2271450 - 1 - A CACHE MEMORY | NTEGRATED CIRCU T FOR USE W TH A SYNCHRONOUS
.CENTRAL PROCESSOR BUS ,AND AN ASYNCHRONOQUS MEMORY BUS RELATED APPLI CATI ONS
This application is related—to co-pending applications Cache Subsystem For
" M'cg oprocessor-Based Conputer, Serial No. 07/710,079, filed June 4, 1991,
and Second Level Cache Controller Unit ", Serial No. 07/710,507 filed June
4, 1991, which applications are assigned to the assignee of tgg'?m_rﬁq
i nvention. FIELD OF THE | NVENTI ON The present invention relat nera

to the field of mcroprocessors; speécifically, to cache nmentrires which
represent the level of the nenory hierarchy in a conputer system between
the central processing unit (CPU and the main nenory. BACKGROUND OF THE

| N\VENTI ON Hi storically, the derfands of nicroprocessor technol ogy have been
increasing at a faster rate than the support technol ogi es, such as

pr ogr ammabl eA dyACHE MEMORBY INTEGRATED®IBCUT( BBAMISEINd transi st or - '

t Kansi st or - | g ( Lo o F e . Jurther aggravating this

m smatch in W@?@e@ﬁﬂ&L %% oF ssor -clock rates are

rapi dly appr 0aBUSnAND ANl ASYNCHRONQIS MEMQBEIBWS), t he cl ock rates of
standard support logic. In addition, the clocks per instruction rate is
rapi dly decreasing, putting a very high bandwi dth demand on nenory. Newer
desi gns BRIATERs APRUMECATIONSSt ructi on set (RISC) architectures, are demandi ng

ever nore nengfsy; ﬁgﬂ: s > i.sh. anount of work. The nmenory
bandw dt h demefna@p aswﬁgei%nﬂt#ﬁ???ﬁér aé@?%&é{ gsd%%gﬁef he need for direct nmenory
atgess (SuksystemFor MicrapeasessarBasas Compyterd Sedal dlos074710,079,

filed June 4, 1991; and “Second Level Cache Controller Unit ", Serial No.

07/710,507 filed June 4, 1991, which applications are assigned to the

assignee of the present invantion.

EIELD OF THE INVENTION

L/ The present invention relates generally to the field of
microprocessors; specifically, to cache memories which represent the level
of tt_ze memory hierarchy in a computer system batween the central

processing unit (CPU) and the main memory.

BACKGROUND OF THE INVENTION

w ' Historically, the demands of microprocessor technoiogy have been
increasing at a faster rate than the support technologies, such as
programmable dynamic random access memory (DRAM) and transistor-
transistor-logic (TTL) logic. Recent trends are further aggravating this
mismatch in the following ways. First, microprocessor clock rates are rapidly
approaching, and in some cases exceeding, the clock rates of standard
support logic. In addition, the clocks per instruction rate is rapidly
decreasing, putting a very high bandwidth demand on memory. Newer
designs such as reduced instruction set (RISC) architectures, are
demanding evermore memory bandwidth to accomplish the same amount-of
work. The memory bandwidth demand has been further aggravated by the
need for direct memory access (DMA) by devices such as co-processors and

mutti-processors. Finally, the rate at which new devices are being

r



mul ti-processors. Finally, the rate at which new devices are being 2
introduced into the,market place is accelerating-further exacerbating all

of the above. As a resutt—of these trends, two severe perfornmance

bottl enecks have energed that continue to influence the way that systens g
are desi gned. Menory bandwi dth, as a performance |imter, has already
forced the use of cache nenories in many m croprocessors systens. By way of
exanpl e, the use of cache nenories is commonpl ace in the 80386[err] *
generation of mcroprocessors manufactured by Intel Corporation. Al so,
Intel's 80486[err], 1860[err], and 1860X[err] m croprocessors include

on-chi p caches for enhanced formance. It is clear_that further changes
in the nmenory hierarchy (primary cache, secondary cache, DRAM

ar chi t istaducegidnto theanarkehplde i eccetorpting-Autthermexacesiatingralixdr f or nance i ncreases in
futur e‘rg?&g ations. (Note that "inter" 80386", 80486", 1860" and 1860XP"
are al rademar ks of Intel Corporation.) Another performance bottl eneck i
t he cl ock Awa wsuird thesgtrands tvqseverg psrormaernicarbottienecksthains becone - appar ent t hat

the i ny%dgqﬁgéﬁﬂwtgﬁ%*n%&?%},g‘%?w%g@% elahe m croprocessor clock

rate (and tne res I ng ngs) cannot sust ai ned across all
conponents in the system Even if one could afford the investnent, the
schedul e i npact of treadm |ling, coordinating and the potentiality for

mul ti-vendors, could easily nmake such an architecture non-conpetitive.
These factors have already forced the use of



~asynchronous interfaces to isolate the frequency scalfng problemto a
subset- of the system conponents. In the future, it is clear that high speed
CPU interfaces will need-ta_be designed around an even nore tightly
“coptrolled specification in order to reach the desired |evel of
performance. Typical of the drawbacks characteristic of past approaches is
the inability to support concurrent operations at both the CPU and nenory
interfaces. That Is, for every access to the read/wite storage array, only
one piece of data gets transferred. This neans that the cache
static-random access-nenory (SRAM) array needs to be accessed repeatedly to

obt ain each piece of the cache€l ine, blocking access formthe other
interface. Alternatively, a w bank of SRAMs coul d be enpl oyed along with
COT I' €S D MMl Dasdwidth, Iaahpmnhmbmwraaashwadpf&w%dsbef consi der abl e expense
of additional conmpl EXItré and c Anot her common drawback of prior art
cache nEfbe magones in many WWMﬁéWslyY@cﬁﬁPm%ﬂ‘ebe synchroni zed. In

ot her Woselst cadh® ndidriébas SonHidnpléte T the 80¥¥BnOgtindrafishlot 5
PCT/ US92/ 04747 from t he bus can be tr nsferred to the CPU bus, a :
handshaﬂ'@’%‘%@d’lﬁ"“'@?\‘fgﬁp’bﬁ L fomqratign. l°r'r'?t B8BCessor clock. This

Pr 0Cess igsbrs tand BEOXHPE MicRiprobsssore #ldélon-ehig daghesiterrenhadeey t he nmenory bus. Note
that this _is si rT*)Jy anot her \@%wof stati nq%t hat the transfer of data

bet ween PERERINSHLT {§ it ihal unhes 8210 e JBRMPLYeBEAY hr onous operati on. Such
oper at i mmmmtmrmsommmeemmtmcmmwﬁeqmreayst em s performance,

BSPECT l | listhtn phrionhancs herdses in fuiars Jeneraions. S(Note thet “Inter”,
*“80386"; “80486", 1860" and “I860XP" are all trademarks of Intel
Corporation.)

Another performance bottleneck is the clock rate and input/output (I/0)
timings. it has become abparant that the investment required to continue
increasing the microprocessor clock rate (and the resulting VO timings)

N cannot be sustained across ali components in the system. Even if one could
afford the investment, the schedule impact of treadmilling, coordinating and
the potentiality for muiti-vendors, could easily make such an architecture
non-competitive. These factors have aiready forced the use of
asynchronous interfaces to isolate the fraquency scaling problem to a subset
of the system components. in the future, it is clear that high speed CPU

k\«* interfaces will need to be designed around an even more tightly controlied
specification in order to reach the desired level of performancs.

Typical of the drawbacks characteristic of past approaches is the
inability to support concurrent operations at both the CPU and memory
interfaces. That is, for every access 10 the read/write storage armay, only one

- piece of data gets transferred. This means that the cache
static-random-access-memory (SRAM) array needs to be accessed
repeatedly to obtain each piece of the cache line, blocking access form the
other interface. Alternatively, a wide bank of SRAMs could be employéd _
along with coresponding external multiplexers, but only at the considerable

expedse of additional complexity and cost.



As will be-.seen. the present invention discloses an
enpl oyed within a CPULcache core architecture that i

overconme the performnce bottl enecks descri bed above.

conjuncation with nicroprocessors'such as the 80486,
of the inventive cache solution is capable of |ineai
per f or mance of these CPU to previously unrealized sp
WO 92/ 22031

SUMVARY OF THE | NVENTI ON Accordingly, it is one obje

characteristic of the prior a

i nt egrated cache nenory
s intended to 10
When utilized in

t he nunerous features

ly scaling the

eeds (e.g., > 50 VHz).
PCT/ US92/ 04747 ~

ct of the present

B

nd whi ch enhances overall conputer system

invention to provide a cache ggnnry whi ch overcones the drawbacks

performance. 5 It is andther object of the pr

esent invention to

provi de a cdwpibenghinmhn drawbask wbmrionart cachémemoneslis AR @Yer@S POSSi bl e bet ween t he
CPU ope hance syst em performance
PF b ailirod 4o BI04 n QRS Bl Rk SBRARNES 11 ) g it | ons.

for direct nenory acce

It is \;)

anot her object of the present -invention to provide a cache 10 nenory

consi stency mechani smthat allows DVA devices and/or
with or without secondary.caches -- to share a commp

mul tiple processors --
n menory. It is yet

anot her object of the present invention to provide a cache nenory which
pernmts the transfer of data froma CPU bus to a nenory bus 15

transparently without disturbing the SRAM array. It
the present invention to provide a cache nenory whic

is a further object of
h i s capabl e. of

transferring information either into or out of the SRAM array w thin one 'KJ

CPU clock period. It is yet another object of the pr
provi de a cache

esent |nvent|on to

.



.20  ME®222881 ch asynchronously transfers data between t hEGHHEPI/08T47 and
the CPU bus. It is still yet another ect of the-present invention to

provide a caghi® HE Mol B /Ean BBitElhsfRFEY ©Ahe TP biis P4 hahidi CPU bus
“buf fer functions toget%‘gr with an SRAM array on a single Fnt e%{ea@g%
circuit. 25 occur syndHrohsuswithrthhanicrigrecdssof clock. Thissprotessmest ben t o

provi de a cache nenory having an interface to its internal SRAM array which

i ssan ent i r Fepaeied fpf gactPdata traastee fram the memogRyis) dNotghatthisiis simplypr esent
invention to_provide ap efficie ach ose . interface tp the
menory bus d tﬁ%’l‘f’%¥° aI'"%%?%fé?%ﬁ%@:B%e%n t"? memowanad as.
Menory, tyl t ' bratingC J: ' ermts
near | x5 gD Bus rBalh &Y cPRcronBaBpprationt Mith dhordlior pHdRenit BEL LY

| nacrd t her eserious burdéii b 1hé coffputeesENémigpatdrimance Sespetidlgswith pl enents a
cache SRAM storage elenent. T that' includes. art of a cache subsystem and
in a(d cadhtreaeed CERELlockvwatesshar ed, Mer ge. MESt Q wite
alTocation with data_and twoXve(*ntr efficjent two-way, operation, wdte

oackvof cache i nAS Wil RRiseRN JREPrRERYJNYRAIO FisClosnfan integiatad aache
memory employed within a:CPU/cache core architecture that is intended to
10 overcome the perfermance bottienecks descri‘bed above. When utilized in
conjunciion with microprocessors such as the 80486, the numerous features
bt ¢! tno inventea cacne colution is capable of lineady scaling the periormance

¢l inuse CPUs & frevicusly unrealized speeds {e.g.. > 50 MHz).

:i‘!l



a centP2FABh nhod ed conputer systenf having oPerates 4nFPET/USRYOR47cpy
bus. The CPU bus St atsr hc 9ck signal” The conputer pYstem laso Includes
aS a mai n "TeEUMMARY OESEE ERE0 intircut tenporarily holds
Portions O the main MeWc" ranomaccess menory (S11 AM armay. meanfor bUs-
i nterf8conmp\VéCs aAceardingly Htifsf ane othject@¥(tte preseninventionh to providecads acr oss

t he CPU bus. sing access of the nee line to be read/witten with a CPU

blﬁs |t§rfa2I efcaﬂN? mamenwhich oyeroomasthe;dravbaghscharactetstinalthe poor atts ||n -
t

e o s anc anBSthibY eltbenced evdlal cBirnindSadsh sBrrfibnde, SuPRo"t bt lh'ea "

Dol Lo the Gy clds SABIRE ebfect bPIHE fresehtlRbertch tolprolifh b clthesifig | "° ¢

Ior I ar ger {Abpéngle%eosgas mughgesndlelyhty abposYibll betwaentthe QIFPlefpeFdﬁéﬂO” the
ar ge 1
PCT/ u592/ 0474and the mmméausrone:rammharma sylstem pedbrmange foodrectspeed of v

" the nenory bus. Currently. -1x, 4x width ratios are supported. The
i nt egr at ed cﬁ'&ﬁ‘@%ﬁ’&??s&pMﬁhac"df'E]P'("F@'P%%’f%@ﬁ@%“"&"?r%my bus interface --

roads, w1 e tr o nancihel PREEEBL S Hirnd ipatiohle Bikndt 5 6%, neerrace
al' so conpgi Sﬁm%rﬁér?%hﬁgtérﬂg' e ERAHISm 14t Qﬁwm aav.&&eand/or multiple

processors -- with- or_- without secondary caches:-- {10 share a common N

menmory.

It is yet another object of the present invention to provide a cache
memory which permits the transfer of data from a CPU bus to a memory bus

15 transparently withouf disturhing the SRAM array.

It is a further object of the present invention to provide a cache
memory which is_ capable of transferring information either into or out of the
SRAM array within one CPU clock period.

It is yet another object of the present invention to provide a cache

20 mémory which asynchroniously transfers data between the memory bus and
the CPU bus. | | |

It is still yet another object of the present invention to provide a cache
memory circuit which combines memory bus buffer an_d CPU bus butfer
functions together with an SRAM array on a single inlégi"ated circuit.

25 It is a further object of the present invention to provide a cache
memory having an interface to its internal SRAM array Which is an entire
cache line wide.

