;e3etq : 6: TLU - 9 APR 2003 WD 00/ 26744 PCT/ US99/ 25640 METHOD AND APPQ@A&M%
FOR' PROVI DI NG A PI PELI NED MEMORY CONTROLLER FI ELD OF | NVENTI ON The bﬁ &
invention relates to the field of conputer systens, and, in particular, the
field of processing nenory access requests. BACKGROUND OF THE | NVENTI ON A
cbmput er "Q‘?QQ/W% performance is in part dependent on the F&JéeI83640 ~
accessing the systemnemry (e.q.. the i.n ral - purpose storage region
of the conPEBAQYANRAP R@%@P \@g&ﬁm@mmgﬁcute
instructions as fast as the data Q%L e provided to the
m croprocessor. Many of the data operands need to be obtained fromthe
system nenory. Therefore, the speed of accessing the system nenory has a
| arge i npact on the speed at which a mcroprocessor is able to conplete
execution of instructions. As a result, there is a continuous need to
i ncrease ,1%@&%&%&95& ng system nenory. Access to the system nmenory
is co ~c a unit referred to as the nenory controller. The

memory cont rofﬂeﬁér%?ﬁ?ﬁu‘(r@ﬁtigﬁ ri‘Qlt"aYes'ﬁ‘B‘Eﬁé ?iefoegﬂ%%;gutr%g ﬁgsrt%nrse%% to read

data stored in or request to wite data t frommother units
wi t hi n thetieelhpiherficly of prodegsig mémerfacdiessteqdesisessi ng Unit (CPU),
G aphics accelerator, etc.) The nenory controller arbitrates the order in
which nultiple requests will be granted access to nenory. Moreover, the

2 v | at es menory access requests to be

. : exanple, the nenory controller may
decode a nenory request into one or nore conmands (depending _| _ -9
APR 2003 WD 001 26744 PCTNS99/ 25640 upon the protocol of the menory) to be
execut ed by tAeosysutensystem/s/pénformatece is in partglependentomtvespeed@fuest . The
rate at which tg_ﬁarrermry contr?FIIer rocesses lthe rrermrc%/ requests. i.s in

part defERESS Hie SHECTBAREMOTY (F-§+ the map,genespl-pupossstarage regien Pf Hhe t he

menory =N I i | er and
tho systorpaich sys@h Fgs ket ARCRIRbLeraBIRGD ol SEMREinipdd! 01 3
submi t rafastsdssthiead dthepeymidsrarepeovidedttoahe atieropaoadsséo Many of the data t he

rate of transm’ttin% t he datal/controls on the nenory bus. O herw se, the
menory r%@ﬁ!é@@%nﬂﬁ‘lilobéobffaéb%ﬁl nyihe $HSteFRMEMOBBNt rol | er faster than they

can be transm n t . il t r &, ) he
past) the bamﬁsr%? ?11%0ﬁletaﬁéég?rér%#ﬁ%%g%hégﬁggnkf gﬁ’g’ﬁ vglaylgfs o'%v’}.'pa,&g oé
resul t, fRnEperda@ritiich hehiRrdroredsos s 481k ¢o tEmMPLAE esecuRBNInsRGLass. i N a
serial fashion (i.e., conpleting one nenory request before beginning to

process Asaussetbere ispmanginueig esed to ircreaserthe speed of acsesring systemol| | er s
were still able to fill nost of the bandwi dth of the nenory bus, despite

pr ocessi "requests in a serial fashion. Advancenents in the technol ogy
of the menoryAResss tBIMEYRtemA¥RIOKY I8 QARSI EoRONM BY A Bt ffamedid t i ng
data/ controls on the nmenory bus. ‘As a result, there is a need to increase
the speeas tife mamargreonyrolent Tt memony qondradles regeinesymemgugaceess n or der to

t ake advant age of the irl(ireascfg Pandvm' th. SUVMMARY OF THE | NVENTI ON
requests (e.g., request to read data stored in memory or request to write data to

memory) from other units within the computer system (e.g., the Central
Processing Unit (CPU), Graphics accelerator, etc.) The memory controller
arbitrates the order in which multiple requests will be granted access to memory.
Moreover, the memory controller also prepares/translates memory access
requests to be transferred to the system memory. For example, the memory

controller may decode a memory request into one or more commands (depending
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The present invention provides a pipelined menory controller that Lg§opRdgs
a decode stage, and a scheduling stage, wherein the scheduling stage

i ncl ydes a conmmand queue to store nultiple commands. |In one enbodi nent’, the
schedul iW@ 91264 further includes | ook ahead |ogi ¢ whi ch ESHURBYEF ap

order nmenory commands are stored |n t he conmmand queue. -2 - 9 APR 2003 WO
001 26744 PCJTNS99/ 2564 8? BRI EF DE PTICN(%f HE DRAW NGS TheHE ent
i nvent {YReT EERIO the BEmEry) fed By, 4he,BystemMemory i Prdgth o

figure Q’H%% wi ngs, in which like references indicate
siml a?o%ﬁn@?&e@f\% Bﬁ%u‘%ﬁ Figure 1 is a block diagramof a conputer
system i npl effentategt theMnemMYQbhﬁbllaq%@’ s9eg th@nmmeo@qubmﬁﬁ . Figure
2 is a block diagramof a_conputer system having nultiple processors '

i npl emdnPRAg @pmpndbﬁthaadmdﬂae@mraﬁeng‘ tf@m&%éa ) Hae memRRive 3
| | ust L ti di | | Fi 4
s b 1 o P agh seaRets PRRTRDIRS e bR BBy EBn kG HEr RERURS SPsm of ) or
di t
yot emiemioRy ORr EERAPIHHE memadly Qnbrdlfer fypican 3?‘“2??8?%}‘%5@%?
enbodi renhe sipifed ineth @y IER fatd ezl toer hesd tbardtlmmae ef tranémiittimgthedi ng a

hi gh performance nenpry controller. is described. In one enbodi nent, the
menor y R FBITAs opytbe ﬁf“é‘?oﬁéh’d? yOtlerass, dhe memoryraqugsls wii tecture

