner, 2

208 ket TEoMRAGK Sty rERIERf Meﬁtﬂfbr%ﬁ‘s@éﬁtddﬁm’ﬁh 846h8néméi§ réquest passed to a
first-in, first-out (FIFO nenory,

hub controller is stored in the packet memory 206. When the packet memory 206 is a

FIFO memory, the memory request identifiers are stored in time order. In the following
description, memory requests associated with the particular memory hub 140 and the
corresponding memory module 130 will be referred to as “local memory requests,”
while memory requests directed to a downstream memory module 130 will be referred
to as “remote memory requests.”

Local memory requests received by the downlink receiver 202 are sent
through a downlink management module 210 and a controller 212 to a memory

interface 214 coupled to the memory devices 148. ILocal memory responses are



but ot her buffering schemes may be used in other
enbodi nents. In this manner, a 20 packet | D or nenory

WO e@aessé denti fier associ ated with each nmenorBCT/EMIET003015
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passed to a hub controller is stored in the packet

menory 206. When the packet mefory 206 is a FIFO

menory, the nenory request identifiers are stored in

time order. In the followi ng descri pti on, rrem)ry

requests associated w th_the particul menory_ hub 140
digeeivefeby thermemppniaichiy Cﬁ%i&)@lﬁj ﬁ%&lpreua élqurrOB@f P12 0an uplink

referred to cal menory requests,” 25 while
r%%aigymlﬁ%tqu%@‘?e 2glgr ected to a downstream nenory nodul e

130 wi || beregmbRh&borytroquists ré@iNpidey@edbynlisletestver 202 are sent
Local nenory requests received by the downlink

rtecedeenliOrazanatteetto tor b sanglond @idmnlmlk 1ﬁﬁmagérﬁiﬁwmstream hub.
dul ¢ 210 and i.nterface
g%a o reate2 2 e oy Bl LA BB e Fesponses
p
Ségéﬁﬁﬁmné%%%%ﬁ%%@‘%%ﬁ%émwdgpyglhd portion.
t Tiee ientifierl poetior? b2 memay regpbnsekidemuiageleetifiesntbd uhamory request to
220. Renpte nenory requests receive

relbich b doig paglad S AEPORSVE, éomﬂkm%aq%ahgﬁqlﬁ P%‘EPI%EBD the uplink
Lol R4S AR08 el 382 n e fMISHERRT i 1 some

I @68 AN SntE SRR tHEBBRbIE Ihéﬂi@@l’l‘@q&nsa' ixesene b eghnaMaplink transmitter
esponses i nclude an identifier portion and a data
p%%ﬁlp tha dagkst thiagker 22fHemoresihe fapsaciaiest miemery squas ﬁé@wﬁel from the

‘res onse |d§6§|f| er, identifies the nenory request to

¢ TRgpRoTy payl oad i s responsive. A packet tracker

224 s COUDAeIﬁuﬁ?leB(BP 209 ll.d, BupléEfeingalp hnﬁft@anaﬁﬁke@tzza the uplink
tracker 224 identifies the ménory response identifier.

| marsgemediOmedhied220e thes uplmkereoeﬂver R22yodnel mbrtmtxpn control logic 230.
response is sent through an uplink transmtte 226

thee B’éﬁé‘qurr?&ék@}up?wﬂ@hé@fésﬁqrﬁeloa%sla%ma%@sn%ﬁs% gr data from
r%ﬁxt%?es{nein%?}p gelééblfsres AR @gﬁ%( Eﬂgﬁ{er FBHD "Phe2BBice df whlch type of

exor I's coupl uplink transmtte

%ﬁémoi}h%spdhké nliocaﬂ’@fh%gmﬂ to m@w ® tEéZﬂanshhﬁeanG is ldetermmed bya
receiver 222, and arbitration control logic 230. 15
Teeatroly rsngn@ gsusratatBy s pbiiEption taeairokilagc £3Q mTh@c?éibltratlon control

BB, RS e B3R TR TR fe AR i
t @&t %emory request in the packet memory 206. When a local request is the oldest
memory request in the packet memory 206, the arbitration control logic 230 develops a
control signal for the multiplexor 208 that results in the local memory response being
coupled to the uplink transmitter 226 for output to the uplink 134b. When a remote
request is the oldest memory request in the packet memory 206, the arbitration control
logic 230 issues a control signal to the multiplexor 208 that results in the remote
memory response being coupled to the uplink transmitter 226 for output to the uplink
134b. In some embodiments, remote memory responses are coupled to the uplink
transmitter 226 by default. In other embodiments, local memory responses are coupled

to the uplink transmitter 226 by default.