It is still yet another object of the present in_v;nti'on to provide an
efficient cache memory whose interface to the memory bus controller

30 minimizes CPU latency.



appropriate internal bjffer to be utilizéd during a particul ar nenory bus
cycle. A key feature ¢f the present invention is the incorporation of a
data 10 path betweenjthe CPU bus interface and the nenory bus interface
for.transparently pagsing data either tofjthe CPU bus fromthe nenory bus,
or for passing data fromthe CPU bus to s$aid nenory bus. These transfers
are transparent in the sense that each chn be carried out w thout

di sturbing the SRANharray (i.e., the |dent|f|ed data path is separate from
t he paths which 15 ;couple t he SRANIarray to either the CPU bus interface
or the menory bus |nterface) In other vords, the present invention

provi des.dual -portgd access to a cache data storage array with a bypass
path-for cycles thgt do not |nvolye t helcache. ThIS feature is designed to

suppor't concurrentloperatl ons and 'ﬂe%g&[) % ry bus and CPU bus
transfer protocol s: 20 PP es ween t he nenory bus

i Rterface and the jot her el en&gﬁ, b@almbpamﬁqeaoccur synchronous to
the CPU cl ock si gnal whil e act I'Vi P?’B’srm {&g%g&ﬁ HEQOr Y bus interface and
t he menory bus occur asynchrSGﬂtﬂesfm cloc SI gnal | ndependent
asynchronous data transfer contr on he CPU and nenory si des decoupl es
the relatively 25 hi gh sp menory bus. This

al  ows independent (i. ?:’H'sd‘&ca, %%é?@ar g@‘ﬁo need to be

synchroni zed to the CPU) ars:abr@g urren '%p@?ﬁ%ﬂsﬁaMboth t he menory bus

and CPU bus integrfaces, thgreby Seat Tahlod sabhd ng the perfornmance of
t hgs cache subsystem Ml tlg'la'é"%ktecg ne w de b%%erg‘l support concurrent
operation of bofh 30 porétnamvg’,{de&(é ified; exclysivepgitarest, s | ncl ude a single
CPU buffer and four menory interf §')5Wﬁ$%ﬁo%atudnwhﬁ£{5 CPU to nenory
transfers, one for rep a@@n‘ﬁm— ,l,,]yr backs, and one for snoop

wri t e-backs. Concurrency 4W'“'°"°V°'ea ohe efficient two-way operation,

Write back of M-SIate:n fnclucing data merge tor

In One. Ombog;

acg
) 72! Processing
. ) peratas,nasy"ch

flased computer system having
”t CPU bus. The CPU bus
’°’¥tock signal. The computer

. . Ac
A o CPU bus '"‘effaoompnses cP
_ Mearis fo, Optimiz; & CPU muxuffer

The Cpy, mu "9 bunyrations across the CPU bus.
Or Meag fine 10 be read/written with a
® SRAGic means are utilized within the

Means) bursts in the
Valig bite order defined by

Singile access of th
CPU bus 'me a“
the CPu
are irCPU buffer to support partial line

Large
Qche line.
cUrren ¢ °'"bodamgm " S &ron the memory side. In the
e

Ty bys
Thus the pre

cach Caprotocol requires that the
line be guai to the CPY cache line size.

resent j inve
Larger Memo, Mtion @x, 4x, 8x o larger line ratios.

Ty by
S Widths ad 10 either support the larger



provi‘ﬁ?c?zé???c”é these buffers have a fql| cache Iine wide !|> ’e YYD the
array allow ng a single clock access satisfy a nmultiple clock burst at

th ins. T ' \ | Je i h ith
i el penb e BF Db BX! R e ERaRuly R hold ol Bolfy BESE "

predi ction QurRadesHi, 2%, 4k Midtpl rative ufe sappdriedd, CPU bus oper ati ons.
Mul tiplexing for the proper way is done at the last |level to maxim ze the

ti me avail abl e fdhe integeatéch gache marury Kirguip furtheticomprises agnemos) bus\n MRU -

bit is stored in the array to pojnt to the myst recently used way for each
cet. The calieracsriapdingmilralty s/ iBleraaldufiers U dp serigrming

| east -recent] y- uUs ( e g 0 lnerd f L rediction
is corr gt : H%n%g’q‘ﬁrég%%'r%@{eé%@(ﬂ% %E%i% ﬁécl%sn%ﬁ%r?%c{rpsr ﬁl’pﬁdcewgheos two way :
operation; BoyfEfacd BRoRIGAHEHRs thfcking RERAARENS fbrraat@msmﬁcxg thyo ways. WO
92/ 22031 . _ ' PCT/ US92/ 04747
BRI EF DESCRhpProptiaterinterdma DRAENGD eTintized elveing d partiobiao mamdry Bus under st 00d\s
nore fully fromthe detail ed description given below and fromthe

acconpanyi ngyele.awi ngs of the preferred enbodi ment's of the invention, which,
however shoul d e .invention t?

be tak tolimt the. th i fi
ombodt ment but SR key deie PLihe PRReRTAvVe R, S AU MICRPASAIGN ofe BRRe. 1 depi ot s

a bl ock di agéﬁ,{qqegagan?h%m bsemsnéeéﬂéw@aﬁ%ug%@ﬁa& JorP! eferred

enbodi nent resent i nvention. is aclrcu bl ock

di agram of {rBRspgiERBNbAKIRY BERY éiftér eTRRICPe budiromitBe PREHSHIHLS, bhiginted
i ntegrated SRAM cache. Figure 3 illustrates details of the nenory data pat h/

i n accor danpessifg datahireihehe Q¢ bub yo paidieemedy buboliheentrandfetshee pr esent

-

i nvention. ) : ' : . - .
transparent in the cense that each can be cariied out without disturbing the.

SRAM array (i.€., the identified data path is separate from the paths which
15 couple the SRAM array to either the CPU bus interface or the memory bus
interface). In other words, the present inventidn brOvides dual-ported access
to a cache data storage array with a bypass path for cycles that do not
involve the cache. This fé_ature is deéigned to support concurrent operations
and to decouple the memory b_us: and CPU bus transfer protccols.
20 Moreover, activities between the memory bus interface and the other
elements of the cache memory occur synchronous to the CPU clock signal,
while activities between the memory bus interféce and the memory bus
occur asynchronous to the CPU clock signal. lndependent'aéynchronous
data transfer control on thé CPU and inemory sides decouples the relatively
25 high speed CPU bus from the slower memory bus. 'This allows independent
(i.e., each data transfer does not need to be sYnéhanized to the CPU) and
concurrent operation of both the memory bus and ;C;r”U bus interfaces,
thereby substantially increasing ihe_ performénce- of ihe cache subsystem.
Multiple cache liné_ wide buffers support concurrent op:eration.of both
30 ports. Preferably, these buffers include a single C:P:U buffer and four

memory interface buffers: two for CPU to mem’bry transters, one for



Figure 4 illustrates details of the CPU data path for the currentty "
preferred enbodi nent of the ‘present invention. 20 Figure 5
illustrates a timng waveformfor a non-pipelined CPUread hit cycle in
accordance with the currently preferred enmbodi mentof the present
invention. Figure 6 illustrates three non-pipelined wite hit cycles in 25
accordance with the present invention. Figure 7 shows a nenory read cycle
i n accordance with the present invention wherein the read is-a cacheabl e

mss. 30 Figure 8 illustrates a read mi ss consecutive in accordance
wi-th the present invention wherein followi ng a nenory read, the next cycle
is to the WD 92/ 22031 .

PCT/ US92/ 04741 sane |ine as the previous read and t he marrbry read has not
yet conpiriacement yritethacksrangions fongnoopvitarbecks. Coheumerayties a write back for

SN0OP ORRNAbd SIS thede a&@grﬂa@&méacnm.ﬁéwamteﬁuéens%'% referred embodi ment

whkerei n once the cache control recelves a snoop , It instructs the
present allqmsmmwoskwessttmatm@mq!twmw@mmem menory bus. Figure 10

i Il ustrates 1fe hlefdnf m&rﬁbME a |sag°£(%qw n 10 accordance with the

present invention in new irected into a cache | ocation
t hat haginimelippraltybusing MRtbatedictioe ntheydata-patheauppartsMAM i s performed. Figure 11

Shows - a plebiitliontby YBcesdinY Muriph ways 167 HR'CPUBLR o Méﬁﬁthrough 15 cycle. Figure

12 |IIustrates a timng wave ormfor awlte through with allocation in
accor daMulipigring for thesprppes waris dprass theilashievel tandimizethedimel i ne i n .

ot available for accessing the MRU (and providing the new one). An MRU bit is
stored in the array to point to the most réﬁently used way for each set. The
cache controller has a copy cf the MRU (inverss of least-recently-used (LRU)
for replacements) to determine if the prediction is correct. In the preferred
embodiment the invention 'impiements two way operation; however, the

protocol is extendable to more than two ways.



t he caedo2722031 | ocated following a wije niss. 20 Figure REHNSR/474Ur st
read cycle in clocked node on the nmeno interface. Figure 14 illustrates

back-t o- backw pde i n accordance with the
present | nve

e 15 illustrates a nenory -
read cycle with wynhp p?b@érﬁﬁn@éhtfohﬂwmﬁddrﬁb%frﬁ&% fuﬁpfrom the détaidyf © 16
illustrates the restart of: menory read cycles in clocked node on the menor
interface. defcription dives ibelew and dtom thenacdompanying dravwiagis oytﬂees in clocked
node on the nmenory interface for the preferred enbodi nment. 9ure 18

i|lustrates D[ﬁfetfedrﬂm@dly\@nﬁoﬁ‘WGWYWOHEWBW howeyver %"PQH!‘RQ& hedekem t he

o [T?reyc'yrc‘%ZSqaﬁ“erge%a‘iv&%ﬁéﬁéb € shechEAmERUm Bl ol bR B i g

waveformill .cycles on-the nenory interface with wait
states. Fi gupéaé%ﬁé'ﬂ?né\{ ‘es the restart of menory wite cycles in cl ocked

node on the nenory i nterface. Fi gure 22 shows single transfer wite cycles
i n clocked node on the nenory interface. Figure 23'is a timng waveform of
a read-wite-readFigure tidepicts abladkodiagranmotitheobasit cackersulsysterardface i n
accordance with the currentil%gpreferred enbodi ment of 'the present

i nvention. Fihpuewrently prejeredembogimentiof 1he Pfﬁﬁﬂ‘? BW%EQ{&ence in cl ocked
node on 19 o

Figure 2 is a circuit block diagram of the currently preferred

embodiment of the presently invented integrated SRAM cache.

Figure 3 illustrates details of the memory data path in accordance

i5 with the currently preferred embodrment of the present mventron

Figure 4 illustrates details of the CPU data path for the curmently

preferred embodiment of the present invention.

20 Figure § illustrates a timing waveform for a non-pipelined CPU read

hit cycle in accordance with the currently preferred embodiment of the

present invention. _ | -]

Figure 6 illustrates three non-pipelined write hit cycles in

25 accordance with the present invention.

Figure 7 shows a memory read cycle in accordance with the present

invention wherein the read is a cacheable miss.

30 Figure 8 illustrates a read miss consecutive in accordance with the

present invention wherein following a memory read, the next cycle is to the

-



-t he neworgz/eza3erf ace for the preferred gnbodi nent. Fi gure FCH/BISS2/0478'Ng
diagramillustrating the relationship of\the MOCLK signal to output data on
the menory interface. Figure 26 is a timng diagram:llustrating the

rel at i onshi psa@einerassthgrprévious sezkand the MeBCrEad kasa ¢et pompleted t he
menory int er{??t%e. VO-92/ 22031 _ _

PCT/ US92/ 047 iM% L ows burst read cycles in strobed node on the
mewory interface. Figure 28 illustrates back-to-back burst reads in strobed
nmode on 5 the menory interface in accordance with the present invention.

Figure 29 il ustrpigfretldiBlusrates’d wite BRORTOr SMouh 6p6ratisné i aéddrBestdrode on

the nmenory interface. 10 Figure 30 shows single transfer read cycles
i n strobdd nwith the cutrenthe prafgrred embicdimenh whecein dmoedheicabhe bentpslierer r ed
enbodi ment. Figure 31 illustrates turst wie cycles fromthe nenory bus in

st robeo noderfesgiveRa SRORR bitiiitinsirpgls dhe presgny inventionitg pyt theymagifigelvef or m
show ng back-t,.0-back burst wite cycles in strobed node on the nenory
irﬁ)gﬁrface. F?@@r@%ﬁ?q me&?ryﬁués the restart of nenory wite cycles in
strobed 20 node on the nenory interface. Figure 34 shows single transfer
wite cycles in strobed node on the nmenory interface. 25 Figure 35
i's a tinng vwavefpigure™miliSedesa firingcadvéiorm for aungmory sdddied node on
the nenory interface in accordance with the currently preferred enbodi nent
of the pileseatcardamme widh the present invention in which a new line is directed into a

W cache location that has modified data. Consequently. a repiacement is

performed.
Figure 11 shows a timing waveform for a memory bus write through
15 cycle.
\/

Figure 12 illustrates a timing waveform for a write through with
aliocation in accordance with the present invention in which a new line in
the cache is allocated following a write miss.

20
: Figure 13 shows a burst read cycle in clocked mode on the memory

interface.

Figure 14 illustrates back-to-back memory read 'cy_cles in clocked

25 mode in accordance with the present invention on the mémory interface.

Figu-ré 15 illustrates a memory read cycle with wait states on the

memory interface.

30 Figure 16 ilmslrates the restart of memory read cycles in clocked

mode on the memory interface.



Figure 36 illustrates a wite-allocation sequence in strobed node on 30
the nenory interface for the preferred enbodi nent.
PCT/ US92/ 04747 Figure-371Ts a timng diagramillustrating nme relationship
bet ween the CRDY# and MECCH signals in-strobed node on the nenory

interface.

WO 92/ 22031

Figure 38 is a circuit schematic diagramillustrating how burst

5 mul ti pl exor select signals are generated in accordance with the
preferred enbodi nent. WD 92/ 22031 :
PCT/ US92/ 04747 DESCRI PTI ON::OF THE PREFERRED ENMBODI MENT(S) An integrated
circuit which inplenents a.cache nmenory for. a m croprocessor systemis
bed. In the follow ng p@scri ption, nunerous specific details are set

descri
forth,

such as specific nunber of bytes, bits, "devices, 5 etc.,

-

in order to

provi de a FigReId Fhowm Rl ranster Mgmesy readesyHiesn €ofked enbodi nent of the present
I NVeNnt mads-onlthe Mbmdry RRBMBEbAHS preldfé®dibodinett. ONe skilled in the art that the

present invention may be practiced w thout these specific details. In othexs
instances, well-known circuits have not been shown in detail--or have been
shown in btigéere 18iiIRGkA6Y turdt Writetydlesthorh 86 ABoly®uaoi d 1 0 unnecessarily

obscurhn% the present invention. In the course of describing the present

i nvent9

menory in conjunction with certain specific CPU architectures and/ or

m croproc

These

i npl enentations nerely
cycles in clocked mode on the memory interace.

Figure 20 is a timing wavefém illustrating writa cycles on the
memory interface with wait states. '

Figure 21 illustrates the restart of memory write cycles in clocked

mode on the memory interface.