havi 19 SRbiH By B\ OAEMOA% A RN ere LhIARLE LR BUERISAALBASRAG o |1

par al | I'ncrease r oughpu I'cl ency) of
prOCGSSﬂﬁgeﬁﬁﬂpéﬁbf@ﬂﬂBBéﬂngnﬁuh - 9 APR 20D3 WO 00l 26744 PCTI | 3599125640
In addition, in one enbodinent, the pipelined nenory controller includes a
schedul i ng sltr\at@@m&mthgb@n@wmthﬁfrtbe segmendbus basbearorelatively slgw. pise menory
conmmands thﬁ are to b%gg stem | n ong. enbodi, ment,

n

e et oy eattedl R R bech e ¥ ﬁé%es&&g%x%gﬁq%w&% s iatonor

coman t ,2,0(@%@ HEED FERAR Y commands
t hat aﬁés}ggﬁggestko“‘?aﬁﬁgj?iﬁgr%%ﬁ% agéej‘d on thég res%l gwohe conpare, the

Look Armédedoentcmenivey wrbquesthNereer the dessymeomorgrudstiolless serestikdbkel ot s of
e ST o St 16t s o a1
in a serial fashion.
Advancements in the technology of the memory bus, however, have
increased the bandwidth of transmitting data/controls on the memory bus. Asa
result, there is a need to increase the speed of the memory controller to process

memory requests in order to take advantage of the increased bandwidth.
SUMMARY OF THE INVENTION

The present invention provides a pipelined memory controller that includes a
decode stage, and a scheduling stage, wherein the scheduling stage includes a
command queue to store multiple commands. In one embodiment, the scheduling
stage further includes look ahead logic which can modify an order memory

commands are stored in the command queue.
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In the follow ng description, nunerous details are set forth. It VWJgAﬁqug
apparent, however, to one skilled in the art, that the present invention
may be practiced without these specific details. In other instances,

wel | - know® Wt26Tdt ur es and devi ces are shown in bl ock di agP@REHYIFE40 at her
tthan in detail, in order to avoid obscuring the present invention. Figure 1
is block diagram of a conputer system 101 inplenenting a nenory controller
105 according to one enbodinment. As illustrated, the nenory controller 105

execut giizgggggﬁiﬁéiggﬁqﬁférﬁgqﬁn§g$$ther conponents within the conputer

system <p er 105 will execute nmenory requests
received frophé BeesehPEfReEnfion o Alianeiad b veeE ixaensle AhHA dt Simitétfon Fhe
menory controller 105 is also able to execute nenory request received from
addi t i ohelfiguses phhead@onrgpanying drawingsmmuwbichdiket referencastindisate di sk dri ve,
keyboard, .and. ot her discrete conponents within the conputer system

Mor eovefMmijay elgmenisqand in w iments, the menory controller 105 may be
provided in a conputer system having multiple processors, as is shown in
the bl ock diagramof Figure 2. As illustrated in Figure 1, the nenory

control | er 1Bfpure 1d5a biodiodiagearh cﬁ)ﬁe@mdpmeﬁeymém ingsiemehting a remiargl i ned
architecture. For exanple, in _one enbodi nent the nenory controller 105

i ncl udesrritpellersacaorsing 4o paggediodimgge, a -4 - 9 APR 2003 WO 001 26744
PCT/ US99/ 25640 decode stage, a scheduling stage, and an issue stage. Each
of the stages, as shown in Figure 1, are conpleted in one clock cycle. In
alternative p '2ﬁ§'atb‘loc1@@ié?i‘ﬁh1ofw&nﬁﬁtei~Qfﬁeﬁxtl?eﬁﬁiﬁ PR | ncl uded in
the nenory controller 105 wi thout departing Tromthe %cope of the

i nvent i procebsoraduniiplémenting e ns¢rages comtyollarqecorling te one eindwslimean one cl ock
cycle to conplete. As previously discussed, the pipelined architecture
permts nmultiple instructions to be executed in parallel, albeit, at

separate st agfs, 3Bk rm.g?}{ d qi g 0SS shown in
Figure 3, in %ﬁ*l‘l rslltﬂhgﬁrotcég acyc gtﬁgﬁnggastéag’fﬁr&a}y re elrgtéog first
request. In a second clock cycle, the first request is executed at the

decodi ng stagg) and a second request _is executed at the request stage. In a
third clock Eigute4 ispdlaw diagraaydesaribing thestepeaf aperating ganemory ng st age,

| < excottiolt FRbre g RER ARl A0 T2 190 Secuting the

multiple instructions in parallel, the nenory controller 105 is able to
conpl ete processing a menory request each clock cycle. The steps of

oper ati ng on&iguneddisadrioclodiagrammefrroegmputer systeny impenientingta miestbryn Fi gur e
1 are descrihed. in.the flow diagramof .Figure 3. In step 402, the nenory
cont r ol FePtrofer ina chipset a(gﬁgnﬂpgﬂgpge,eg}}{%ﬂqgnh om conponents within the
conput er system |In one enbodi nent, the requests are received at the
arbiter of the nmenory controller 105. In the case of nore than one nenory
request being received by the nenory controller 105 sinmultaneously, the
arbiter M. ne. the order in which nenory requests will be

pr ocessee-Hy Fe—Hehe RPN rol 1 er 105. 1n one enbodi nent, the arbiter

i mpl enents a PLEAR, ) A B VRN S gr aphi cs
controller 104 rrayéﬁgeg%?} %ra g{tqg??lgé{%ag{ﬁld& %Gﬁ(}al %rggéis?{sﬂc# ?ﬂggggécond

priorit yon#éseller isedustiibed.f Imen@emboeimment, shamenmayaiontbller exédugerousl y from
t he processor 103 and the graphics controller 104, the nenory request of
the gr apPeIRETY:Eeauests i pipslined arghitsshayedaving multiplesiegesedifesresult, - 9

erhod mi IR BGRAES 4 herv e ar pebai R R GRERRd AR R o
pr ocessispgedruhai&ﬁ@eﬂ@;m)prb@&yﬁ%tﬁemyl@@qﬁégpg, emented wi thout departing