menory response - |ocal or renote - to couple to the
transmtter 226 is determ ned by a control signal

w@emwsnaised by the arbitration control |ogic 23BCT/Tk®05/003015
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arbitration control logic 230 is coupled to the
packet nenory 206, and can acddrdi ngly determ ne the
20 ol dest nenory request in the packet nenory 206.
When a local request is the oldest nenory request in
t he packet nenory 206, the arbitration contro

oL
230 devel opAngxaspleoighe gackshmenory ?%iwpstr%%wggilggws 3a-b. In

lts ,in.the |.qcal i .
DR olfaits Snnodi e s e TR0 SAROPSRo I8 A Rp grere received,
t iR telrbqtestRdRtifidfh el OB hecket %ﬁﬁﬁ% iThet1b&nl @bql@sts L; and L,

menory request in the packet nenmory 206, the
awbiiet that i receivah tfolldwab by Ry, and3® pe.sulssthas epample] remote memory

signal to the multjplexor, 208 that results_ in the . . .
i FEmPy U B BT hg o g SETPRPORRE AR identifier is
t ] t j

LA ol el P! B L kel et o
t 1@ rédevedplfl thi link isinsusef the loc2P fespynsdes aol dent tutilahd esquest L; is the

enbodi nents, |ocal nmenopry responses are coupled to, .
t oldestinithi Peelksh spenpery 2092 @s plusiatedint the \gsamplssshprapipligure 30,

PCT/ US2005/ 003015, 10..An _ex l g, O t nory

uhere pons vt e MR R R pind RhappaSS!scl?

i | 1ustrat edpeiHqbdraiy @fscriiptibal @erddn de@iltviert @6iURSMhSo provide a
RO, Rl, and R2 were received, and the request _ .

i seffiieiti verdsrséndingbfithe presen aieatiomePoe pkillehén theee will appreciate,
MoVl 5t e, VERig B B B eGP it e e, giloutar details
BHARERER, Hne AMUPLISE af &?P %Fﬂﬁgiat@ﬂgat € example embodiments
correspondi ng request identifier'is renoved fromthe
péslebedabone Vo 206limEienscope bihe lpoasant imeentioy, arelspidieds understand
to request L1 is received, if the link is in use, the

| Betalvariesp Aayivalent respbagements A compmapigrg, ©ft theq disglopgge example
ol dest. in the cket nmenor 0 ] r ks
Ol RASE Pl FEPERY oR0firt A 0 ofnpes s
apsPChidvdaM iltedRAUSSIY StoRGurttaE . ilaBehtédbatm [Merlls SEMthe various
10 I'n the preceding description, certain details were
sehbddimehtst engyrshoildenet be uhteipretedtasuhinidting dirdiserpeopl the present
the presept invention. .One skiJled in th Wi ||

PR Ao, HARE geerbiftgbddhs RRwhion Al Rl kg components has
'E_’ﬁcﬂc defi ShoWn! &Oﬂésc{;ipﬁfﬁl Refafl! tbUWhid %ﬁhﬁeh%ﬁly obscuring the present

urthernore, one s ed 1nthe art w ppreci ate

t iagéntidne Rinallyptte invdntioh istotbe linieesicorilpbyl thetppenddd chegins, and is not

limt the scope of the present_invention, and wll
alimied, e despriged examples or embodiments of the invention.



15 that various equival ent enbodi nents or conbi nations
of the disclosed exanple enbodinents are within the

W@ ewpe7afe t he present invention. Illustrative PXEHIPFI005003015
set forth above are intended only to further
illustrate certain details qg t he vari ous
enbodi nents, and should not be interpreted as |imting
the scope of the present invention. Also, in the
descri pti on above the opekﬁghﬁﬁ%of wel | known
conmponents has 20 not bee or described in
detail to avoid unnecessarily obscuring the present
invention. Finally, the invention is to be limted
only byithe appenesthud| énigisiggdd is not limted to
the descri bed exanpl es or enbodi nents of the .
i nvent | anlecwer Jei® ope8lds POrCURe GuENaU3FYsests andita) datgrmine 2