Figure 22 shows single transfer write cycles in clocked mode on the
memory interface. '

Figure 23 is a timing wavefo_rm of a read-write-read turn around in-
clocked mode on the memory interface in accordance with the currently

preferred embodiment of the present invention.

Figure 24 illustrates a wﬁte-gllocation sequeénce in clocked mode on

the memory interface for the preferréd embodiment.

Figure 25 is a timing diagram illustrating the relationship of the

MOCLK signal to output data on the memory interface.

Figure 26 is a timing diagram illustrating the relationship between
signal pins CRDY# and MEOC# in cl_bcked mode on the memory interface.

Fhgare 19XPL Himing %t?elfﬁﬁl dhBing Bickl1o-844 BGrspiddle 1860XP i croprocessors.

PodeAfdhR MEBIRsjadaee- i | | be made to the use of the invented cache

IREN

7’



15 ref| ¥QA¥BMWHMurrently preferred enbodi mept of the presenfGIHYSA847%and
shoul d not be taken as a limtation on the s&pe of the present invention.
It should be understood that the conc ts enbodi e&%(g °B resent i nvention
are applicable, or rffﬂ&"’%@"e?ﬂ@ﬁ'ﬁjgﬂrs f Q)F}’fé?sm% frodg arsthe memory
architectures, gerfgage : In-addition, in describing the' pr esent

i nvention refeln s - made to signal and pin nanes peculiar to the
currently preferred enbodi mrent of the present invention. A description of

these si gnal  nanes. Fiapre g8, fifaies tBekolE Atk BERS oY Biduad lelp e
preferred %nb%brﬁg&'ﬁgsm%ﬁébwﬂta&%r%t&gerv| esefSinGedtigh. tation on the

spirit or scope o esent inventlon ew of the CPU Cache Menor y
System Use of a data cache menory i s based on the principle of locality.

fofrenced 50 agdiauEegn Uit Mk s oP rfefndh TRSE Fych iskobb L oo
if an itemis ﬁsa@%q@%%%‘?g%g{eﬁé&m will tend to be referenced soon

thereafter (i.e.,
PCT/ US92/ 04747 |1 ocality in space). Thus, the rationale of usi ng a cache

menory is . o provi I}ggg J?QSSS Sl agl?\g@?fé%.‘y ERehchek Mssﬁl%be c?n ‘gPam of

t her eby ac eI erati gure 17’depl ct’s a

the cache subsyghe® H@&maefwncébc%r&mepmﬁm pma:eéu b%ouﬁnmsed The cache
sukgsystem conpri ses four basic partitions: 10, which in the currently
preferred enbodi nent conprises an Intel 80486 mcroprocessor cache data
slices 13, cache controller 12 and a byte enable |atch 18. Cache data
slices 13, in conj @gvre)ﬁwlqwaia%herswﬁtecwcl@s fropn Hmmmmbusus

controller 11, i de
supobed mode on the memory interface.

15
Figure 32 is a timing waveform showing back-to-back burst write
~ cycles in strobed mode on the memory interface.
Figure 33 illustrates the restart of memory write cycles in strobed
20 mode on the memory interface.
(> Figure 34 shows single transfer write cycles in strobed mode on the

memory interface.

25 Figure 35 is a timing waveform of a read-write-read turn around in
strobed mode on the memory intertace in accordance with the currently

preferred embodiment of the present invention.

Figure 36 illustrates a write-allocation sequence in strobed mode on

30 the memory interface for the preferred embodiment.



10 aWvghIH#B8B1bet ween the CPU bus 14 and the nmenory bus 18@4'1’%%‘136?{,@
i npl enrentation of the four basic partitio l?.l enents can be adapted to a

id i et | i i, .th h choi f CPU t . he size, d .
the momory bus 1 MBHTS.S2 S A Ymite|Aidares dusvine ine seislonshl BRRP ocal |y by
th h s 1 : fic.

Ther orore, 112G Gy¥ 8 NEQEY, Sendldn Hrafeq o ik dhamelybddte ' Foui e

a menory bus cycle) are conpletely invisible to MBC 11 and nenory bus 15.
This allows a reduction-in:nenory bus bandwi dth which is often required for
mul ti processi ng Fjigueen88 iaccitcyil @chamatic diagraohitlustrating bawHwrrstubsystemi s

to provide speed 20 decoupling between the CPU bus: 14 apnd nenory bus 15.
The subs st dnviplerpgplactSigRals Bre Geperaled I apcardanes v ihe profare |
wait-states up to very high frequencies (e.g., >50 MHz), while at the sane .
time provi diq{'gb?‘ﬁ@eg'gcoupl ing necessary .to run slower nmenory bus cycles.
Menory bus 15 typically is either 32, 64, or 128-bits wide. This conpares
to a CPU bus 25 width which is 32-bits wide in the case of an 80486

m croprocessor. Thus, the cache subsystem of Figure 1 easily supports

menory wi dt hs equal to or greater than the CPU bus width. It nay al so be
adapted to support nenory hus widths that are smaller than the CPU bus

Cache controller 12 provides the main control elenent of the cache 30
subsystem and includes the:tags and line states. It -tracks all CPU bus
cycles and determ nes which cycles can conplete on the CPU bus and which -~
must be passed to the nenory bus. It also provides decisions on o/
accesses, hits or msses (based on variations of a MESI protocol).

Controller 12 handl es the CPU bus requests conpletely and coordinates with
menory bus controller (MBC) 11 when an access needs control of nmenory bus

15. : - _



- Cont r-&yb@psig3pl S0 controls the cache data paths for both FdrsusssieatFses
to provide the CPU wth the correct dq? It dynam cally adds wait states
based on a nost-recently-used (MRU) pred
“cont enti ons. DESCRIRTION hol FHERPREFER ; ty.
Specifically, the nost recently used way of a set is nost .likely to be used
agai n. MRU | s t heAn integeated circyit whichdmpleraests a cache mgmese fora anot her
predi ction nethod for choosing the way to -be.repl.aced. che controller 12
D 56 bt ovi doBOEe R RYSTam %, ORRReSRt. 4R 4PE oIiAG Soscinlane AURPONE, 15 1ot

cache m Sses?e%-&é?ﬁl a&o%aghh.eéudhsasaé@éaﬁceﬁMBéwﬂt@x L'pi 5L AREL N9
menory bus’ sfoop operatrons i'l'e" ot her "devices are ut’il1'zIi hy nenory bus
15. Snoofy Nngetee i biddrao pheviad & brsuhhiriie?Bianditghe! the préfelledr 12 nonitors
shared nmenory bus 15 to determ ne whether or not other devices sharing bus
15 have a cogmbodimemnt ohtiecpresdntinybntion.nkt willbe abavidus, bowbver, keeonenoops bot h
for the second | evel ‘cache and for the primary cache in CPU 10, based on

t b pri nci plekilled intbe @& that thespresgnbigyertinn Mgl he prastized withawlthese t he

CPU cache core t.0 e.spgcific. menory bu rotocol .associated with nmenory
bus 15. T RReReAEtals” ECphaf InRATE e WATABRPRrfeuitS T3V ok Boef showh
flushes, W'i}lede%[;—!%?’h %be wh ﬁloEQQJHrgQ% Sforin -iihrlﬁgetlt?) t to a
singl e inplenentation of a , cache controller, and cache data sTice for
a W de rangeusHecBBEaYlY oBYEuMPIClesehlindeffdnt 0 support a wi de range of
applications. It is capable of supporting a synchronous or asynchronous

i npterface to a clintkedoorsestirdesedbimgribe présent inverdionefrequsers referemaey even be
ditfectly connected to a DRAMinterface. These different protocols are
support ed atWitdeonads de the use ot Hie invenied caghg memop! NCONMUNCiRB®ithcl udes

the | ogic responsible,.f ' L enentin he nory bus protocol. This logic
i s resgl)nsi bcf%afrb#pqqetécei’d g%hﬁecturés gné/or mrlrgroprc}/cesgor: pes, such as thle g

Intel 80486 ahd i860XP microprocessors. These implementations merély

_ 15 reflect the currently preferred embodiment of the present invention and
L should not be taken as a fimitation on the scope of the present invention. It
should be understood that th.e concepts embodied in the present invention
are applicable, or may be extended, to other processor types, architedures.
etc. '
20 In addition, in describing the present invention reference is made to
' signal and pin names peculiar to the currently preferred embodiment of the
present invention. A description of each of these signals is 'provided fn the
attached appendix. Reference to these signal names, or to their specific
function in the context of the preferred embodim_ent, should not be construed

25 as a limitation on the spirit or scope of the present invention.

Overview of the CPU/Cache Mem.o,ry System
Use of a data cache memory is based on the principle of loéality. This
principle recognizes that if an item is referenced, it will tend to be referenced
30 again soon afterwards (i.e., locality in time). Likewise, if an item is

referenced, nearby-items will tend to be referenced soon thereafter (i.e.,



menowoI9Rf22e8bi trati on, data transfer and cache consi st erRGIMISIZI0GAT - as

WO 92/ 22031 b PCT/ US92/ 04747
19 wel|l as controlling the transceivers in the cache controller and in the
cache data do¢aldy in(space)-t Fhus.dhe fatianale of usiag IRccachameMPrris 10 papdde .

optionally c led to ry b 15 through. transgei vers/ | atches). Cache
data slice éﬁgﬁﬁl %ﬁ%ﬁﬁé"%@h‘é%%&’?‘é‘f 8Py eéé%yn%qﬁe?qrﬂﬁry the CPU cache
core subsyst . 1. Cache 13 is inplenented as a plurality of )
i ndi vi dual wsh@e%%éd circuits 17 coupled in parallel to accomodate
the specific mempigurs aodegicteRnblockdiddranoictho Rache selbsystys upon vdisieh SRAM
integrated circuit 17 includes |latches, multiplexers (also 10 referred to
as MJUXs) 5 | dhe presedt inveotign istbasege The chcke Sehsyistem comprises four dasicst ep with

cache controller 12 to efficiently service both hit and m ss accesses. Note .
that the | ofadtitoanseta GFY WP+ whichdadRe cvgently prefeued eMbRgimentheen | ocated in-

h h ] | . ' ' ' o/
this |ogh o MREie A BulEeep i ipioct Faeaaa e o dt Betiene™ momory i n
order 10 m Nigibfoc{d Lh8d bielbAubIBARN RS BLEAY dafd Sidsie GAse. Cache data

slices 13 suppoft zero walt-state hit accesses and 1 ncludes a replicate of
the MRU bi t%oaflm\cii@ms}im EEiNel coRebliber 2aaHd meimirg buB\Coprelbret 1, GBrovider i Ng
menory bus cycles cache 13 acts as a data gateway between CPU 10 and nenory
bus 15. 10hus gatewagdietween the €Pb bug 1daand theomegwohbud 85i s responsi bl e for
providing an efficient, high performnce data path between CPU bus 14 and -~
menory bus 15. THNG sRepilieiMpierperiaiprobiiie ﬁoH\'/Qg?'F(Pﬁ“WF‘IG'%e'B\SS‘aJ'Ssed in

more detail bsehé)cratplzé/d 10 2 wide variety of applications through.cheice of CPU type,

cache size, énd the memory bus interface. All CPU accesses which can be -
-serviced locally by the cache subsystem are fiiterec out from the memory
15 bus tr;afﬁc.. Thére_to;e. iocal cycles (CPU cycles which hit the cache and do
not require 2 memory bus cycle)_are completely invisible to MBC 11 and
'memory bus 15. Th!s aliows a reduction in memory bus bandwidth which is -
often requiréd for multip_roces_sing systems. ..
One important function of the cache subsystem is to provide speed
20  decoupling between the CPU bus 14 and memory bus 15. The subsystem
of Figure 1 is optimized to serve CPU 10 with zero wait-states up to very U
high frequencies (e.g., >50 MHz), while at the same time providing the
decoupling necessary to fun slower memory bus cycles. Memory bus 15
typically is either 32, 64, or 128-bits wide. This comparesto a CPU bus
25 width which is 32-b_its Wide in the case of an 80486 microprocessor. Thus,
the cache subsystem.of Figure 1 easily supports memory widths equal to or
greater than the CPU bus width. It may also be a'dapted to support memory
bus widths that are smalier than the CPUbus = . .
Cache controller 12 provides the main control element of the cache
30 subsystem and includes the tags and line states. It tracks all CPU bus cycles

and determines which cycles can complete on the CPU bus and which must

—————



1t is inportant to note that while cache core 13 can operate asynchronously
on the CPU bus and nenory bus interfaces, there are no 25 synchroni zers
internal to this device. Syaehronizers for data transfer reside within the
menory bus controller 11 partition. The byte enablei:latch 18 is properly
associated with the cache controller partition in Figure 1. The byte enable
| at ch provides an interface for isolated CPU bus signals to the nenory bus
controller. These signals 30 include the byte enables, and other CPU cycle
status signals (such as length, cache, attributes, etc.). Thus, the latch
s used to mnimze the | oad WO 92/ 22031 : '
PCT/ US92/ 04747 (nunber of deviges in routing) on these critical CPU bus
signals. It is controlled dire y by cache controller 12 to m nimze the

conpl exibeyassed roethe mgmiry us dndisoprdvites dekisiohéreadcbebs, I ch 18 can be

I ncor por. Lihin contralle in certain enbodiments if pin count is
nat_a cgﬁ;snfsrg?i%@&"@ﬁ "SIQLMF%?‘BWBt Gegtipiler 1abpodles; ng now to Figure 2,

t her e i shesCRLhbuscredplests cordplately and cvbrdinkites witti @eméry 66 cache menory circuit 17 of