fromthe scope of the“present invention.
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In step 404, a decoding stage of the nenory controller 105 decodes- ¢ hep 2%3
menory requests. For exanple, in one enbodi nent, the decodi ng stage decodes
a request to determ ne the intended operation of the request (e.g., read °
dat a or WP00/67d4t a), and the nenory address of the requestCT/UPeReMPter, the
menory address information is passed to subsequent stages of the menory

troll 05 al MWth t tjon.of  t d ded \ t. Th
addr oos. | nf U8 AHCHOATY I 60F SEEbAR RN TA1bE RININES By cPavRNeh il dhipondent
ress i nf &7 . i jul
eboa AobpeAQingEEREhaVIR, SRE DL Sfork Rolrdfydd BLER: GYo@AMTe, <" of "t 11 pi e

addr es gdtheryTesMinyaritiheeare AramnitedTulsyspnenkdlsBs Salie nenory pages.
The nenory pages include multiple nmenory storage | ocations (e.g., rows and,

col umen)botiment athe scheduling stdgel alserinelpdes hoekAhead logio thid catrases
information including a nenory deyice ID_ a nor , and specify the

" ow anPEBPTHOBIIHE Mgy Jabrtbshegrupand dstis et agiey MEROont y one .
page Ofcoﬂfﬁﬁyrﬁ%se ta?@fﬂ’ﬁé’s&'ﬁé’dlﬁ?tl{%u&@.?? et n 8% Pesﬁﬁ§ﬂl\écodia€a&ne

enbodi nment, ecode stage deterntnes menory page addresSed by the

r especthe ook riiead bogie stheduled theatyw apener) (dmmandiddhiry selewted flotdefre is a
page hit.) For exanple, .the nenory page of a mem)r% devi ce addressed by the

pr esenthg comamnd qHene Which yild §V°¥ﬁa§\e}gﬁ'&f¥ copflictsipnd deningaiade by a conmand

St or od HelaRhs BFA7 R KBRS cres ER S AL sk RrdReSP T onl Srbod mont.

the decodi ngngha@sllowigldasripton; Ritnet O Gethild aralutEBrthdenivill bes t he pages
of menory that are currentl pened. As a result, the decoding stage

0
conpar @pptah@ntphgwedédﬁ@@@éé}:ﬂlﬁdtinéhé arty; thatithe geessas invention-map baPR Z003 WO
O o R op Ba EBAL A5 ol PR B AR b
bei ng : Y/ )
al r eady Hggd\RGeCARTIRBL Bk Ethfgrf;ﬁxsﬂdkﬁxs ré)cfh&\e}-] Bt A BSAISA bR d OF war ded
trolTer 105, ich I's theh use

to next stage of the nenory con to determ ne

whi ch aewidobscuring tlegmesentyinventiompl et e t he nmenory request. For exanple, a
page of a nenory device that is to be accessed by the presently decoded
menory requé@gu%§/1%§Plpéléé§/agé”én’s‘éﬁ"?b€ﬁmﬁﬁtqf§Y§'ﬁ?%Béhtfﬂplﬂm%ﬂtﬁﬁgé open conmand
of a prJ | i 1 0.t : a

Fesal { gl SBtoNEREEsccotiBtohednibadinichs 1 FRGHANA, MBHEmAY 0.
Menory dogtiddiet 109exédigedineaionyaaguests rddedyatbffony ofheg eorporehtsswithdul ed to
be open, a page open command for the presently decoded nenory request woul d

be necdbegpmputar systemn dior example dhememoryheartvelier 108evill execte det er mi ni ng
if a page of nenory is 0 may,, he perfor Lh,later stages. of.the nenory
cont 1 o FEP Oy e e B O e PP BN P L B/ 47 ERREMRE oS ent | on.

| N addifg40Thel iefibrtlcbffrBBbl Y65 REMQOABIB RS ekb@utd HRAHBrF tafifsplctlivdd! er m nes
the power state of the nmenory device addressed by the decoded nenory

r equestfrommdditiangl peripheralscconmpctedite commuyensysienn, dach aes disk driive,menor y
115 have | tiple wer,.states (e.qg., activ st and or sle state.) In
21 Cer nekeYPIREERSI R Gistile BRI eots UL Bye SRputgr TP RIAEORE of ¢ he
| nvent ijanterRatPne e RBBATh R thé’m_@ﬁﬁ%x%m&ﬂﬂef’%@ﬁ‘\@t@é ﬁ?vifigd ipge or nore
of the menory devices Is stored in the power state’logic 112 wthin the
decodi nprspaige sySesehavingtrhaltiplepryceasists casisfshomrt irethidslocde diageamer of

request, the_power state logic 112 provides the power state for the
respectﬁlﬁé‘fﬁr%-rmry device. Thereafter, the related power state information

the decode stRghTRERHE Rle ™ e rluiclf SORRE e 208 of Bre R theimep? " "

cont r ol d@icufddIneRORy ¥ és_hﬁxp@?r inef ar@dtE@ase. | FYrERipIeNin' dife t he decoded
menory request and pagé hit infornmation as generated at the decode stage.

In an embodivheR0the iGNy 26THallexNSUISeRId2S 640r stages: a request stage, a
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alternative enbodi ment, power state information for the addr essed_rgﬁéﬁrm:]
device nmay al so be received by the scheduling stage. In response, t
schedul i ng stage maps the operation of the decoded nenory request .(al ong
wi th thé’“b%@?%t and / or power-state information) to ory{)éTTélrlOS%%ﬁéS -
commands. The conmmands (e.g., open page, close page, wite data, read data,

etc.),,thereafter, .a tra ]t t r r e access
oL ) D3R SR s REgh R B IREY, BRGRSS D AT
schedyhipign it %%e 88AP1ELES BHE gtk yeRIMANIRraAtie éABSQiRtMsf Or a single
operation-of the decoded nenory reqUest. For exanple, in the case of an
addr egdsmdevennrore padessiséageg necaybeihduded in theyagmary coitrollael@x hedul i ng

stage wi|l provide commands to clQse an qpen. page within the addressed
menor yWHEQPgé?P%Ft %thteéc%ib"eﬁk &Wé"é(ﬁﬂ?‘g%sé"gag‘g n, t3geSomA¥nd to read