1. Ane .pub, co i sing. a decoder heing operable
ln@mPB”FQW§?gé%ﬁﬁﬂﬁﬁvx?%gtgﬁbSQ%HB@PBBHEH%Fﬁine a menory

requesty, bQ&@E Ikhify GRpRal t8tRddarolisy, BRGIACKER MRYory being operable to

request; a packet ‘nenory coupled to the decoder, the

receip@aicatoryresupest idesitifigrsdiren diwl decoder ané testore thenseiyed memory request
. request identifiers fromthe decoder and to store the
identifge#®i ved menory request identifiers; a packet tracker

coupl ed, tp%clEcQ G RRGK c%ué)m Yhe nggrbg(ef m,g@%%k?gh%&ow being

operabl e {0 recelve renote ne

oper@biS BFicdtive eafbte mRGRIry @ebpbastatafd I BILYiatercaslp esrsieilirérhota memory
menory request identifier stored in the Eacket menory,
respanise Withe & enenersigrayest islenfiierosieredin dhe packgt gemory the pasket tracker

vein SEBRe Pot be ohBrfe TbING p SRS, Y BB om
.mmk?hhgﬁgﬂéhe received renote nenory responses or the
oca

nory responses to an output responsive to a
cont r ol a singtiplexombeing apbiableato coupdo rithe the ogéatvasbrgshaie memory

to the nultjplexor and the packet nmenory and i ng .
resposps e 10cBl HERERHE@ PR 16 ARORBIL ERRRRIT 5.8 CPREO e

hub of e : . : _
gener at SeRidHlon SERFAGbEs ORI B HE FRAAERIE e PR Ememory and
being EsBHESIE to gaRité iRicontiolisighahacket  menory.

2. The memory hub of claim 1 wherein the arbitration control logic
generates the control signal based on an oldest memory request identifier in the packet

memory.

3. The memory hub of claim 1 wherein the packet memory is a first-in,

first-out (FIFO) memory.

4, The memory hub of claim 1 wherein the arbitration control logic
generates the control signal such that if an oldest memory request in the packet memory isa

local memory request, the multiplexor outputs a local memory response.



3. The menory hub of claim1l wherein the packet nenory

is afirst-in, first-out (FIFO nenory. 4. The nenory
wheiwsofesss ai m 1 wherein the arbitrati on contr oPCT/0§1005/003015

generates the control signal such that if an ol dest

menory request in the packet,nenory is a |ocal nenory

request, the nultiplexor outputs a |l ocal nenory

response. WO 2005/ 076856 PCT/ US2005/003015 12 5. The

menory hub of claim 1l wherein each of, the_l

ocal an
rgrmt ef5-rrerme,e memesn sl Eoipm devheeR each %ig Hedgesl and remote
tifyj . . Cor. - .
memgynpnis RRER: oae il FRMERY I RANEIPA BRLRS Iipek Bmesponding o

the nieRiofy ¥8pdREal Nenory responses and renote menmory
responses, the nmenory hub being operable to store the

recei ved nenory responses and to apply an arbitration

SEEEURC R AR £ —
remoféplln'eﬁ%gp Péépb'ﬁsegatﬁ@ qn&ﬁoxg%éﬁgéiﬁ%%e%@foy stofeLHdESESved memory
ondar ng re

corres t'o the st [ ocal "and renpte nenory
respon&SRAAe pp . anlditrasion rajgdniftm b seleet tive ®rddren evhich He stored local

menory hub further conprises a packet nory that
and reTOIeGETROMGPIPORE JEEIOF e O PRAPHNK AURH! BAIPRILRe s Of memory

| Lwed. 8.
requetl SopEsP RS H P R RS aS AT

further conprises a nultiplexer coupled to the packet
menory, the nultiplexor providing either a local or a
r enot e fenorTher espongehdn efn cimpat whersiioribe viaemgryy hub  further

comsf s hony o St e BER B PUPe B BRI wion
' y and the nultiplexer, and
correé\?a%é?lél%ﬁnér?%ry}g ‘%?ft%lrég%riegﬁgﬁgi c applies the control

signal to the nmultiplexer to control which nenory
responses are provided, on the output. The nenor

t., 10.
hub of &l ai MiE WEREYniEaf Slipné Poesm dhe MERgRG bub further
NMENDrY. [esponse r a L
B TR AR A o i i
local BB AB{ote SSRRIT§ Pespddse ofh AMRIIE réspOhlite toedtmtiob$ipgsl.