.the pre LN\, jon.. Cache nenpry 17 has three basic sections: the CPU
bus sect%:8 @ﬁfﬁrgﬂgemrr%re?/aBﬁ%ceiﬁ‘eggse%’W%ﬁ{]mmP‘f?e'SSRAM array. Each of these

bl ocks Wiohtroliati? diso cdmi®bsithdoeating datapatie fatdbminks & mivges °U Bus I nterface The
bl ok 288 e CE TR ohed oo, Bimatcnl s P S 4950 o0k 21, GPU
MUX/ Buf e @ nist-tecentip-askd {NMRY) predictiominechhnism @it hacessds and wites. its function
opLd m ZQSméfigsk. and write operations across the CPU bus. For read
The MRU mechanism makes use of temporal locality. Specifically,
the most recently used way of a set is most likely 10 be used again. MRU is
the inverse of LRU (i.e., least recently usea), another prediction method for
choosing the way to be replaced. Cache controller 12 also provides cycle
: requests to MBC 11 and the address to memory bus 15 for cachs misses.
/ The cache controller is also responsible for performing memory bus
snoop operations while other devices are utilizing memory bus 15.
Enooping refers to the operation whereby cache controller 12 monitors
shared memory bus 15 to determine whether or not other devices sharing
bus 15 have a copy of the accessed cache line. The cache controller
o snoops both for the second level cache and for the primary cache in
P CPU 10, based on the principle of inclusion.
" Memory bus controller (MBC) 11 adapts the CPU/cache core to the
specific memory bus protocol associated with memory bus 15. In doing so, it
coordinates with controlier 12, line fills, flushes, write-backs, etc.
Memory bus controlier is defined to adapt to a single implementation
of a CPU, cache controlier, and cache data slice for a wide range of memory
bus protocols in order to support a wide range of applications. It ié capable
of supporting a synchronous or asynchronous interface to a clocked or
strobed memory bus. In some cases, it may even be directly connected to a
DRAM interface. These ditferent protocols are supported at rhemory bus
widths pf 32, 64, and 128-bits. The MBC includes the logic responsible for

implementing the memory bus protocol. This logic is responsible for the



operations, this.function allows a full cache line to be |oaded into the
MJUX/ Buf fer- 20 with a single array access. Timng for the burst transfer is
20 then determned in the CPU bus interface only, allowing it to be highly
optim zed for a high data transfer rate. Likew se, for burst wite .
operations, the buffer allows data to be collected at a high transfer rate
(based only on the timng requirenents of MJUX/Buffer 20) until all data is
collected for a single array wite. In addition 25 to isolating the AC
timng for bursts, this approach mnimzes the use of SRAM array 22,

t hereby increasing concurrency with the nenory bus..-Simlar benefits are
al so realized for nenory bus_ngrations due to the decoupling effect of the
menory bus burst fromthe CPU bus burst. MJUX/ Buffer 20 has two 32-bit wide
sect i omemoryibus drbitrativn data transief andicect@Ronsifency functiops @. SRAM array 22 utilizes
a two-way set associative configuration with MRU prediction, as previously -
ment i oned. A set associative cache is a storage array in which the cach
menory is divided Into ways. A set conprises a.group of sectors (one from
each way) each being capable of holding the sane part of nenory. A set is
addressed (i.e., indexed) using the |ower portion of the CPU address. Al
sectors in the same set are.indexed using the sane | ower portion of the CPU

- address. The 32bit width within block 20 supports four transfers with eight
CPU I/ O pins. Two sections are needed to support the nost recently used

(MRU) selection without inpact to critical timng paths. Based upon MRU :
information, a way nultiplexer within block 23. selects the correct way to'w
“be used during an access. Way information is provided to block 23 from CPU
control block 21 along line 24. Way information is also passed to and from
array 22 along line 27. For exanple; ' :

il



- duri nvgroz/aeBicycl e the initial output is fromthe nost r®ETAUSIR/04348 Ty .
If the controller determnes that th st recently used vvay I's not the
correct way it will force cache neno 17 to change t her way using

“signal s on 5¥ell@sceatgling tae \',gg,ysq.myerggn %@W @'{B(FJ@E‘ AMNeERh8t 0 array
22 via |ine é%tabéac (ﬂg@itﬁ*%a@ﬁéﬁﬁa{rﬁneéﬁhe wﬁt?olfel?ﬁcé] eod\iﬁwai cache

menory 17 nu redrction mechanr'sm it cache
control | er 130uﬁle@i6'ﬁ{erﬁ%d&ﬁg\/ﬁlﬂoﬂéﬁﬁaﬁ&bﬂﬁemﬁwéﬁj to-function
properly. Reads that are U hits are executed wi thout wait-states. MRU
ni sses have one weathedatasslice 1GHmpiamonts tharache data storage elemenbin

pi pelined. In pipelined reads, it is possible to hide the tine used for MRU
| ook up i tﬂ@@é’éf?@cbéﬁp%ﬂl‘t&ﬁﬁm%%ﬂ"ﬁﬂh&mt%lsdﬂ'@lqm?m?ﬂésmu n ss.

tored in cabHraRy onEo Ry S AT dntebfauld Brbi 1 BB N B o)
[nLeriace seqlddfinbHEbNRE sBQEn'hH?lge:tael:y% t:@eﬂ@ Jfh8 mittoprgedsagy [ ever 1/0

dri'vers nmay o suppo e Sl zes. /0O

confi gurati ogydiémused, two input pins, CDATA[O. 1] (see section on Pin
and Si gnal ¥| nitions) are activated and the other 1/0O pins have their

out puts fl oati ng.Eadh SRAMIint&atad Crauitnt? gu:luﬂeusdatchgsemuum;emmgo pi ns
COATA[ 0: 3] are activated and the other four 1/O pins remain floating. The
CPU |/ O Wi vesdengdta 2% lvy%ﬁ)e@giq and,memRry stqrage W'm'bgﬂ%gt%w&km. te, or if

th | | t {
CLr stated | PERGRWIE gﬁiiﬁaﬁf@ﬁfé o PigSpul st P R R, 2o 1 s
active, the gULDULS ff% iHak 19 Rlgkftunctions within cache 13 have traditionally

been located in the cache controller in past designs. However, in the

present inveuntion this iogic has been specifically partitioned into the cache
15 memory in order to minimize critical timing paths as clock rates increase.

Cache data slices 13 support zero wait-state hit accesses and

~ includes a replicate of the MRU bits previously mentioned for autonomous
way prediction. During memory bus cycles cache 13 acts as a data gateway
between CPU 10 and memory bus 15. Thus, in addition to storing data,
20 cache 13 is responsible for providing an efficient, high performance data -
s path between CPU bus 14 and memory bus 15. This aspect of the present

invention will be discussed in more detail shortly.
| it is important to note that while cache core 13 can operate
asynchronously on the CPU bus and memory bus interfaces, there are no
25 synchronizers internal to this device. Synchronizers for data transfer reside
within the memory bus controller 11 partition.

The byte enable latch 18 is properly associaled with the cache
controller partition in Figure 1. The byte enable latch provides an interface
for isolated CPU bus siénals to the memory bus controller. These signals

30 include the byte enables, and other CPU cycle status signals (such as

length, cache, aftributes, etc.). Thus, the latch is used to minimize the load



CPU buy 92m03pl bl ock 21 basically replicates the bus provEeEOIS®04ME CPU
bus for the cache nmenory. In the cuxrently preferred enbodi nent, block 21

replicates the Intel 80486 or 1860XP bus protocol These si
control CPUnembenof davices in wutingkor thasegritical -RUhbus sigaalst
the primary cac

control secEqnieel

controll er

conprises o

y CO atorial and s c and

n.al s are used to
_ &S el swrite back t O=
54 craci by 3368 SSP IR 8 TP Mo Abakbe o he ™
by bl Sonifotei3. CRBI it Jieh 8 G 6 mchsq,arawa iRk 21

S designed to

per formwo dntrolier't2 iPbéntaifrenitodimbnsUppin csuritus bt addhargss to MUX/ Buf fer

bl ock 20 (and associated CPU MJXs 33 and 37) for
CPU buss This is essential in order to naxim ze the transfer rate for

oper ati ons

function is to have the cach@che Memerydreliteefwtecycl es and perform
I nternal operati
performs the tad:?

menory of t

extra circul

Wi thin the
~appreciate

burst transfers fromthe

bur st

since it elimnates a slow.external chip interface. The second

e tween cache cont'roll _ _
dBionf 17 hiag Threli HsRUsditiols: he O bRBestidr) thd meidry \Hus!

that this inproves the speed of read hit cycles. The |logic

qq?ﬂf@if??q\t' 15 RS PEIREER i shown AoRe fepf %g{'féglghf[ e cache
|nfég:?%§é rc%g@ée nf)%ﬁt\a@%uhqslt&%e p}gﬁlgﬁh% RS ERgndreed for an

and cache nenory 13

functi as restidedndiielSRAMaErayl Edchcdd thésebiockiswill nowebeddebaribetddn very

tightly coupled to the definition of the CPU bus.

By way of exanpl e,

accordi ng tmctehdetgilbelowl y preferred embodi ment, the logic functions of o/

bl ock 21 are based on the 80486 and 1860XP mi croprocessors in order to

guar ant ee maxi numtransfer. rates. This requires that the signal

characteristic be identical, .H@put %é)qf@é”géger be predictable,. and that
ngs (del ays) be wel | natched

the ACtim

15

20

25

30

or scal eability. _
The CPU bus interface comprises a MUX/Buffer function incorporated

into block 20, with additional controt logic residing in block 21. CPU
MUX/Buffer 20 is used to store data for CPU reads and writes. its function
optimizes read and write operations across the CPU bus. For read -
operations, this function 'allbws-.é full cache fine to be foaded into the
MUX/Buffer 20 with a single array access. Timing for the burst transfer is
then determined in the CPU bus interface only, aliowing it to be highly
optimized for a high data transfer rate. | -

L_ikewise, for burst write operations, the buffer aliows data 1o be
collected at a high tr_ans_ie-r rate (based only on the timing requirements of
MUX/Buffer 20) until al data is collected for a single array write. In addition_
to isolating the AC timing for bursts, this app‘roéch minimizes the usé'of.
SRAM array 22, thereby increasing concurrency with the memory bus.
Similar benefits are also realized for memory bus operations due to the
decoupling effect of the memory bus burst from the CPU bus burst.
MUX/Buffer 20 has two 32-bit wide sections, one for each way of the SRAM
array 22. SRAM array 22 utilizes a two-way set associative configuration

with MRU prediction, as previously mentioned. -



-For the inplenentation shown in Figure 2, the CPU bus interface supports a
2,4, or 8bit data path per cache device 17. Assum ng a sixteen device |imt
"(due to electrical |oading), this allows support of. 128 Kbyte, 258 Kbyte or
‘512 kbyte caches on a 32-bit CPU bus (e.g., for thé 80486). It should be
under st ood that by using MRU prediction the present invention allows

i npl ementation of a nultiple way cache with mininmal penalty. Miltiplexing _
for. the proper way is done at the last level to naxim ze the tine avail able
for accessing the MRU, and for providing the new one. Mreover, the data
pat h between the CPU bus and nenory bus (details of the data path to
follow) also supports MRU p | ction by accessing nmultiple ways for the CPU
bus operations. Note that wh the present invention inplenments two way
oper ati on, Alset gssaiativendachesis @ stoeagd abvhycin whichie eadha anmembryo ways. CPU Dat a Pat h

for Reads,. e SRAM 1 erforms an, ar | 00k- U for awy CPU bus 14 read
cycle Iﬁdgwgl@{ap'ﬁyf‘ox%( ppgegmrqup(omc@ﬁgefpg{ . Cache controller 12
USES C%hawhﬂmmaﬂm(ﬁimwnbmemmﬂfgnmbq B3etti® control the transfer

| n the h/ﬁl menory interface in the

from ar a f read

case ofgﬁéasa"dr#%'s"%“@'%ggg' N B ‘f’h" fheby as@ e cache (e.g., 1/0. The
CPU datsaqmtuhtﬁacsamaw(hssamsaﬂmtaeéauiello\ﬁetpMmrsomﬂtergh array bus 25. Array
bus 25 ] u . HH!!{#O turn is coupled to the
array 2@%?0&5@1@&% Wus %&@8@& rru %"m{s(e@greﬁ 8 is controlled by CPU
controICwuelpins.lTuQSGumslmeeddtoﬁmhnmmra@oﬂyssads 128-bits; 64-bits
ftom ea . s fr. e nenory side, a full 64-bitsis
select e%ponlf?'héwé%&ecﬁ egﬁém?adg&l%'\agb%% if the access is for the CPU side,
bot h ways oBaseti spanddRE intarciatitm, #)iﬂaasmdﬁmexawmn bkek@8.at ed, the CPU data path

for remqﬁﬁéﬁ%ﬁgiwz 9'5”'% ‘%CL %mné to the array, the

64-bits are
provided to block 23 from CPU oontrol block 21 along line 24. Way

information is also passed to and.from array 22 along line 27. For example,
during a read cycle the initial output is from the most .r'ecently used way. i

W, the controlier determines that the most recently used way is not the correct
way it will force cache memory 17 to change to the other way using signals
on 59 to change the way mux 33 and to write the new MRU into array 22 via
line 27 (e.g., for the next access). Note that the MRU in cache memory 17
must be in lock-step with the prediction mechanism in cache controller 12 in

_ order for the MRU prediction protocol to function properly.
S Reads that are MRU hits are executed without wait-states. MRU
misses have one wait-state to change the way if the reads are not pipelined.
In pipelined reads, it is possibie to hide the time used for MRU look up in the
cache controlier and avoid the wait-state for the MRU miss. Thus, for CPU
reads 32-bits times two are read from SRAM array 22 and stored in each of
the two way sections of blocks 20 and 23.
The CPU interface section turther includes eight VO drivers. Of

course, fewer /O drivers may be used to support larger cache sizes. If the 2x
CPU IO configuration is used, two input pins, e.g., CDATA[0:1] (see section
on Pin and Signal Definitions) are activated and the other O pins have their
outputs floating. If the 4x CPU /O configuration is elected, only pins
CDATA[0:3] are activated and the other four YO pins remain floating. The



addressed cache line. If the access is to the nenory bus, the 64-bits are
fromthe nmenory buffer (either buffer 40 or buffer 41). In this latter

‘case, the 92/ 22031~ :

PCT/ US92/ 04747 way function is based on the address to select the correct .
hal f of the nenory buffer. (Recall that the nenory bus cache line size may"
be larger than the CPU bus width and it is necessary for the CPU to access
the correct portion.) Wth reference to Figure 4, details of the CPU data =
path are shown 5 continuing with-the exanple of .a CPU data read, the
64-bits accessed from array re next passed through CPU buffer 20 to a
burst nultiplexer 33. Burst i plexer 33 is a 4:1 multiplexer which nuxes
t he 64, own _t 6 bits bits x 2 ways). Burst multiplexer 33 is

initi aﬁgy"z’e 'ﬂf‘?ﬁ%#@‘g’ﬂ@'gf’&g "ddress. The way in which burst MUX 33 is
actually controlled in the 10 currently preferred enbodi nent is

illustrated in Figure 38. Figure 38 shows a counter 34 excl usive ORed mnth\_)
a 2 bit start address. The output of the MJUX address is then decoded by
decoder 35 to generate the burst MJX select signals. In accordance with the
currently preferred enbodi nent of the 15 previous invention, burst data is
transferred in a predeterm ned order consistent with the operation of the
80486 m croprocessor. Followi ng burst multiplexer 33 is configuration.

mul tiplexer 37. Configuration nultiplexer 37 is enployed in the currently
preferred enbodi nent to accommodate the different pin options at the CPU ..
bus 20 interface (e.g., 2x, 4x or 8x). Thus, MJX 37 can be configured as &
1:1, 2:1, or 4.1 nultiplexer. In practice, conflguratlon mul ti pl exer 37 can
al so be configured statically such that all of the bursts are perforned by
MJUX 33. For exanple, in the 2-bit case, 16 bits nust be nuxed down to 4

bits that will show up on two output plns




25 - In the currently preferred enbodi nent, MJX 33 and MJX 37 operate
as follows. For the 8x case, MJX 37 is configured as a 1:1. multipl exer,
i.e., as a direct conmect—For this situation all of the bursts are
performed at MJUX 33. For the 4x case, MJUX 37 is configured as a 2:1

mul ti pl exer and every other burst is performed back and forth between MJX
37 and MJX 33. 30 For the 2x case, MJUX 37 is a 4:1 nultiplexer and burst
MJX 33 is switched twi ce for proper burst ordering. Recogni ze that nuxes
37 and 33 are distributed in the currently preferred inplenentation.