h Leh h [ f th
ecoact e O e o T e O her oi n as & packet . In one

decod nenory request are sonetinmes re
enbodi nent , Ak peevipasiytdistussedghe pipelaied aichiterwate peBhis nidldplat i on recei ved
fromthe decode stage is used to ma{) into a mcro-code table within the
packetingtrustians tmbe exgcutad 3 paradlsl albeit, at separptecstages withirathesnemery
alternative, e dijnment s | terpative . techniques. e used by the packet
Gener SOUTOI0E: FOT FrOTPIRs 2 RO DR EIEAr b DA F dPHn /O IeAeHtst bf ¢ he
decode &Sfirst 5 Lney atdy ?I&Qm rQyided by the
packetgg ng?igrlegﬁﬁiéogilg 11 egf theses?gﬂedcu In Cst'age ?%S’SQ‘E)% ent on the
type oéxevatamt yt the\deroding stpge redt esbcondtrequestipatental st therrefaesti nst ance,

in one enbodinment , a Direct Rambus o menory subpsystemis inplemented as
the nefdes bt athiad 6!9?}&&)’@1%' egﬁzftaweqq?sswe@@ﬁﬁ ahthe schadbiliEateg®s of

Direct I nakl : f a vol tage of
2.5 | q@?@&ﬁq&@%ﬁ%ﬁ%@ﬁg&@%gﬁ%gt@?cr)%ﬁngﬁégﬁ_‘%%na "’-%%A%Bt% VO 00/ 26744
PCT/ US@Rdcaibéd! Bt ierrefestGiigepbicerAsldesult sfapitiiting thd plulepl se referred to
as the Ranbus Channel o)l, transmts data at the rate of 1.6 CGoytes/ Second,
and hainstrugtions paparallel, tbe pramorecordrallerdifiris able tocompletei pracessing Ranbus
Channel o i ncl udes .mul f ic?' Z( co]'mand channel s, which allow nultiple comands
to be IS TeAEESY Gfe e ry controller 105 to nenory 115 in parallel.

Al ternati vemwg\s a;lb;ﬁ GdeinbolBvieAt SOHRA¥ NSy EhirbRéL1 g Mand
channel s. Modreovér, alfternative nenory subsystens could be used with the

menor yilbeittated ireFigl@e 1wire desdritelpiarthe flpw diagratreokkigpee 8f Int $tepidf2ent i on.
Furthernore, in an, egbodiment.inplenenting Direct., Ranbus o, the features of
i ect R0 e 08 Erts AP BT TIEHaraHRS SO CORP TR he

I nvent yaeohiblifdr syb@ns ChHEa LBodhAdR, ’ﬂ'?éré%%@l% rﬁl?é‘ce% é‘ttdﬂ@’?;lrﬁ’iftexI he
decoded nenoty request to one or nore commanhds, the comrands are schedul ed
i nto ooéthy memeycontmildr §0& Urstheehse ef wiraghdn ene menmao tequestrbeiyg The
scheduling s ﬁigﬁe of the menory controller 105 includes at | east one conmand
queue RERF the meaqyfoatiodles {8y simpitanqquslys Shedrkiter sgRiesioar e

transm : . I rpative
erbod kg AE BRIk th UG GR) REAJIERTL BPBHEREsed B Bt MEENT) o

nul ti pengdliBRIch. JusiiRSerhBodimeraptheaiiBitgt Guplehidnts A Preetedmeheiltier 123)
corresponding to the coommand channel s may be used, as shown in Figure 1.
Mor eov@f priofityhe case of Direct Rambuso, at |east two queues are provided

inth k d h I t. f gh troll 105; ,Pri
Cont o1 " PacRer Saie dhe Brar i caritioles ARy Pt re PrisTiv A sieye ( SCp)
I n_one 3BhQdbI ey secbhd iptidHitgdeAS L FeAAH if ﬂ{e‘i’n%ﬁegu%ﬁ‘d?e fecefiggend wil 1 be

i
pl aced.” For exanpl e, ||E§% he”case of Direct Ra 0, commands, such as page
open, phapealtaheswsly i the hrovgssorddd andtthegraphirs centdoRersHd, thenory devi ce,
will be placed into e PCP queue. |n addiéi on, the (?CP queue will include
such cONPRAEY reauest gtaRhICa cENHAHEYT YOomid be progessed prior to the request
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- 9 APR 2003 WD 001 26744 PCT/ US99125640 As will be described in rm_rgAgﬁ[m'I
bel ow, in one enbodi nent the conmands within the command queues) ar

shi fited each nmenory controller 105 clock cycle. As a result, one or nore’

conmand¥O@86EAdi ng upon the number of queues) are shift BETO%564%e menory
‘bus each clock cycle (unless a slot within a queue has no command.) In one

enbodi pent, a null .packet will be.transmtted if,t.hey' 0. command in a
sl ot Of H3F Efé‘i?@?orBeIP‘c?ﬁérg%thveecﬁfp ﬂ‘é“??{gslgaﬂﬁ%‘éﬁsaﬁ"ﬁﬂf@rﬁﬁﬁe%mﬁao queue(s),
in st b i i is onpar es
e com e T B e o e e e anls
al r eadyitlsdor deparinighfeomaiesosp ejofiepresias ddvertidrhe conpari son, the Look
ahead logic 114 H&‘Y detect potential menory timng or_rule violations. In,

order to aJoister Al pdegeding stagehthegmemary conoler Hfsdeqaslesthok ahead

| ogic 114 may store the co nds of t ecqd [ {n the
conmAieneELER T Bt RRBIEaR R ehERair 40RO SERE AR e ning or
rule \fégﬂ:@éﬂt_@ RletEPhin@XAERh B d € bpatdtiofRsPRhY réfedstld. N fedEd fta.or write
readingfwiting data) require a predeterm ned nunbefr of nmenory clock cycles