0. The memory hub of claim 8 wherein the memory hub -further
comprises arbitration logic coupled to the packet memory and the multiplexer, and wherein
the arbitration logic applies the control signal to the multiplexer to control which memory

responses are provided on the output.

10.  The memory hub of claim 6 wherein each of the local and remote
memory responses comprise data and a header identifying a memory request corresponding to

the memory response.

11. A memory module, comprising:
a plurality of memory devices; and

a memory hub coupled to the memory devices, the memory hub comprising:



a plurality of nmenory devices; and a nenory hub

coupled to the nenory devices, the nenory hub
w@ovpoiassang: WO 2005/ 076856 PCT/ US2005/ 003015 PABUS2005/003015

decoder adapted to receive nenory requests and being

operable to determne a nmenmry request identifier

associ ated with each nenory request; a packet nenory

adapted to receive nenory request identifiers and

store the nenory request identifiers;

trackerad@@ﬁﬁéﬂhp@dﬂ%8§$0@I?%ﬂ%?é“ﬂ@ﬁﬁ@9dB@§§8ﬁ§@§béﬂéabnnnw
a mefng)lgg%ﬁg N \}&{GPE k& 1o dRs PGl Cl‘Fﬁ]].%gl 1 hé&st,menory

menory reques ler and renove

t he nen@?%clieﬁﬁiéﬁiﬁry laﬁ’@ﬁ!éd fd eteilé amnidie raaekicidemifioes ynd store the
a multiplexor adapted to receive renote nenory

memonsregnesé gleanfletspcal nmenory responses and bei ng

o anal : £ 4B Bk AR g BT QRRRcBipIoby TBRepRg and being
oper'm'fé ) BLEXDfe Qé{;{ﬂ Tehftd Afelifhy 5 gWﬁéé *iiH a PRy Eétbﬂd@nuﬂer and

to generate the control to control selection of
remonB itled memoDr equessjdeniser fram thet packet ndid@noryhe menory
nodul e of claim 11 wherein each of the nenory devic
conpri se maptiserexdantad torpreeivs FeRQteFBEMPY 1IPOOFS aPr"ldllfcal memory

resp 3R b Br G LTRIE E AT B 1o SERREANERat B

i dent i f i®itrdtion cbetrgldegie couptedt the niwktipldhe amdiny yyacket memory and
nmodul e of claim 11 wherein the packet nenory is a

being pperableitn gendratstthe centyat SRyl teetenirgl sel@’tloqrhﬁ VHEGH FAPIRG), response
f claim 11l wherein the arbitration control |ogic
t ‘g@ﬁerates the control signal such that if an ol dest
menory request in the packet nenory is a |ocal nenory
request, the nultiplexor outputs a |ocal nenory
respons§2. 16Thd henmeyroroduteudf adincl hivirerkin edebroditie wmaiery devices
of the local and renote nenory responses conprise
comppieanattR&Mheader identifying a nenory request
corresponding to the nenory response.

13.  The memory module of claim 11 wherein the arbitration control logic
generates the control signal based on an oldest memory request identifier in the packet

memory.

14.  The memory module of claim 11 wherein the packet memory is a first-

in, first-out (FIFO) memory.

15.  The memory hub of claim 11 wherein the arbitration control logic
generates the control signal such that if an oldest memory request in the packet memory isa

local memory request, the multiplexor outputs a local memory response.

16.  The memory hub of claim 11 wherein each of the local and remote
memory responses comprise data and a header identifying a memory request corresponding to

the memory response.