Col l ectively, the CPU MJX functions as an 8 of 32 sel ection device for an
Bx CPU bus device, a 4 of 32 sejection for a 4x CPU bus device, and a 2 of
32 selection device for a 2x bus device. The burst addresses start at
t he i nigrogaéss isckowrie, or ighereiis rio\cy¢idia pEigess.nAtacanddtanmed,wi t h t he burst ordering

b, 5. 10 SapndsE FOBARFRGE Iy o BiGirsreacsh I, el w10 ared t hat
al | appbse&atamnShwdtﬂms.mWnul tiple cache nenory integrated circuits.
ggtrjrteggzg Crr%u%‘g used ozﬁk(:%gé%éw oﬁ?@a&a por%f'on o?ﬁﬁergﬂﬂ ;red Ni?get hat the
di st ri KeRWblsderitie aacheoemnry. dﬁWMWMMMMﬂG? is controlled by CPU
1 U 37 faptem Mol ot i oo BZpeledt” Pogid wplelt T 00 Sy Tl Ty
based G*ENWMWMﬁmmwmwﬂﬂmﬂWHM%redi ction is not
Q«rrectbw;‘? W Rndkanid1e way signal on line
59. Way I nfornati nlsaso use ovvrltethe new MRU way into array 22
al ong [timeecoptrol spgion tmonitprsiibassignals baing mesivect frem thegachel| ti pl exer selection is
based %nmemﬁ‘iﬁésd" t to sel ect t he correct port [ on
_Ths control logic resident within block 21 comprises ordinary
combinatorial and state machine logic and s designed to perform two key
- functions. First, it supplies burst addresses to MUX/Buffer block 20 {and
\_s - associated CPU MUXs 33 and 37) for burst transfers from the CPU bus. This
is essential in order to maximize the transfer rate for burst operations since it
eliminates & slow extemal chip interface. The second function is to have the
cache memory track CPU bus cycles and perform intemal operations to
anticipate a cache hit. The cache controller then performs the tag look-up in
_ parallel and informs both the CPU and the cache memory of the result at the
u same instant. This obviates the need for an extra circuit interface betwaen
cache controlier 12 and cache memory 13 within the most critical timing
path. Practitioners in the art will appreciate that this improves the speed of
read hit cycles. '
The logic functions resident within control block 21 are also intended
to be very tightly coupled to the definition of the CPU bus. By way of
example, according to the currently preferred embodiment, the logic
functions of block 21 are based on the 80486 and i860XP microprocessors
in order to guarantee maximum transfer rates. This requires that the signal
characteristic be identical, that the burst order be pradictable, and that the
AC timings (delays) be well matched for scaleability.



&

of the menory buffers. Finally, the output drivers and | atches are defined
.to nmeet the pin timng requirenents. CPU Data Paths for Wites Cache SRAM
17 latches data for every—€PU bus wite cycle. Cache controller 12 utilizes
CPU bus 14 and dedi cated control signals along line 59 to control the s
transfer to arry 22 for wite hits (M Eor Sstate) and/or to the menory
interface for S state wites, wite nmisses or wite cycles that bypass the
cache (e.g., 1.0). For CPU wites, MUX/ Buffer 20 is used to store data :
before witing it into SRAI\/larray 22. The entire CPU cycle is conpleted
before data is:actually wrltten into the array. Note that data WO

92/ 22031 PCT/ US92/ 04747

transfers between l\/UX/Buffer and arr% 22 take place across 64-bit w de
array bus Z@fWWQWW"tMFENQ"’@ﬂ“G % bugimestaceyr i tt en i nto MUX/ Buffer

20 bef oggobica 2 r4ramwmtﬁmmsvlm£maalsmeh@th ways of . CPU buf f er
20. Data |s witten to 5 array 22 to the wa ecified by the cache

contr ol FW“WM&QW ieadingl this #llows fuBRPIBEK e 258gar di ess of whet her
the cur kB of 18 Rujt bit JFU-ul fo.4.) 8Ané BosgBcheable, it is witten into

array 22 in the one half cI' ock period after the CPU cycle is complete. In
the present ®&tquthe undesgiog thatdy uging;MBU pedicon thaprgsem 6, * or  32-bi'ts wi de.

Ther e aingeriibh aiPWs v&ei\iﬁ&ﬁ&a%ﬁ weGithahinidddl . bl ock 20 that  all ow-the

writing of each individual bit. herefore, during a wite to. array 22. only

t hose bH@W%WW&W@%@H‘“&P@“&HW W*ﬁrmten [t “should be
under St g e il o BichedhdUR) AU A 1ch ARG Warr@MGho. 0 Lhe memory i nt er face

to support data rrer 0 eratlons for wite allocations. In this S|tuat|on

a cacheMefeqyer;the R bysang gagely bus (etails ofal i d

the data path to Mbw\ also suppons MRU pred:e!ion by aceessing multiple
ways for the CPU bus operations. the that while the present ir,wemuon
implements two way oparation, the protocol is extendable to more than two '
ways. '

CPU Data Path for Reads |

Cache SRAM 17 pedomé-ag'gnay.lgdkyupzipt- every CPU bus 14
read cycle in anticipation of a read'hit (M;E or S state). Cache controlier 12"
uses CPU bus 14 and dedicated controf signais 59 10 control the transfer
from array 22 in the case of read hus or from the memory interface in the . .
easeofroadmissesorreadcyelesthatbypassmeeache(eg VO). The S ' - _ b
CPU data path for reads accesses __a__iull 64-bits through array bus 25. Array
bus 25 is coupled to array multiplexer 28, which in turn is coupled to the -
array 22 through 126-bit bus 30. Array multiplexer 28 is controlied by CPU
control block 21 across line 31. Each array access is 128-bits; 64-bits from
each way. If the access Is from the memory side, a full 64-bits is selected
from the selected way. However, if the access is for the CPU side, both ways
of the addressed 32-bits are used. - _ .

As stated, the CPU data path for reads accesses a full 64 bits. Hfthe
access is to the array, the 64-bits are b_oth ways {32-bits each) of the
addressed cache line. If the access is to the memory bus, the 64-bits are
from the memory butfer {either buffer 40 or butfer 41). In this latter case, the




15 wit in menory buffer 40 (or 41) before being putpd rray
22. As prei\?li%%slly di scussed, wite cyo{tLegpass t hrough the P&;I?Jl?g%ﬁ%%ﬁ
drivers and are latched to neet the ext®ernal timng requirenents. In order
to support tQRydihéfrPRibAabomine sésaty sdie@Rhe chirbét hatPof tHE méthodX) . the
wite data pasSes through a nultiplexer 47 which drives the bits baSed on
the 20 par butfed. afRenatithatthatremonfbus cachepling sizé mdydeclasger tbah tha wo dat a
lines comng into the cache 17, multiplexer 47 would fan the two |ines out

to ei ght for CBhlbyswWidh ang it 1s,pe¢essatysiog the CRhtaRGeessthecorract gemtians) of t he
CPU buffer 20. Thg, C 1,00 ' [ ' enabl es
into CPU buffer ng'ﬁ%&er%g%g?@ﬁéfy afga%\fﬁsoﬁbingé%t?%fﬁlggel %&A‘L enever
cache 17 45 psflify WRhnERkampi8 81 8'CPUIdifa Fead indBLIbRS dotedsdd frém
However, cache 17 al so supports a parity node of operation. This is a

conpl et el y dafrhp2@rdreriuke passeditirobgh QR bdfiad 20 a burdtimuitiplexert33. enabl es
are—tonnected to the data pins. The data path works the same with the
except i on of Buret multiplexgr 33 is ard:1 ynultiplexer whichvunixes 18e 64chitstdawn ¢0 16he bi t

| evel . When cache 17 is used as a rity device, the granularity is 1 bit.
WD 92/ 22031 bits (8 bits x 2 ways). Burst n'ﬁ)ﬁiple%r 3% is?ni‘hal}y selgt the ’eﬁé??’)é@%/ 04747

tyol oo uti 11 Saaes PhE BRI BRI R RIS o Y PR B R I v o rmr y
cache afﬁb”eeftrsﬁu;}ug@eﬁ@aem im}é’ﬂi %qw@:@d i Figlie 3P aFiguré 38a¥wsl 7. That

ié,\%they are eventually nmerged w ata from SRAM 22 in“wite-back buffer
46>5 or snogpobuidrad élriusie QRepRBIe add bit beseadurééer Shevolipubef thescussed i n
nore detail shortly. It is appreciated that by having a sliced data path

wi th nul tipl exclssive GRingors rali¢ogeneraegthesurist Mikeandress.t Thebprsdrt | ar ger
cache sizes with

h
MUX address is then decoded by decoder 35 10 generate the burst MUX
select signals. In accordance with thecurrently preferred embodiment of the

15 previous invention, burst data is transferred in a p-redetermined order

consistent with the operation'of the 80486 microprocessor.
Following burst mutiipiaxer 33 is configuration muttiplexer 37.
~ Configuration multiplexer 37 is employed in the currently preferred =,
embeodiment to accommodate the different pin Opiions at the CPU bus |
| 20 interface (e.g.. 2x, 4x or 8x). Thds. MUX 37 can be configured as a 1:1, 2:1,

or 4:1 multiplexer. In practice, configuration multiplexer 37 can also be
configured statically such that all of the bursts are performed by MUX 33.
For example, in the 2-bit case, 16 bits must be muxed down to 4 bits that will
show up on two output pins.

25 in the currently preferred embodiment, MUX 33 and MUX 37 bperate
as .folléws. ‘For the 8x case, MUX 37 is conti’gurea as a 1:1 multiplexer, i.é..
as a direct connect. For this situation all of the bursts are performed at
MUX 33. For the 4x case, MUX 37 is configured as a 2:1 multiplexer and
every other burst is performed baé_k and forlh_ between MUX 37 and MUX 33.

30 Forthe 2x case, MUX 37 is a 4:1 mu'rtiple_xer and bu.rst MUX 33 is switched

twice for proper burst ordering.



single loads on the data lines for all configurations. For this situation,
data path fnctionality is identical in each cache device. Wen that
functionality is repl‘l.ca-t-ed—N times, nmultiple devices 17 are enployed to
make up the full cache core 13 in order to support |arger cache sizes (see,

Figure 1). SRAM Array 15 . Wth continuing reference to Figure 2,
SRAM array 22 includes 256K nenory bits divided into two ways -- 128K bits
each. Array 22 also includes 4K MRU bits, and associated array address ¥

| at ches 49. Address latches 49 are used for all array access addresses.

Al so shown in Figure 2 is a 64-bit path on array bus 25 coupling the CPU
interface, the nenory interfgfe and 20 array 22. This bus supports cache
line wi de single clock acces&€s. Connection bus 26 supports transfers

bet ween CPLhewsh:mmuxdslweﬁdaél'&rbmshwmmmqa&mriwcal |y included to increase

t he concurre of the che.s artlcu connection bus 26
al | ows %‘&Wﬂ@éf M%&%ﬁ@”x 551'21 nd menory bus 15 while \WJ
array az&emsmt&ﬁnmwumswcua4aezm|ohmmExarrpl es of where this
featur ed | Ll he . back buffer during the line
fill or Aéf?‘!fg?‘?% $ ssé ﬁﬂ"vf’g?{@%ﬁ%?“gdf’ﬂ“ CPU bus is conpleting a
read. Sﬁ%&hibsrddams& stait aethé immwdnewglvemmdnhmau iBRAM cel | s fabricated

enployln | %oapuc conplenentary 30 '
nmet al - mﬂ&@' g\‘@t%@ 05 éotqéac&'%&ﬂ/%at is novel, however, is t he

way in V\:hl c'l‘hemu\unamrnw am morla:ﬂe:dnbosﬂﬁeonaatbes nal “data pat h 170

- 92/ 2203 - PCT/ US92/ 04747 U
t oget hed:_‘pe\n"df"ﬂ u%"e%"?ﬂ?’ﬁ"ﬁ%rﬂslag% ?temﬁagatoglquons rackl ng cache controller
oper at iutitize ritiiplercactid ménmnsinmgratst clicwis. For thosd capigustionn pr ovi de dual - port ed

~access N0} Igsst]&nd:&tbgs %%ﬁ& E‘Jnliea%d?a%sesmtbe ugw 'gccesses to ar ray 22 can be

access only a poruon of the baffer Note that the distributed eonﬁgurahon of _

muttiplexers 33 and 37 is eomrolled by cPU control block 21 thmugh select

fines 38 and 39. o ' .

o The final MUX stage shown in Fidﬁke' 4, way muttiplexer 43 is used to : _ | V
select the correct way initially based on the MRU stored within array 22. ‘if -
the MRU prediction fs not eorreét" th'e way multiplexer is switchied based on

the way signal on line 59 Way mformatlon is also used to write the new
MRU way into array 22 along: Ime 27 For memory bus operatlons, the way
muttiplexer selection is based onan ad;iress bit to select the correct portlon '
of the memory buffers. - '

- Finally, the output drivers and latches are defined to meet the pin

timing requirements.