t o comjaitz), endtibe apematy addiest df themequests Theeeaftedi thg memony atddpessof nenory) .
As a result, muJtiple nmemyry operation ddressing the s nory devi ce,
page, & frtﬂtl%’(?rf??g?qﬁ%/gﬁ@@ﬁu Y sieses éﬁ%i‘%‘-’dnw ‘?%rfﬁ}erﬁgg@%&ck cycl es.
The a Lk WL R i,.Ci] Q?ér}’x‘@ﬁﬂ or nore operations, however, may
vary ggg@éh%Pg%ﬂ%lc{rggﬁemg?&éggg?%t| ons (ghq\&g?t'a read followed by a read, a
read fol | oviEle Sderesyinfoematomprbeided withele MerioryaRduestis in phft one

enbodi nrent, the Look ahead |ogic 114 may first conpare the address
i nf or reepiendent on the ipeotmemeart dnplempeteddndhaspstens. t For examplerithds al r eady

present in ihes. n eues. |ln.response to det ing a ch (based on a
P edorti AREaSERRRTR B T et FRAPDRG bibrrotiie SReRe Bt “Une

| nventhohipletddRirb&able Meihdy Hefids | dach MR M EntulapleRRIrebdaBSmep{orihe
commands whi ch have mat chi ng address information. -10 9 APR 2003 WO

001 26 PrRepCThesaensp pagehinchpda muiltiple mémphye stezage locetiona (wlg., (dwisi ng

mat chi ng, addr ess, inf or,mation t hen be conpared agai.nst | tiple

di f f er®Ht COlypRs:) h@ﬁ“efEFq'F@%%@ér’ES’a‘%?eqlﬁa?‘%?’g’é’lag?d E#8, close page
VS. T o) i é,,?-& m‘b'?g'ﬁ Syl Q_.ﬂs,

"oper g?l%orr?ﬁétg?l%%@rl% rr%%gnratl y nggg?énti I glg'm ngg%r ut?%ré?ﬁl ation

bet weemd waluain obthe memory addressnds havi ng mat chi ng menory addr ess
information_(e.g., the two, respective nenory operations are to be separated
by a predet BPWeVEd, iRpnssmbedimentyorly qnepagefaneony Per B1eefbar i ng t he

oper at } i M StTiclli | | r en used by the
Look a#égge fa—%a)ig%e ?é%%tc%) /’B@e{'%rs %ﬁhé{%%%&groa%glﬁgﬁgé %%Qng%nsgaéé; to be inserted
i n t hedestermmes if degemaory cFz.rgéea_rdc1_tressemcnaiycthteiréfsl.fmmilfvr::_nﬁé.»th@ryv/hfzzdlu?ets't gns. For
exanple, in order to avoid a timng or rule violation, the scheduling |ogic
may | saleendy epemsd (icodeteranine ibtherelisl apagenkit d droreaxdinpes thegnemory t i ng it
into a_co nd gueue., As a,resul he co n Lth mat chi ng address

1t or PR AMEPH deYico AGRRaM by S PHOCSRR Aesodes BIFOR TSRS ol ock

cycl esmiag 1Ml Ardddy Bdef djsbn@d Byld omhirdl b04h edrlieRhhedhd S/ ye embodi nent,
the Look ahead | ogirc 114 ‘of thé scheduling stage may | at'ch tommands al ready
st or edandy/ et wiay abfout e be opened by weraimpnd Asoredrin<metof the cemmandrand may be

i nserted ahead of the | atched commands) already stored in the queue(s). In
addi t i 9H€U%he Look ahead logic 114 of the scheduling stage may al so nodify
the order o r | ' dite
execution ON%(%%@' ]?ﬁog‘%é ez’ﬁ‘ge)‘g‘?g“éé@' %\%ﬁieegéﬁg?sthg? %Eacgg‘?r%% ga,lgélsgﬁa new

nmenor ylogiel 8, ivhichddéetifi@sthe p@ggs ofinelReT that Bl curgert®y Ogetnadaby a
menory operation already stored in the command queue, the Look ahead logic -

114 of resudt, tendeending stagepemmarenthd page addregredchpthe apeently dacededady
stored in the queue. As a result, the new command can be executed wi thout
having to open the page of nenory. Agternatively, the Look ahead logic 114
could latch the page close -11



- 9 APR 2003 WO 00/ 26744 PCT/ US99/ 25640 command al ready stored in ghep 20(93
queue, and insert the new command ahead of the | atched page cl ose conmand.
Fol l'owi ng the scheduling stage, in step 410, the conmands are shifted from
the co 2614dues onto the memory bus in the issue stagBCTUFI¥E0 _
enbodi nent of the invention, the commands) stored in the end slot of a

command _queues re .shifted. b Qrre ndi ng.co hannel of the
renor SR sanel] B ReareR B A e R S e EReT R RS Commands
st or eghréakiRely SHEShioHe GPedled BB £csitir{drRbalkadyin tReicBABAANS hAbse. €Xcept in
the case of the Look ahead | ogi'c 114 altering the order of the conmands

wi t hi The hesudtsanfabhe camparisoncne fgrvdirdedss awxt staganf e mematriyve enbodi nent

i npl enenting nmul tiple. command queues, ,a predeternmned time of fset between
t he qmrégﬂf?rsl% éﬂ“%lssé‘ﬁar”é?é i Seanize whie eommacrtﬁdsraergwﬁ%ﬁsw/ ® ots of

the ¢ ' ommands in both end slots of the command queues
5 Blete PR pleRo0 el

may be"’s ed into a bus access unit (BAC), which provides
nul ti pl exi Bet deamipld, Al gt aatiepRTy devide@haERRD belidbessé@BH\tRe, the BAC may
| at ch the commandS received fromone of the queues for a predeterm ned

f r act poesentlyaleceded ynemerkrespestmaprlrgady begichedwigdithdberapaped thyvee commmand
onto the mem)rﬁ bus. F?r i nstance, in ong@gﬁbﬁdi ment .V\ﬁ%rei n thg menory
bus i B2BHEPER CREIARNG Of P RHPE TRFMPRAFeques chits,ptored SENDAY cont r ol | er
105 ( dgg—eq, QANBZH 4 Hm’rand gueue
may bgugg?'ched orulg’l%g r r%a%(% ccl‘?l ock %;%fgg%%gq%%%fe%@ I n addition,
i n andeohdet mentoiynelqaren tOmn theotheetahdy ifthethenidiygiageds ween t he queues,