WO 2005/ 076856 PCT/ US2005/ 003015 14 17. A nenory
system conprising: a nenory hub controller; a
w@bkwsardssey of nenory nodul es, each nmenory noduP@r/b81008003015

coupled to adjacent nenory nodul es through respective
hi gh-speed |inks, at | east Qﬁﬁ of the menory nodul es
bei ng coupled to the nenory hub controller through a
respective high-speed |ink, and each nenory nodul e
conprising: a plurality of menory devices; and a
menory hib cOUBSBAYUSERe CHERETUE devi ces, the menory
hub Cogﬁ{eh'g)irgﬁub@orﬂﬁo‘ﬂ%per adapted to receive nenory
requests an elng operable to determ ne a nenory
request 5 i glgility’ bErmaasnC ndidaibsWehdh espioryemnodyle being coupled to
request; a packet nmenory adapted to receive nenory

adjageptymestory aeasuies throzigh apapeetivey kighiipecdelinksy af legsfeanie of the memory

oS5 BHok iy o BBt 1 SonRRE b SRR i speca i
amj@éﬁgﬁ%ﬁﬁ?nﬁﬂﬁﬁ(%ﬁﬁggﬁmﬁEnDry response with a nenory

request “i1dentifier and renove the nenory request
i dentifier faphirilitgofmekety deneesysanda nul ti pl exor

adapted to receive renpte ry _responses, and ocal
menory res poﬁs‘@%mgl%%lé]éiW&ggg&oaﬂ}eenggloﬁld@&w%n!‘he mermory hub
Ut put responsive to a control signal; and
Comlsz#[tl)ll? ration control |ogic coupled to the nultipl exor
and the packet nmen@scpdandddpredigo opesiabdleehorygeegiestseand being
the control signal to control selection of which
operahdertsr deteraiponmsnosy trarptiddentifer aspecizadyith ca¢ls memony request;

claim 17 wherein eac f the high-speed.link - .
conpri ses an opti %’F&cegm?ﬂ}ﬂr% Séq%éﬁgztglrf%eﬁ\.’e %%O%J‘éeques‘t identifiers

and TERRRY meMRhERy st fdedtifitrdy Wherein at | east sonme of the
menory devices conprise SDRAMs. WO 2005/ 076856

PCT/ US2005/ 003015a packet tracker adapted to receive remote memory responses

and being operable to associate each remote memory response with a memory request
identifier and remove the memory request identifier from the packet memory;

a multiplexor adapted to receive remote memory responses and
local memory responses and being operable to select an output responsive to a control signal;
and '

arbitration control logic coupled to the multiplexor and the
packet memory and being operable to generate the control signal to control selection of which

memory response to output.

18.  The memory system of claim 17 wherein each of the high-speed links

comprises an optical communications link.

19.  The memory system of claim 17 wherein at least some of the memory

devices comprise SDRAMs.



15 20. The nmenory system of claim 17 wherein the

arbitration control logic generates the control
wer@salesbased on the age of the menory requestPCT/US2005/00301S

identifiers stored in the packet nmenory. 21. The

menory system of cl aim 20 rein the arbitration

control logic generates the control signal such that

if an ol dest nenory request in the packet rrem)ry is a

| ocal nenDry request, the multi pl out ts a l.ocal
rrermry spo’ﬁ%ﬂememl’y Wﬁée%ifrﬁ[a}’“s\%s‘f" o8 I%‘P‘Fﬁaﬁe?n control logic

gener(amr % nwtgﬂg Is%n g ase 'ﬁncﬁg e:?/PtShfe Sl'{l ra/frg%lfezs& {%%%t}ﬁéirs stored in the

pack¥RéRb. each of the Iocal and renote nenory responses
conpri Se data and a header identifying a nenory
request corresponding to the nenory response. 24. A

gg:ﬁ)?gl # ]esys em gl%%r i i n%{f 8@2132%00‘%3?% mn gvsatrélifﬁ% i§icontrol logic
gene&@égttﬁé’ S&ﬁfol's%'apg]lcﬂghﬁ if BR BRIeY¥: HshosaREhSt LEihe @Bket memory is a

evi ce cou to the processor through th

localwaﬁ@mrecpmtx flielrﬁlllltlpleaor auipyis b lebal/memororegh@net o t he

processor through the systemcontroller; a storage

deV|ce|coupIed to the processor through the system

contro [ ERBEYi

nodul e DEi ng?%ég}ﬁ%fn%g)y %})c%te% 8@%?7%@%}% F(gts £/ a first
in, ﬁkhb@g@@F@ﬁﬁ@ﬁ@ .ve high-speed Iinks, at |east one of