CPU Data Paths for Writes
e Cache SRAM 17 fatches data for every CPU bus write cycle Cache '
s controller 12 utilizes CPU bus 14 and deqlcated control signals along
line 59 to control the :transfer to' array 22 for write hits (M, E or S state)
and/er to the memory interface for_ls state writes, write misses or write cycles
that bypass the cache (e.g.. 1.0). For CPU writes, MUX/Butfer 20 is used to
store data betore writing it into SRAM array 22. The entire cPu cycle is
completed before data is actually jwritten' into the array. Note thatdata



point to t

made fromeither the nmenory bus or CPU bus sides. Moreover, a%gﬁ 5_path
for corMOAW B directly between the and nenory buses i8¢ or
cycles that do not involve the cache. iﬁ's is defined to support concurrent
operati ons ang .t . : r t ocol s.
Since the ar rgg/ahgtheggt% Eg’md%t ?Uggtgﬁﬂgf%" ggr??itgﬁmia%é t% Egisgasrf‘ésﬁo

i ntegrated ci widé arraybbs\@50tUp 5 foun transfersof data can beowrittenfiitoai ned by pins .
or<output buffers, as is usually the case i-n prior art designs.
Consequent | y, NUX/Bufies20heloredhe perairdslwriigBh wi der than the data path at

the |/ 0O pins f efficient f ot This al | ows i ngl
Loy senbes 1o solita ichedm bty wdts ol e itz Daals willeniey henel i o
f thi : | - i 5 . 22
OL onl v SPEBC ity ¥foling way \ibiled 6 fhe CACROIHIIEN CLAAPUARNS Ritghed T 2 22
clock rate (sifisMURMBMeF 28 ragaRIERofdMathéthbtairent lihe & cdthoBbRl # (e

initial access). As discussed earlier, in addition to storing data SRAM
array 22 is alineis eagwasld)itds oittekdnini amay22 iptheobne-half bfeckiperisduafted by t he
cache controller. 20 These bits are used by cache nenory 13 to predict
which way it whe CPbbcygieisspmplele. rladbe ppeseat sehamen@lfUnvitesigandech@, This

W Chout i 1 < B 16 e Ebth ideh Thefe ach Blionabl ees At BUXBET o ey
thout vai t - | UHEP X BTG | .
poi nt to tRe ek 3 kpal 8o SR Eag O BLER RnER B b RFe TR o ot o

ipitially pl agafe phbaal e, 6RY those blt§ witich arcbie weitebhable@rardeicasdly a read
hit to this way, the data is provided to the CPU without wait-states. If

t he cache contwreleherlt stedude be umdesaccdithat tloe bit @neblesraregassed throsgh toect s
cache 17 to change to the other way. (Cache controller inputs are coupled
to CPU cont r olthdimearore intgliacr)1q sypposhdztagperge operatigns fofasite aloeatiopsewed as
bei ng 64-bits at hs_i.ntg

oo L e &'Eé'&ég‘é&%ﬁ% 8}%%5% rli%-%rgsn%%’\éop.frgm mamory and rme(.)rgted QoS fantey -
_ 15 - write data in memory b‘uffel-" '40'=('or 41) before being put into SRAM array 22.
W, - As previously discussed, write cycles pass through the CPU _inpuf
drivers and are latched to meet the external timing requirements. In order to
support the different data pin configurations (i.e., 2x, 4x, or 8x), the writé data

passes through a multiplexer 47 which drives the bits based on the

20 particular configuration. For example, if there are only two data lines coming
W into the cache 17, muttiplexer 47 would fan the two lines out fo eight for CPU
butfer 20. |
The 8 bits are then driven to all slices of the CPU buffer 20. The CPU
control section 21 selec’t:ively drives write enables into CPU buffer 20 (and
'-_-2.5 array 22) to write the correct bits. Whenever cache 17 is used in data mode,
the granularity of writes is 2 bits. However, cache 17 also supports a paﬁty
mode of operation. This is a completely different mode in which individual
parity bits and bit enables are connected to the daté pins.. The data path
works the same with the exception of the finer granularity needed for write
30 control at the bit level. When cache 17 is used as a parity device, the

granularity is 1 bit.

]
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accesses. Only one of the paths can’ijﬁ used during each CPU clock. Menory
accesses select 64-bits fromway 0 or vva& 1. CPU accesses al on path 25 ‘
sel ect 32 of tth@@BUt\sﬂlﬁrRﬂiﬁ'tﬁaﬁf'sg ugqd fopcaghescansistenayyplesayCAY | n one -

rerory. pat S ORI %@539?9 Hl%bﬁs“th?%@gfﬁ??'ﬁree@ﬁwhgir%ZL Mo

SRAM arr ay farfy dthet\iitd Sy itHid 3-&& |
dependi ng u%%g&%te con gf%r aﬂéotne V\hene;dbata frobs%gu I\/UX/Buf '5’0 S
written intipey Bfe erémuallytrhergedcwnh deatd frofh SRANS22 Iifweite-Backobufferws tten in
the currently 10 preferréd enbodi nent, dependi ng upon the nunber of 1/Gs -
pi ns us&d arénobp bufiabés. ahetmeseeasthersﬁcmmmtwﬂtbeadlymaednamedat a

transfer control on the CPU and nenory sides decouples the high speed CPU
bus of the d81@h&hoMEnory bus. The CPU side is controlled by the BRDY# and -

BLAST# signals gs 1 f I 4 T | nterface
i s synchronous 1?‘0 %@r%e&@s %'ha%neﬁc%én%a%pgﬂtﬁ?f gﬂ@iq%w&%ﬁtrol | ed by -
a set of S'&lﬁ%hﬁall@@& 18 srez\%xnﬁlteﬂneﬁsosgp&%rargwe&ﬁe@rz&%ﬁﬁct'Ons
internal to cache 17 are a full a cache line w there are no

synchr oni z afikgde (d=RI$LorT eweduts lihes fereall configurations! cforanissiteatierg@atdhe ti ni ng
di agrans in pin description:in the 20 Aﬁpendrx for nore details.) It

shoul d i6e umdefgicvodalithig identicaliin erahicaghe slevice: I\Uheblhasmm@aamy vary

depending on the sp ific i'nmglementatio For_e onsr era I ons such-~
as cache dd$ &ExraEs 'lchrt'ﬂter? Y pj? (@vg:gs ul ?mBlEY%E Rd?‘ nmandat e au

O erent a2y cEADLS bRl 30 slBbof erdel ELOR Lives ec,g@@dﬁmﬁ“t Beyond

supporting operatron an nce goal' s externally, the
actual organization of the SRAM array 22 is

'

| ~ SRAM A'ray _
15 Wrth contmurng reference tc Figure 2, SRAM array 22 rncludes 256K

memory bits drvrded mto two ways -- 128K bits each Array 22 also includes -
4K MRU bits, and assocrated array address latches 49. Address latches 49
are used tor all array aocess addresses Also shown in Fgure 2 is a 64-bit
B ‘path on array ‘bus 25 couplmg the CPU mterface the memory interface and
20 array 22. Thrs bus supports cache llne wrde srngle clock accesses.
Connection bus 26 sup_ports transfers between CPU and memory buses. v
This bus is speolfically.inc.wded to increase the concurrency of the cache
solutron in particular, connectron bus 26 allows a connection to be made
between CPU bus 14 and memory bus 15 while array accesses are -
25 occurring at the same t'-;“_"?* Examples-_of where this :fe_ature_ is employed
includes filling the write"back butfer during th‘e line il or allocation, or
serv:crng a snoop whrle the CPU bus is completing a read.
SRAM array 22 rtself compnses ordinary SRAM cells fabricated
employrng metal-oxtde-semrconductor (MOS) or complementary
30 metal oxide- sem:conductor (CMOS) technology What is novel, however, is

the way in which SRAM array 22 is connected to the internal data path - -

- n—re— -



-gener al,f\- strained. Menory Bus Interface 30 Th o hig
i nterfa%ézt)%rﬁ?ilqon of cache 17 corrpri.é‘rze a simlar MJIX Buffmzyg ration
S

.and control logic function as that as€ediated with /0 92/22031

PCT/ US92/ 04 pdethbr With tﬁé’lihétjserémiéw SIMRUSEItSfor tragkifig @achl eBHEsliert he Menory
bus requirenents are generally not the sane as -the-&PU bus requirenents.
Speci fi cal | yoperatiomefiguye 2 shaws aray busr25 configused toptovidel dualiporiedal
buffers and cannot be optimzed to a single bus protocol. 5 -~ The
menory bus | 3RGEFE IR cachsdata slomgeairay,43 Jhat isnaPCepses ia amay,22rqande gr oup
consi sts of ' t [ 0 ' ' eamr X hus controller with a
synchr onous '&'Eﬁ%?ﬂogﬂg#ﬁ% ‘th'?%'g'i’& %@ﬁg@?’% pﬁ% E@hé‘é@%‘éﬂda&)’gﬁﬁs consi sts
of the data RSB i t - nt r ol

si gnal s. %tNot%ati E%’t% egte| Sl ggg g%mnéoyta hglv%ﬁé] %@n@ﬁ&%ﬁggééiﬁat ionship to

10 the prodasiaded fdraysidscthat doinot ifRotvenibergache. T ierdetined 6 sappsd from
the ot her system conponents It is inportant to note that activities between
the nmenory eencugent operationp anditoglecotplerthesoemoty busand EPU basr associ at ed
MUXES, and driver bl ock 44) and the remaining sections of cache nenory 17
are 15 syndfnsiRfRrotasolse’ CPU system clock (e.g., CLK). Activities between

Lo TR Db S5bb e Atk Ao TRl R AR AP SRR o
<", 2 RGBS et o cRF st fobatyoct T
o output buﬁ,ers.' as is usually the case in prior art d‘esighs. Consequently, ihe
interface can be made much wider than the data path at the 10 piné for more
efficient use of the SRAM array.. This aflows a single array access to service
many. transfers on-an external bus. The key benefits of this.approach are a
15 higher level of concurrency (since SRAM:-.array 22is only used for a fraction
\_ ot any external bus cycle) and a higher maximum clock rate (since the array
accesses only on the critical path of the initial access). |
As discussed earlier, in addition to storing data SRAM arfay 22 is also
responsible for keeping a copy of the MRU bits used by the cache controller.
20 These bits are used by cache memory 13 to predict which way it will be'
N/ accessed on read cycles that may hit the cache. This prediction method
allows multip'le-way'cache implementations to respond without wait-states at
a much higher clock rate while simplifying a key critical timing path. For
example, during a read cycle the MRU output will point to the most recehtly
25 used way, and this way will provide. the data initially placed onto the CP.U |
bus. If the cache controller detects a read hit to this way, the -daté is provided
to the CPU without wait-states. [f the cache controller detects a read hit to
the other way, it instructs cache 17 to change to the other way. (Cache
controller inputs are coupled to CPU control block 21 along line 59.)
30 Each wéy can be viewed as 'being 64-bits by 2K rows.' There are two

-paths into or out of each way -- one for CPU accesses and one for memory



synchwanens22e31 a strobe si gnal (e.g MECCH). The strobed.mdusﬂloow,r:‘ation
‘uses signal edges. Thus, there are t nodes of operation on . the nenory bus

interface to _suppor.t w de of ..ne bus otocol s. Al so recogni ze
that there em%){éeé’ éﬂlﬁﬂ".e\ﬂ%géeﬁém‘ﬁ%p?mg%nﬂg each &Y %rsegt ion to .

CPU buf fer 2%%,%'%?¢Es§é§ ﬁ%&ﬁbﬁs ﬁsméygq;m; UspU Qc%/é% s i.‘?h{%{jow des

a data path the ca ch . avoi ds” di sturbi‘ng arra oi ng

so, the prespath 2519eteti 3Mopihe 64-bits fom wag 0 dril 32 6£64-Bits TRt el Halma

transfer. To connect the nenory bus section to the CPU bus secfion, nenory

L]

MUX/ Buf f er 2@nesinckipesioditherer¢ambe iooly one acass thiougbreitheo thet CPUIGr and 46 as

shown in Figure 2. . WD 92/22031 .
PCl / US92/047TeMRAYR3MNS cache |ine wide buffers are used.to support

borterc i e cufVHBR e Hha Bho PS4 Afhr E BRIE I B SHAEY 20, g

four memory hihppbase nHibe?of bt written éan aifttbrte 168143 6f 64 ﬁ%g@ﬂ?in 1 are 4
enpl oyed for 5 “transfers ‘between nenory and the'CP_U and al so tof transfers
bet ween t he opomthe cordigbfdivharWhgn tata foff @PUABUNXBufter @0f ie rwritteroipto
write-back, while buffer 46 is utilized for replacement wite-back. Note
t hat concur r ie3rrays thargwaade tihdk 8ed61prdR-hitsandttaninitbe surrestly ful | 1ine
wide intgfface .to the array, there allowing a, sipgle ¢l ock access to
ot v Pt Ted BrwBhinadn. bO5H g Sp8 the Huoef pEEOS dins Pied Breoul i be
added sinply pa i dGsidie number of CPU or nmenory butlers. For such a -
si tuation, thh%yra‘gﬁg patt%g'gfaéri:%ept woul d be- the same.: By way of exanple, an W/
- .addi tional snoop jpdbpérdeit @sfndirolse€ cha PRI britiP R tRETAY iR, Wherein
~the nodified data is placed |n one of the 15 snoop buffers. Q- her snoops
can then be meriwy rsﬂitsmpu;_)i@esgheﬁgh speed CPU bus of the slower memory
- bus. The CPU side is controlied by the BRDY# and BLAST# signals as
15 preferab_ly defined 'fo'l"'.'th'é_80486 bus. This inteﬁ_aoe.is synchronous to the
CPU CLK signal. The memory interface is controlied by a set of signais that - \J
- | _ SR RGN MR .
are asynchronous to CLK. Since the connections internal to cache 17 are a
full a cache line w_ide—_;it'here are no synchronization r_eé;Uirements betwéen
data transfer eve__r_lt.é_ (see' the timing diagrams in pin description in the
20 Appendix for r'n'ore _8etai|-s.) _ |
It should be :un__d_erstood' that the internal org_énizaﬁon_ of SRAM 22 V
may vary depéndjng_@d the specific implementation. For example, |
considerations s_u_ch_ a,"s'_'cach-e data slice width, ar'ray size, number of ways,
etc., may mandate a difi%r_ent array configuration for a_n-'al_ternativle
25 embodiment. Beyond sUpp_orling basic operation and performance goals
. hadhas : :

specified externally, the actual organization of the SRAM array 22 is

generally unconstrained.
Memory Bus Interface

30 ~ The memory bus'interi_ace portion of cache 17 cémpris.é's a similar

~MUX/Bufter configuration and control logic function as that aSso_ci_ated with



-nodi fied data while the first snoop buffer is capturing ifj.ed data from
t he prf%?@zze%’che of CPU 10 across Lt‘bus 14. Thus, the%ﬁpﬁﬁ?%‘“?ﬂspect
of the concurrency lies in.the fact it the buffers thenselves are a full