the Logk ahead |ogic 114 is aware of the offset provided between the
commafehegided 0 brROPEN, & Page oPem EompmAnh i dhe psgseatly decodRd sneTHENYLf f set i nt o

accou %%M? Qroqﬂ{i%’e@&ie%%{mﬁ{]naﬁ&glamg é&bﬁég}% gomwéi' Clhg gteihagc?sfe rted into

gueue order to avol g Oor ru , as previo y di scussed.
In a geeahtinild Hrapddest 1RaM0EY IEGben Mafbieapérfornhe®in latdtastagdrdf thé f set _
between the queues nmay be provided. Mre specifically, the Look ahead |ogic
114 - fEemogy mwbesl(%mubp%dmamng/fwwbg sedee phiherpresesttineentiant. or mat i on
into a queye sl,ot al.on fth a nmenory. co nd a result, when the
conmmand an Fﬁél%?‘?rs%ta%t%ﬁ’ﬂ@f%?%ﬁﬂélm%% %q‘féa? étngrahlﬁﬂ ‘?‘HEHBHI?S_SI ot of a
queuehd Psu%ﬁgtaﬁebf H@@n{ea%ry device ddHresdBd by thé &edoateaf}néﬂ%fj gf.ive
command tn accordance with the timng i1 nformation. The Look” ahtad | ogic 114
may g&oeeaampldenonesabaodimend thefrenmertyi devices withirt imensariyeddGlhavng st age when
determ 'nq if tim ng é’gngt raints/ rgstri géti ons %rﬁhgesent as previously

di scuSRRHIPIGREWIES SHateh gt REityie SteRdbY Gfisipepriiatey) Mheltnati¥e ¢ ning

| T Or EBAPAfindekd) thD ot shatld rralyar iy BRinthRAGOML bRt IRERRERNS 1N or der
to avoild timng constraints/restrictions. reover, considering the

fl exi bi |'i t {n@hetembodinkerdheechy ofthe ddweristata(s)dfor bye oe nesretdfie t he of f set

timng informatjon (i.e., inserting offsets of varying |engths), the tasks
‘of  sePR@MPRY deKices ifsorad isrthg poveerstatedogis Jlaguithintheslerading stage: ur t her

sinmpl ified. For I nst ance re t Lo ahead
o) o PE50 5P RSPy Sae gt ite BEodibd MERRES et s Wigte

const NegRt19LR6VIdesithe Power 3tdie forfhRirBshaiveinbMory déeice OThessameAds Whi ch
are already stored in the queues. In the foregoing specification the

i nventhemelatad pewer gate infoudaiipn is forwarded to subseguent stegesdartbear y

enbodi nents the eﬂf. will, however, be evident that various

modi f iIRETCOR SRR es may be nmde thereto without departing fromthe
br oader spifid ] 3 ' J &4l ' aw ngs
ar o accor di e P RN olaBE AT 06 Ihe SRR o pOb! AR AR

r est r iconitrodles @05 eeceves the Sparatéon, iaddeess infdrasiticrifor thédecotad y control | er
105, as previously describhed throughout the detailed description, is

i npl erfRElERy saduest and agedipinformation ap gprerated phthedesodastageadnant er f ace
bet ween the conputer system s subsystens and/or multiple conponents. For
exanmpl e, the chipset provides the b¥ses and el ectronics to allow the
Central Processing Unit, nenory and -13



- 9 APR 2003 WD 00/ 26744 PCT/ US99/ 2540 i nput/ out put devices to i n_tgawﬁ[m
Furthernmore, in an additional alternative enbodinments, the nmenory '
controll er 105 inplenented on the chip set as shown in Fi%yre 5, could al so
have ad¥Q9%¥a#4 components integrated on the chipset (e. SCIUSIYP¥ELssor
|graphi cs accelerator.) -14 9 APR 2003 What is clained is: 1. A pipelined

troll | Si ng: d d t : d dul i t
Coup| HeFRets eneaHEn Pageer <if GUCERER0N P bR e AT . conmand
queue 051 016 I bl Pl ABPISCAOdDkaAbead Logi ¢ that modifies an
y

order nenor omands” are st'ored 1 n sai nmrand queue. 2. The nenory

control I er bi respanse,the vtiesdrilingsrage mape thw operasiongd thedebeded ncl udes Look
Ahead Logic. 3. The nmenory control]er of claim2, wherein said Look Ahead s
Logi c mediory sequest delaag withbhg pagahitang / aF powesrsiateiinfosmagiond sodne queue.

4. The_nenory control l.er of claim 3 erein said .schedul.i st I ncl udes
2t 1 eerRpth LB dieRinRafifleds BB Bl RRIR R B 8 ot ei
sai d 1B{YRY dte §OREFQIfted) ark $r ARAIABH 0 hierRErC RSk th Sh@n{@ABFYadess havi ng two
command channels. 6. The nenory controll ér of claim2, wherein conmands

st or edegnestai d command queue are dynam cally del ayed prior to being

transmtted on to nory bus. 7. The menory, troller of .claimb®é,
wher ei n corﬁ%ﬁﬂfse’@gﬁggﬁe‘i‘tnﬂteaﬁ’?fkébwah ng%cﬁigp@, schednling stagenat i on