the nenory no ul es bei ng coupled to the nmenory hub

controller through a respective high-speed |ink, and

h d " .
cach TPy RO SOTBELF LR PG Lo TRTRLY and romoc

4 Spohsf '&%&&@d@ﬁ @ alH8der GRIEHERE B heh sRe@sponding t
ey f‘})/]{( t nory hub |ancl ueor“ ng, %2005/ 0 6&?6 SPORCINETO
the niRéHdr)SRP0age003015 16 a decoder adapted to receive

menory requests and bei ng

24. A computer system, comprising:

a Processor;

a system controller coupled to the processor, the system controller including a -
memory hub controller;

an input device coupled to the processor through the system controller;

an output device coupled to the processor thropgh the system controller;

a storage device cbupled to the processor through the system controller;

a plurality of memory modules, each memory module being coupled to
adjacent memory modules through respective high-speed links, at least one of the memory
modules being coupled to the memory hub controller through a respective high-speed link,
and each memory module comprising:

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

corresponding high-speed links, the memory hub including,



operable to determ ne a nenory request identifier

associ ated with each nenory request; a packet nenory
w@aaphadsé o recei ve nmenory request identifier SPCHOS2005/003015

store the nenory request identifiers; a packet tracker

adapted to receive renote nggory responses and bei ng

operable to associate each renote nenory response with

a menory request identifier and renove the nenory

request identifier fromthe packet nenory; a :
mul ti pl exor adaptiedeqader eeaptie tPeﬁ?S’F’éfen'E%'HWy (gt @ad being

d Jlocal nmenory responses.: ' ) I .
opereflitn g optron EpRRoRon 7 PGl IRFERE bty request
arbitration cont rQlack@Ghem&9uahied tordcbive Mudrhdrplrequest identifiers
and the packet nenory and bei ng operable to generate
and stohethe amdnicrly rejugstatiertifiecont r ol sel ecti on of which

nmenory response to output. 25 he, conputer system of

cl ai m 24 wherein e&ra ’éaﬂlﬁp&f?p‘éeg VFFﬁ‘E{‘g% IMCHOLY 1esponses

Conpr | a . “13@515}5. £ahtRNS td 2&ith Th@nemory request
and l%%%l?? ér?lﬁlsey& g%og%?éc Iegc?lm tv\,her e?lﬁl atsﬁdlfnesgst ' sone of e
identifag aftErRiove ttemE@Ie8) equest identiFRAMS thepckdineenanyput er

system of claim 24 wherein the Cgr ocessor co%ses a d
central processi rignahiplexoradaptedig reqfiEe FERIe MLy SE5pRfses an

of claim24 wherei.n each, of l.oc : .
ol B o505 Rl BNt B sinat
and 1 dentifying a menmory request corresponding to the

menory response. WO 2005/ 076856 PCT/ US2005/003015 17
29. A nethod of prbitretien egniueidlogty wewrlehdo nhaupyltiplexor and the

responses _in a neppry system includi.n Lural itV .
ok niegs soeped oreBbR tente S ety et Rhtie Hlugor o

h menory devi ces, the nmethod conpri sing:
nmn@§§g§§ﬁ%a%3%1 Fy requests, each having a nenory

request identifier; storing the nenory request

identifiers; storing |local nenory.responses, fragm.the .
menory ZPevi cBlag computer system of clalmy24 Wﬁgl’elq’l each of ale hlgh-speed links

comprises an optical communications link.

26.  The computer system of claim 24 wherein at least some of the memory
devices comprise SDRAMSs.
27.  The computer system of claim 24 wherein the processor comprises a

central processing unit (CPU).

28.  The computer system of claim 24 wherein each of the local and
downstream memory responses comprise data and a header identifying a memory request

corresponding to the memory response.
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applying in at least one hub an arbitration algorithm based on t%e ages of the
stored memory request identifiers to determine an order in which the stored local and remote
memory responses are forwarded to an upstream memory module; and

forwarding the local and remote memory responses upstream according to the

determined order.

30.  The method of claim 29 wherein each of the local and remote memory
responses comprise data and a header identifying a memory request corresponding to the

memory response.

31.  The method of claim 29 further comprising generating a control signal

to indicate the order based on an oldest stored memory request identifier.

32.  The method of claim 29, wherein the memory request identifiers are

stored and accessed on a first-in, first-out (FIFO) basis.

33.  The method of claim 29, further comprising generating a control signal
such that if an oldest stored memory request is a local memory request, a local memory

response is forwarded.