‘cache 1ine Wyleopfiig SRR didkdssbd 4BB6e 2 Yovialar WhEGfemblPbuEYCl € @ cache

line wide of I'on fromthe cache can be plac Into a buffer,
and then tr apsduehfshtetie Géndrany nbtifHersar a8 the GRU bustrequilsmand | e, t he
ot hker buffers fromeither the nenory or the CPU side could be utilized for
ot her data t Spacificallypthexmemory busdeteriage imaustiacscess multiple intemnal butienst ed on
the nmenory bus. 25 .Conventjonal parallel cache inplenentations force the

cache |ine t 8n8&appet bepplirized 10 & $0GIRRHS P10t i re conputer system

However, .because rese I ' 0 ] y bus

buf  ers. §he. momof 98 BRETY b ek TR RE0 U basiE st FRUpET TRRY Ve
CPU bus. In 'IM' ' ' i lemd ' to
support a 1 ﬁl%?%(o 4X, %?@g&fﬁ%a%?gr}iillﬁéﬁé}gﬁegﬁ?gg%ggb gir?hvar%tb EQO%EP ?{J)lgeg and 4/8
transfers pewithia§ynchfdnoususlayionshiplté thé preta3sdr clock. The second group

PCT/ US92/ 04747 other ratios are possible with slight nodifications such as .
use of wi der ctnsists obthendata pattatasther mepary bus@longwie therdatapalb isontsele al so
supported on the nenory side; that is, the rrermrxﬁbus-can be wi der than the

EZPU bu;s1 . (Af?igﬂﬁﬁsy,thﬂzhﬁé%?%/ sighalssdo EBUP%I" & pSynglrongus felationshipta hef. CPU
e TN St tn o
o ther T gethelrobtasey o6 ain dquifia OF K braddSsdh idadfioR 1REMHHer ", g

widt hs are of$&ém fheh@ accommodat e | arger cache lines, or to account
for the | ower” speed of the nenory bus. Again, dependi ng upon the
configuration, i titisimpastanbicendte tsapamivitiebbetRrenthel hembey budtsectiat i 0os. |t

is al so possible to support larger ratios by adding nore
(comprising bufters 40, 41, 45, 46, their associated MUXES, and driver

‘block 44) and the remaining secticns of cache memory 17 are
15 synchronous to the CPU system clock'(e.g.. CLK). . Acti\rities betweén-the |
\_/ “memory bus section and the: mamory bus data pins are asynchfonbus td.
CLK. -
| Memory bus activ_ities ére synchronoqs to a separate ¢lock (i.e.,
MCLK) when a clocked memory bus is used. In the event that a clocked
20 memory bus is not employed, memory bus aclivities are norm_élly |
S synchronous to a strobe signal (e.g., MEOCH#). The strobed mode of
operation uses signal edges. Thus, there are two modes of operation on the
memory bus interface to support a wide set of memory bus protocols... _ |
Also recognize that there exists a 64-bit wide path 26 from the _

25 - -mé-mory bus section to CPU buffer 20. This is-an extremély- beneficial
'fe-.ature in thai it provides adata path through the cache which avoids _
disturbing array 22. In doing so, the present invention obviates the need to
synchronize each data transfer. To connect the memory bus section to the
CPU bus section, memory MUX/Buffer 23 operates _in conjunction with

30 buffers 40, 41, 45 and 46 as shown in Figure 2.



ext er Wi 9pi2e@3iand slightly nodifying the nultiplexing fun®qidHs92/04147 {ﬁat
the smaller 'menory bus Wdths, i. 95 Frower than the CPU bus wi dth, can

e
be achi eved by cqnnhecting.the apprqprjate out | i nes. of cache 13 together
on nenory bus 15%'1@9*“’*"?“15%‘?@?381'{?%% uﬁ@&r&?-?‘?mw&&e section of,

cache nenor ygﬁeﬁawgﬁoih%ifﬂxftbu%&nwu&or?% i%?i&’c@ér'rﬁégubﬁ&s ih e Tory

accordance wt ' preferred enbodinent, 't I's required that the ne

bus wi dt h becurranpimplenentaticteineludelasingleeCERLbitfer 20, dind. fodlnimemicegt ri ction, -
and the 16 device linmt, alfows direct support of a'32-bit nmenory bus with,

a 128K byt e interface Ruffpreed®,ot 1. 45and 46, Buffprs 40rand 4 ase empleyedifor56 Kbyte or

L2 1S Caa g8y T 0 A A S i G 1

conbi nat i ons‘n%‘gapgﬁé SHAE}\S '&?jﬁ?tsﬁﬁe%ﬁm&%d fo%ﬁ?ﬁﬁ %?e-g%@{“ én}l‘ﬁ'!gt ance, arj___'_

al ternative enmbodi ment m ght choose to inplenent a ger “nEnory in
the sanme 25 paeplkbas Uakiiedor réflacemem WHIESHAGAE NRotdithal StBFreABYisCES, OF N\
bot h, depending on the choiice of data path width per device. Menory Bus
Control | er |proeidédsincéraacheofihgsebsiiersrtiasoa fudl linenwidefiateefacons tisd s of

signals that are 30  synchrionous to the processor clock. These are |isted

bel ow i n TatAreay1 therebyralipwing a-giRgie eipck access to satisfy a muttiple clogk barst NAVE

d ock L - ' CLK Cycl e Conpl etion '

CRDY# Tr&nstaiNeBIRSt etion - BRDY# Reset -

RESET Parity Confﬂ&'ér&tnicgﬂéncy could be added sir&ﬁﬁ‘%]e){pand_in'g the number
of CPU or merhory bliif_fers. For such a situaﬁ_on. the _da;ta-path boncept wbu!d
~ be the same. Byway of example, an additional s.noop:"buﬁer could be used
to ailow a snoop opefé__ﬁdn. 'wherein the m_o'dified d_:'ai.a-' |s pl‘ac'_édz in one of the
s 15 snoop buffers. Othefg..:s'r__ipops can then be per'i_Ormgq 'céptuﬁng. o_;hér
modified data while thé"ﬁrst snoop butfer is ca';;')i'u:ing rriz_ddi’ﬁed.détaﬂfrofn the
primary cache of CPU 10 across CPU bus 14.
Thus, the _fund'gmental aspect of the concurrency lies in the fact that
the buffers thémselﬁéé :are'-a full caché line Widé; 'Th'is .'rﬁe_ans that'_i:.w one.
20 | execution ¢_:|_ock cycle;-a cache line wide of da'té_"iﬁformation from the cache
can be piag:ed intd a b:u_ffer. and then tra‘nsferrgd 6ut of thét buffer at a slower U
rate. Meanwhile, the other buffers from either the memory or the CPU side
could be utilized for .o't_'-hg_r data transfer purposes. |
Larger cache Iirie; can also be supported on f_he memory bus. |
25 Conventional parallel ééche implemeritations force the éache line to be the.
same size throughout the entire computer system. Hov#‘ever, because the
present ihventioﬁ 'de'co:u_ples the CPU and memory bus 6uffers. the .memory
bus is permitted to ha_vé a larger line size than the CPU bus.. In fact, |
depending upon the 'configura,tion, it is possible tb support a 1x, 2x, 4x, or 8x

30 line ratio (based on Widgh options and 4/8 transfers per line). Obviously,



*The ClL¥opmamaesiused to input the processor clock to the éap@ 2 /edsde 17
uses this clock as the basic timng Kﬁ%r:ence for the interna(ﬂj%?)zgi C ‘g’ﬁd
.external interfaces with the exceptio f the nmenory data path signals
listed bel owotherraties age possblerwith:slighy mpdifieatipns Sush. asrusenetwider buses
controller tq_ind gate,the | etion of the cycle (a cycle may consi st of
one or nore %51"50’?&%%@8?%%% BRDY# signal is used by the nmenory bus

controller to sig Q. ' t CPU
t hrough t he cachenggﬁr%gfﬁag{ﬁgggs%%ﬁoz{cﬁ%{’g%’gﬁahﬁe“}éﬁ%ﬁ%?lréé'gse'chgon).
The reset pi meémonystuss ¢an bewiderdhah thel CPUbOs.2 (Adtaully, ShétkRnidl bug Si gnal
the cache when it nust sanple specified pins for configuration. The [ PAR#]
pin is used reuldsise hamarawerthamthe GPUbusaThe palyatsistriction bieing that tHey node

operation. This pin is only used for _confjiguration, hence the use of
br acket s, anﬂ‘q'ggriy &%r'@ﬂs'o‘}lﬂ RIPQWES Of 21~ BitRerIargss or smalighttafshe CPY PARY] |

cQnfigurati og,,k Rf | QR: . ache e_cache controller
and fromt hea%%ﬁg%ﬁgg‘g#e;ﬂ {'}%f %qg%'f’] 'Pﬁ)ﬁ?gfegﬁg?ns?’ég@%@sﬁmo Eow. *
Menory Bus Drirgeraddhe! lie8! bPRPactdtniM B¢ I ispabibrithd RS nsists of
an 8-bit data %%th and a set of control signal sp%?defi neﬁ{e{n a{ﬁgé 2 and in
the section ABaim, depe@iiggalpobdhe contiguration tivishddsibiens kuppovt akf acer t he data
path to a wide range of nenory bus environnents. Specifically, clocked or
st robed 1 ot ¥ widthggtiest Itiig alsprrassibietessuppars langer retios by taddingempreocessor
cl ock are supported. Not at in,sone cases, nultiple signals are
multi pl exed gﬁeg'laimﬁ)ﬂn@g[ig%#y 'BPWB' Q)‘%Bb’ifpc'e’?}‘ég fiionpddiptethaitee at i on.
Where a pin | g e Afhdi.cated..in rent hesi s
o used for SPelyaRehoh, B MahE, £ BB Swel 120008 GO iR Gt RaRBiee. Ac
previously achievead by connecting the appropriate output lines of cache 13 tegeiker on
memory bus 15.
15 Preferably, the memory bus interface section. of cache memory 17
supports a 4-bit or 8-bit data path per device. In accordanca with the
preferred embodiment, it is required that the memory bus width be equal to
or greater than the CPU bus width. This restriction, and the 16 device limit, | -
allows direct support of a 32-bit memory bus with a 128K byte or 256K byte
20 cache, a 64-bit memory bus with a 256 Kbyte or 512 Kbyte cache, or a 128-
bit memory bus with a 512 Kbyle cache, for the 80486 microprocessor.
Obviously, other memory bus and cache size combinations are possible,
subject to CPU bus limitations. For instance, an alternative e'mbodimént
might choose to implement a larger cache memory in the séme |
25 configurations, the same size cache with fewer devices, or both, depending

on the choice of data path width per device.
Memory Bus Controller interface

The memory bus controller interface consists of sig_na!s that are

30  synchronous to the processor clock. These are listed below in Table 1.

- -



defined, signal names appearing in brackets are used for reset

configuration. TABLE 2 FUNCTI ON SI GNAL NAME Cycl e Cont roI
MSEL#[ MTR4/ MTR8#] MEOC#-Transf er Contr ol MBRDY# [ M STB] MOCLK [ MOSTB]
Cycle Attributes MZBT#( MX4/ X8#] , MFRZ#[ MEMLDRV] Menory Data Bus

IVDATAO- MDATA7 Data Qut put Enabl e NDCE# The nmenory bus. cl ock ( MCLK) S|gnal
establishes the tine base for operation of the cache nenory data bus. The

cl ocked node of operation. this signal is preferably connected to the :
menory clock with all other pins (except the MDOE# pin) reference to the
rising edge. In the strobe de of operation, this pinis preferably tied
to a high voltage to estab?&%ﬁ'the strobed node configuration. The NMSEL#
and MECC# signals are used_for_cycle control. These signals performthe
sane function in clocked ofABRdbed nodes operation, although the sanpling
rules are slightly different. The MSEL# pin is used to indicate when cache ..

17 has beepUNGNHOfNied in bused conf BlGNAll INAME and al so for restarting U
partially corrpl et ed cycles. The MECCH pin is used to signal the end of a
cycle wit gHiring a synchron|§ {pn to the processor clock allow ng

t he cacheyy @,@qﬂi\gﬂ&p run very fast ggvk#to back cycles. The transfer

control sRegenl s are used to affect thBE8&Thange of a single piece of data
wi t h cachRarity7Cendigyratione may consi st of [FAR8 or nore transfers). Different
signals are nultiplexed on these signal |ines dependlng on the node of

operation. In clocked node, the transfer control pins are defined as NMBRDY#.
and MQCLK TheC LRIy ¥sesh tg inayt the prpcessopdoakithe 8aphe &7-i on of a data transfer o/

(sanpl @gnél#F ases Bis Ei6RGs tid Ha¥ie 1ifiRg beteiétics of e intemal logic
and external interfaces with the exception of the memory data path signals
listed beiow in Table 2. |

The CRDY# signal is used by the memory bus controller io indicate
the com.pletio_n of the cycle (a cycle m;y consist of one or more data
transfers). The BRDY# signal is used by the memory bus controiler o signal o V
the completion of a single data transfer to the CPU through the cache data
path 17 (see Pin and Signal Definitions secuon) _

The reset pm is used to. foree eache 17 into & known state and to
signal the cache when it must sample specified pins for configuration. The.
[PAR¥] pin is used to configure the cache for normall operation or for parity
mode operation. This pin is only used for configuration, henoe-the use of T u
brackets, and is |gnored dunng normal operatlon In addition to {PAR#] |

configuration information is passed to the cache from the cache controller

and from the memory bus data path comrol sugnals. as described below

Memory ‘Bus Data Path interface
The memory data path interface consists of an 8-bit data path and a
set of control signals (defined in Table 2 and in the section "Pin and Signal
Definitions®) to efficiently interface the data path to a wide range of meﬁt_ory
bus environments. Specifically, clocked or strobed protocols opeiéting
synchronous or asynchronous to the processor clock are suppbrte"d.: Note
that in some cases, multiple signals gr'e mutltiplexed on a common set of pins

to support various modes of operation. Where a pin



‘wite). The MOCLK pin is used as the timng signal for output data. By

WD 92/ 22031 - PCT/ US92/ 04747
connecting a del ayed Nersi-on of MOLK to this pin, it is possible to

i ncrease the mninmal data output delay to provide additional hold tine on
the nenory data bus to conpensate for signal skews in the system I|f the
MOCLK pin is tied to high potential, the output data wll be referenced to
MCLK in the 5 currently preferred enbodi nent (i nput data and control
signals are always referenced to MCLK). In strobed node, the transfer
control pins are defined as M STB and MOSTB. These signals are used for
read cycles to sanple data cegigng fromthe nmenory bus and during wite
cycles to signal that data h een 10 accepted from cache 17. thereby

al | owi @pb&l%ﬂﬂﬂbhdb%ﬁlﬁtﬁ@od&%d&ie&%arm&siﬂ%d?dﬁﬂ are provided to support
dlffere§r2 m g o@eread and wite cycles. looaly only are signal is

needed paseceme is uspe,fof Pt P?V'ﬁﬁ‘sb‘f erred enbodi nent these

si gnal sdefined, é@dwwhﬁnbmtmim,lwm# pins are used to indicate
cycl e att[lbutes 15 The MZBT# pin is used to indicate to cache 17 to

perfor °%ransfers sequentially starting at the | owest address in the
cache line. This signal |58ﬁalt§%ed to dynam cal I'y support buses that do
not supply data in the 804 t order. The MFRZ# pin is used on wite
cycles to signal cache 17 to hold the wite data internally for nore

ef ficient iﬁg!w&ations of VBIGNALONAME | ocation. Thus, nerging of data is

oR{4 onal W&%@ ted forugw %ﬁ) ocati on cycl e consi sts of

readi Ny Trakslér fne in ]om the CPU. This is handl ed
by per f oCydanftribites or i gi nntsmmxwxmrmm Em following with the-

al l ocat i MPGF 8 way MBATAG-MDATAYan be handl ed by the present i nvention
I's by pe 'FH'@ al | MPQE# on, merging

The memory bus clock (MCLK) signal establishes the time base for

operation of the cache memory.data bus. The clocked mode of cperation,

U this signal is preferably connected to the memory clock with all other pins -
(except the MDOE# pin) reference o the rising edge. In the strobed mode of
operation, this pin is preferably tied to a high voltage to establish the strobed
mode configuration.