2o, e R B S ST e B SeHRT l o. 8, The
flli gueSd@baearxﬂéﬁxlasiry reghe@fl For éxamiplef it theTasd ofarl hid@tbspe® dRirRoT) page r at e.
being closed (i.e., a page miss), the scheduling stage will provide commands to
close an open page within the addressed memory device, a command to open the
addressed page, and a command to read the address data. The group of
commands, which map to the operation of the decoded memory request are
sometimes referred to herein as a packet.
In one embodiment, the operation, page-hit and/or power-state
information received from the decode stage is used to map into a micro-code table
within the packet generation logic 113 to obtain the respective commands. In
alternative embodiments, alternative techniques may be used by the packet
generation logic to provide the commands to perform the operations of the
decoded memory request.
The number and type of commands provided by the packet generation
logic 113 of the scheduling stage is dependent on the type of memory device(s)
implemented in the computer system. For instance, in one embodiment ,a Direct
Rambus 6 memory subsystem is implemented as the memory of the computer
system.
In one embodiment, the features of Direct Rambus 6 include an operating

frequency of 800 MHz, at a voltage of 2.5/1.8 v. The memory bus connecting the

-8-



9 APR 20D3 9. The nmenory controller of claim8, wherein comuands itaﬁéﬁe%ﬁa”
the iwo sep arate conmand queues are separately transmtted on to t

menory bus at a fixed offset. 10. The menory controller of claim5 wherein
the menBiOP06M4 s a Rambus Channel . TM . 11. The menory cORTASPYE¥*bt ciaim
5, wherein said nmenory controller is inplenented on a chipset. 12. A

pi pel 5’?&98% 9&§t¥oﬁ8{‘fds‘¥o'crﬁé%\‘g>?fﬁgé %ﬁ%\%i?g?gﬁnfearto%%(mgh thift,g"EmOrYy

request; nmeans r1or s nMenory conmands I nto a comand

queue (famnel®)! trafisiiitsidakd gt fHRTate/ofCNThYES,/ Seedril, R ttasfOdata gaglf i ng
mul tiple nmenory commands includes Look Ahead Logic that includes neans for

modi f \brgtsgreratate chawnar yn edditiond sheaRambue GuinnelSictidesmualtiplqueue. 13.
The nmenory controller of .claim12,, erei n sai d nmeans for _schedul i ng

mul ti ﬁp@rﬁéﬂg@\aw%‘ﬂﬁw %&m&éﬁ’aeﬁ%@wﬁs E%&Pér.énfmlttﬁir%gh@y
cont [ hblorp bofitrlieR 16 toWEARIY 13848 phfflLARARMAAA felliiude means for
nodi f yI' g ah order nmenory co nds ‘are stored 1n said co nd queue. | S

The nMREss bahhelkiesy @Fso?dr@biﬂekﬂulﬁ/pﬂé&@ﬂnmai'&i éhareals for scheduling
mul tiple menory commands further includes at |east two command queues. 16.
The nenory Mergausr) dierpative memarysubgpstenisirosdd bevsad with e memay i ncl udes

Char napBroif 105 Wbl AERRshe P Re pilnd O BeRPaiaar BrBrartie s herei n
sai d e Eh¥odRAEACIhSTenientinBEDilRCRAMABES BE tSfehAlred bR MDir&R Ramisied &Yi ng
menory conmmands scored in said conmand queue prior to transmtting said
menor ymep atsnesyomithoutd epamting fhers.the scope of the invention.

After the scheduling stage has mapped the operation of the decoded
memory request to one or more commands, the commands are scheduled into one
or more command queues before being transmitted to memory. The scheduling
stage of the memory controller 105 includes at least one command queue having
multiple slots to store multiple commands, which are transmitted to memory to
complete the memory request.

In an alternative embodiment implementing a memory bus having multiple
command channels, multiple command queues (e.g., command queue 121 and
command queue 123) corresponding to the command channels may be used, as
shown in Figure 1. Moreover, in the case of Direct Rambus6, at least two queues
are provided in the packet and schedule stage of the memory controller 105:

Primary Control Packet Queue (PCP); and the Secondary Control Packet Queue
(SCP).

In one embodiment, it is predetermined into which queue a command will
be placed. For example, in the case of Direct Rambusd, commands, such as page
open, page close and/or change power state of an addressed memory device, will
be placed into the PCP queue. In addition, the SCP queue will include such

commands as memory read and memory write.

-9-



18. The menory controller of claim17, wherein commands stored in §§”A‘§R 2003
comand queue included timng information provided by said nmeans fo
scheduling. 19. The menory controller of claim15, wherein said nmenory
control 042744er includes means for transmtting said rRGHYSPIRHMands on
to a nenory bus at a fixed predeterm ned race. 20. The menory controller of

laim1 b, el ' -l f h d f
Cranem t1 i BOTR EapEy B ARe (o te B S Rseues on to the
memor Y:oh’d?naﬁ&s am{hﬁsqqe ebiriRind ﬁ%eue-(%r@%mféﬁ é&'htrheiﬂoey c8htroliet 10516,

wherein the nenory bus is a nnel e menory controller
of cl aloekldyclavhAs airessla chen@nmoye aunmanidse(depmdmg Il@mrn‘nedimnber afhi pset .

55heﬁmﬂiqﬁé'sisé‘%é@”ﬁgﬁgngﬁfl?e&%é'a{oﬁ§@§§§‘§&% Zioggéyﬁgiﬁé%g&z ik age
R e o e g SR S
. A% A@{gy r@\@,lc@,mﬁ\gﬁd.]ﬁla slébof f@sﬁéue. AE . Al . AuE . AYY . AI Y . A3Y . A3

Before scheduling the commands into the command queue(s), in step 408
Look ahead logic 114 included in the scheduling stage compares the commands
that are to be stored in the command queues with the commands already stored in
the command queues. Based on the comparison, the Look ahead logic 114 may
detect potential memory timing or rule violations. In order to avoid the potential
timing or rule violations, the Look ahead logic 114 may store the commands of the
decoded memory request in the command queues in a modified order that will
avoid the potential timing or rule violation.

For example, certain memory operations (e.g., reading/writing data)
require a predetermined number of memory clock cycles to complete the
operation (which may vary depending on the type of memory). As a result,
multiple memory operations addressing the same memory device, page, and/or
address may need to be separated by one or more clock cycles. The actual timing
restrictions between two or more operations, however, may vary based on the
type of operations (e.g., a read followed by a read, a read followed by a write, a
write followed by a read, etc.)

In one embodiment, the Look ahead logic 114 may first compare the
address information of a memory command(s) to be scheduled with the
commands already present in the command queues. In response to detecting a
match (based on a predetermined criterion - which may vary with in the scope of
the invention), the logic may proceed to compare the “operations” of the

commands which have matching address information.

-10-
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before inserting it into a command queue. As a result, the commands with

matching address information and timing constraints may be separated by
additional clock cycles to avoid the timing or rule violation.

In an alternative embodiment, the Look ahead logic 114 of the scheduling
stage may latch commands already stored in slots of the command queue(s). Asa
result, a new command may be inserted ahead of the latched command(s) already
stored in the queue(s).

In addition, the Look ahead logic 114 of the scheduling stage may also
modify the order of commands already stored in the queues in order to expedite
execution of a command(s) that are to be scheduled. For example, if a new
memory operation addresses a page of memory that is being opened by a memory
operation already stored in the command queue, the Look ahead logic 114 of the
scheduling stage may nullify a page close operation already stored in the queue.
As a result, the new command can be executed without having to open the page of

memory. Alternatively, the Look ahead logic 114 could latch the page close
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Following the scheduling stage, in step 410, the commands are shifted from
the command queues onto the memory bus in the issue stage. In one embodiment
of the invention, the command(s) stored in the end slot of a command queue(s) are
shifted on to a corresponding command channel of the memory bus each clock
cycle of the memory controller 105. The commands stored in the remaining slots
are shifted to the adjacent slots, except in the case of the Look ahead logic 114
altering the order of the commands within the queues, as previously discussed.

In an alternative embodiment implementing multiple command queues, a
predetermined time offset between the queues is used to separate commands
stored in corresponding slots of the queues. For instance, commands in both end
slots of the command queues may be simultaneously shifted into a bus access unit
(BAC), which provides multiplexing /demultiplexing access to the memory bus.
However, the BAC may latch the commands received from one of the queues for a
predetermined fraction of a memory clock cycle, prior to placing the respective
command onto the memory bus. For instance, in one embodiment, wherein the
memory bus is operating at a frequency that is a multiple of the memory
controller 105 (e.g., 800Mhz, 400 MHz, or 100Mhz), the commands from a
command queue may be latched for one or more clock cycles of the memory bus.

In addition, in an embodiment implementing a predetermined offset
between the queues, the Look ahead logic 114 is aware of the offset provided
between the command queues. As a result, the Look ahead logic 114 takes the
offset into account when determining when and where a command should be
inserted into queue in order to avoid timing or rule violations, as previously
discussed.

In a second alternative embodiment, a dynamic (i.e., changing) offset

between the queues may be provided. More specifically, the Look ahead logic 114
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respective comiand in accordance with the tlmmg information.

The Look ahead logic 114 may generate the offset timing information
during the scheduling stage when determining if timing constraints/restrictions
are present as previously discussed. The Look ahead logic 114 could insert the
offset timing information into the slots of the queues along with the commands in
order to avoid timing constraints/restrictions.

Moreover, considering the flexibility of the Look ahead logic 114
dynamically generating the offset timing information (i.e., inserting offsets of
varying lengths), the tasks of selecting when and which queue slots to insert a
command, is further simplified. For example, there may be an instances where the
Look ahead logic 114 could insert offset timing information to avoid timing
constraints/restrictions, rather manipulating the order of commands which are

already stored in the queues.

In the foregoing specification the invention has been described with
reference to specific exemplary embodiments thereof. It will, however, be evident
that various modifications and changes may be made thereto without departing
from the broader spirit and scope of the invention. The specification and
drawings are, accordingly, to be regarded in an illustrative rather than a restrictive
sense.

For instance, in one embodiment, the memory controller 105, as previously
described throughout the detailed description, is implemented on a set of chips
(i.e., chipset) that provide(s) an interface between the computer system’s
subsystems and /or multiple components. For example, the chipset provides the

buses and electronics to allow the Central Processing Unit, memory and
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processor, graphics accelerator.)
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a scheduling stage coupled to said decode stage, said scheduling stage including a
command queue to store multiple commands and Look Ahead Logic that modifies an
order memory commands are stored in said command queue.
2. The memory controller of claim 1, wherein said scheduling stage further
includes Look Ahead Logic.
3. The memory controller of claim 2, wherein said Look Ahead Logic modifies an
order memory commands are stored in said command queue.
4. The memory controller of claim 3, wherein said scheduling stage includes at
least two command queues.
5. The memory controller of claim 4, wherein said memory controller is operable
to be coupled to a memory bus having two command channels.
6. The memory controller of claim 2, wherein commands stored in said command
queue are dynamically delayed prior to being transmitted on to a memory bus.
7. The memory controller of claim 6, wherein commands stored in said command
queue include timing information provided by said scheduling stage to implement said
dynamic delay.

8. The memory controller of claim 3, wherein commands stored in said command

queues are transmitted on 10 2 memory bus at a fixed predetermined rate.
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11. The memory controller of claim 5, wherein said memory controller is
implemented on a chipset.
12. A pipelined memory controller comprising:
means for decoding a memory request; and
means for scheduling multiple memory commands into 2 command queue for storing
multiple memory commands, said means for scheduling multiple memory commands
includes Look Ahead Logic that includes means for modifying an order memory
commands are stored in said command queue.
13. The memory controller of claim 12, wherein said means for scheduling
multiple memory commands includes Look Ahead Logic.
14. The memory controller of claim 12, wherein said look ahead logic include
means for modifying an order memory commands are stored in said command queue.
15. The memory controller of claim 14, wherein said means for scheduling
multiple memory commands further includes at least two command queues.
16. The memory controller of claim 15, wherein said memory controller includes

means for coupling the memory controller to a memory bus having two command

channels.
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18. The memory controller of claim 17, wherein commands stored in said
command queue included timing information provided by said means for scheduling.

19. The memory controller of claim 16, wherein said memory controller further
includes means for transmitting said memory commands on to 2 memory bus at a fixed
predetermined rate.

20. The memory controller of claim 16, wherein said memory controller further
includes means for transmitting commands stored in the two separate command queues
on to the memory bus at a fixed offset.

21, The memory controller of claim 16, wherein the memory bus is a Rambus
Channel. TM..

22, The memory controller of claim 14, wherein said memory controller is
implemented on a chipset.

23. A pipelined memory controller comprising:

a decode stage; and
a scheduling stage coupled to said decode stage, said scheduling stage including two

command queues to store multiple commands, and look ahead logic to modify an order

commands are stored in said command queues,
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