The MSEL# and MEOCH# signals are used for cycle control. These
signals periorm ghe same function in clocked or strobed modes operation,

Nt although the sampling rules are slightly different. The MSEL# pin is used to
indicate when cache 17 has been selected in bused configurations, and
also for restarting partially completed cycles. The MEOC# pin is used to
signal the end of a cycle without a requiring a synchronization to the
processor clock allowing the cache data path to run very fast back-to-back
cycles. _

The transfer control signals are used to affect the exchange of a
single piece of data with cache 17 (a cycle may consist of one or more
transfers). Different signais are multiplexed on these signal lines depending
on the mode of operation. In clocked mode, the transfer control pins are
defined as MBRDY# and MOCLK. The MBRDY# signal indicates the
completion of a data transfer (sampled data for read, drive next data for
write). The MOCLK pin is used as the timing signal for output data. By

ik



25 t HEO@/3293Hat a and pl acing the é;egult into the cache iRCHUNMT4Y

state. Using the MFRZ# S|gnal whi ¢ reezes wite data in the nenory -

buffers (bas w,{ &Eﬁ cases

are supporte‘ég%ﬁé}i‘ﬁg ?ngg ° g{; e{rogmi %J‘T%E%i\grﬁp %nal s are
used to tranmeemudmaadh@am ufaaaywprcwwe eaaKienarhdI€ fme ot MbRforper form
the sanme function in both cl-ocked and strobed nodes of operation. For sone

configurati odataimsg/wacmmmte)fortsﬁw!?és'(ewm the/systsn. if the MOCLK pin is “
PCT/ US92/ 04747 be used. Th til d t ble th

out put buf f efied g‘h i U gr%“%req'wpgégt‘}lﬁé?cgﬁ‘#‘B:@SU?H‘(‘)Q‘%Q?QnSI hgs -
no rel ati pnshipe g é&?e RESRRGmEN i b GBI G R O[O

si gnal s, cte of the

fol l owi ng si glglehcal fo WASIKdur i ng reset for configuration. As previously
descri bed, MCLK [MSTBM is used to select the clocked or strobed node of
operation, and MJdldtrotey modestad tiansédramiatrobpins ase detindd as MJSTBfamcence for 7
out put data. In addit] on, MSEL# [MIR4/ MTR8#] is used to configure the

menory bus cMEHETBi Abese sxgr@is qell@equam%ﬁxcle%msmﬂqmmammu s
errployedto sel ect wi dth, of the ne data,interfa t 4 or 8 bits.

The MFRz# [ MEWL °%Ebﬁéﬂ“d dé"‘ﬂge‘&"‘ﬁfyg%ﬁ tPignal that Jé&’% Eﬁﬁsﬁ%f t he

MDATAC- NDATAZ_ Q. t,-buffers. w?rﬂqd | ARy

description o t')h(gc'u& gnarl -~ and7 Blﬁgﬁ'%ggy gnat {oﬁr?s usegiélyfﬁoqﬂaﬁ\}ce&?r'ggﬁl y
preferred enpedinginte Bicdddid slgdorrdifiéenttimadRA rddd akwRensibycledenor y
Interface Buffers Specific functions that nmenory interface buffers 40, 41, U

45 and 46 pet torani ncl,ude: <meabusy1etwiedrfeathe étmwg: fpnt:ucnne ihlthbs:):rrently
write-throughs, wite- .
preiernied embogiment these signals are ‘u.ty sy-nmetnc
The MZBT# and MFRZ# pins are used to indicate cyc.e attnbutes
15 The MZBT# pin is used to indicate to cache 17 to perform burst transfers

sequentially starting at the lowest address in the cache line. This signal is

employed 1o dynammally suppon buses that do not supply data in the 80486
* burst order. The MF RZ# pin is used on write cycles to S|gnal cache 1 7 to
hold the write data m,@ernally for more efficient implementations of write
20 allocation. Thus, meréing of data i-s-optiOn'ally-'suppo_rted fé?'atl‘geation-s_. o
An allocation é}cle consists of readiﬁg a cache line 'ih.'re';s'pﬁri'séftb a S

write from the CPU. This is handled by performing the original write in

memory; then 1‘ollowidg with the allocation. Another Way 'th'ét. th;scan be o

handled by the present inv_erition is by perfo.rming__-t-he.- a_l.leeatiéﬁn.-. merging;.
25 the write data and plécing the result into the ca_che- ina _niod-ified state.

Using the MFRZ# signal, which freezes write data in the memory bﬁﬂers

(based on the valid bits passed from the CPU_ buffef), both cases are

supported by the data path and buffers. _ \_ .' ) -

The MDATAO-MDATA?7 signals are use.;.d_f to transfer daté to and frofn

30 the cache device. These pins perform the same function in both clocked and

strobed modes of operation. For some configurations only a subset of these

o —

At



20 bacys 9apghesnoops. It will be apparent to an ordi nary preCT/USes7ain::
the art that the nunber of buffers oyed may differ anong vari ous
alternative enbodi ments. However. it should be noted that for a gi

i nplL ement at | oPing maydecusade T MOIPES pin isiized to-gnable the pyipyhby elwt\gﬁgn
nb f buff Llized, This, .lim N bs. based:. ' whi ch
are mde for donMIATAPEaudLild ShOAORE. ‘This 0 nER AR ReL [ £,
t th ti : - ) : : ol d
bet weon cache 1T5PRRgeEal oSk 1 ButiRéion Gatgaal colfil dgHRISAURGC; 1o
i ncl uded for kydidcecbmbde atlopefatiotnd 46 and their associ-ated MIXS to

determ ne the appropriate menory interface buffer 30 |ocation for the
current mebory bus Finallyesdms & the fallowingraignals aredisedstrisgiresedrfof rom t he

h troll ia li 59, .CPU trol Nl . 92/ 22031
PCT/ Uso2! 0474 Porfiswratien. Bsrppush sercee MGERSESTEND. 5 usef 1a sokbtieror y
miLti pl t ,Si t. h AV f ti
imes. 52 and_ Seker e SHRbED iode Bt HRFRlS EHAKH it o fiMock ™ot st
back-to- back.?ﬂ@dA@%% fteifihcPrefEieRey | uthidath S IR BYGESR MSEE#t O the CPU

clock. 5 er 1s also Tncluded to optimze data transfers

within a cycl gMTRI/MIRSH] R\isedabycodfigureithe dndraoryt s cactielling at atearg-ace. Note -
that for bursts on the nenory bus, the order is assuned to a | ogical
ext ensi on10f tttamsiens,cAncBUIZBT # WX 4IMXBhisf employed taiselectithe widibfafthed

E&b,g 3 gggf egf #‘59@%353%9%%5 EYH 3@53@?&%&%&?@%%\?@%3& Egléfgf o

40
o a1 are enif BontatBIRG it B RRATAFRIDNT A ol burdfSRicke By 1 5
t hese buf f er s RicR4r inrdatiodCardd’a@stripBbh dfRhé Qigkallhd pin designations

used in the currently preferred embodiment are provided in the attached

15 Appendix.
N,
Memory Interface Buffers
Specific functions that memory interface buffers 40, 41, 45 and 46
perform include: memory bus reads (e.g., line fills), write-throughs, write-
20 backs and snoops. It will be apparent to an ordinary practitioner in the art v
] that the-humbé’r of buffers émployed may differ among various alternative

embodiments. However, it should be noted that for a given implementation
of the cache controller, there is a restriction on the number of buffers utilized.
This limitation is based on assumptions which are made for concurrent
25 operation (e.g., loading the write-back buffer at the same time as performing
a memory bus read), and the protocol used between cache 13 and cache
controlier 12. " | | .
Ordinary tracking logic is included for buffers 40, 41, 45 and 46 and
their associated MUXS to determine the appropriate memory interface butfer
30 locaﬁdn for the current memory bus cycle based on information received

earlier from the cache controller via line 59, CPU control biock 21 and



t r ansWe®2/3203dss ei ght menory bus d%&llo pins during a REFV§I/Q4143.. - 15
Cache nenory 17 alternates use of t buffers during normal operation.
For exanpl e, when gne buffer is bej ng utilized.for a menory read, the other

i's avail abl diNeS- {eoMek blagk 48-proyides MEMORy: butiekand mamary fauliplexous

cycles. By f. ther exanpl e I r. on ry read js being
witten to &ﬁ?zg#ﬂ%ﬁ @Sﬂ?ﬁerﬁﬁ{y 'E?E@g,b%a@%ﬁgio%ﬁerﬁBSﬁgQ@%Efgl%’dcan be
initiated 2053, Sk itefiaPtraEIRY ICHIETR dapgabld Bf supbiiting Ui babkAdBals used to- *
i ndicate that the current {(_:P-ﬁl?cycl e vvldlalbi use 'one_(;l?éthe rrermrya%ﬁffers 40
or 41. |f t hepetationsrdn & ynaimeory bus thatdd asyhciironsus torthoCPUrelock.. | f no MAVEA#
i's received before the CRDY# ending the menory read, then the cache line is
not cach&abl e and Puyrst eaynterisjalsoipcludad 10 optimize,data-tcangferswithin aan  MAWEA#

T ot AR B e el BB
| ock aft 3 H J Hus ., Vi . ti .
bus 26, 11 NEVES TG megtd gl R B e d W e o Hs o B8 S T

30 through iafel 3o defiMifidrefor I8 chirBhilg peifagbad Embodimeh 8! (FRRMBEYeUS | S

WO 92/ 22031 39 - CT/ US92/ 04747
avai | abl e atintdntiost # mode ig also rmvailable boisnatta alkburst bycles ba thevintenadry| ocat i on
witten is directed across. connection bus 26 from CPU bus 14 to nmenory bus
15. In ARy dwusrero-pasedel tip@lipwe suBPed h busesthal deenot suppetshelat a may be
transferred | t% %%rﬁ?ﬁ'bl at{I e qenory interface buffer location (e.g.,
buffer 40 5 €X51"F )~ ié’rfr%ﬁgf'er occurs at the CPU clock rate. As the L
menory bus conpl g} afs: ytah Wby b o f.f I.s..chapged to the
next | ocation. Tﬁffﬁ%’gﬁtﬁe’ﬁgﬁfé{‘ ﬂte‘:hen%rgrg%@p%géd c?rgc[ﬂ(ebf#%t gﬁ?c%a%esc ,“ﬂE/CLK) ,

i ndependent mémblyew@Bs! Eadk of {(Héakeauters ams 64-bfts Widé ResEEHBA Wp RUsighRy be of

| engt hs from one o o ' '

iransiers across eight memory bus data I/O pins during a memory cycle.

-

15  Cache memory 17 alternates use of these buffers during normal operation.

For example, when dne buffer is being utilized for a memory read, the other

- is available for the next cycle. This-allows back-to-back memory bus cycles.
By way of further exanjp_le.,.whil_e data for one memory.read is being written
to SRAM array 22 foféne. cycle, another memory read cycle can be initiated
20 using ihe other memp& buffer. | o
The signal MCYC# is used to indicate that the current CPU cycle will v

use one of the memory buffers 40 or 41. if the current cycle is a read, this is
a memory read. If no __MAWEA# is received before the CRDY# ending the
memory read, then the cache line is not cacheable and the buffer is

25 available on the CRDY#. If an MAWEA# is received, it is a cacheable filland -

36
il

the buffer is not available until the line is written to the SRAM array. The
actual write happens in the clock after the CRDY#. _=Data is transferred to the
CPU bus via conﬁeéﬁqh bus 26. |

If MCYC# is received during-a CPU write, then this becomes a write

30 through or posted w_r_i'te' (see timing diagrams). If the memory bus is



.to fo dod MAVEA# is receiv fore the end of a ne 4§y k44, an
10 ah&g:%it’?%‘ﬁ?w Il be performned I'ng the sanme nenory cymdégg?zefr%ygd
addresses. If a wite creates an allocation of the new line, the nenory
“buffer used favailable authd Stafictidhe midmory Busl yrites cptlgpthgdaitiaf otatidnawritten
alTocation. By way of exanple, if the signal MRZ#:{see Appendix) is active
t hen a ner ge isdireptedEgrossranniection bus 26rfrerm CRUtbus t4 tomemosbusi18one. The

data f h | | ' “whi t.o, |.ocati h “written b h

CouUw | Lo | ToraK avahbasane R BORTs ale BTEpadte 1 2nBls iR el bn cPU but 1 or

20). Data fOfuér&gferﬁ{mo 58%@51&&{!% Hé&é&ﬁ,ﬁam&éﬁn'@;@%‘%%a the
S | ] ot her read.

buffer just a wer € any al Focation or nenory en 't he
line is cenplgta). Thisitrandfdridcelrd & 1RO CPICIGEK rate. Abitise @By Bu@ Wite to
the menory to be turned into a read for ownership. Thus, both the CPU and
menory bus i rgomngletes s transiter, tikedata et fiom buffenisrehamged$o the text detlatiest dat a
t its own optinmal rate while the other side |s mJI-ti’pI_exi ng it at its own
%ﬁi mal r at e. Thig hapranseat the gammory bus; ¢ipek rier(hei. MCLK). indepepdent@fthe y t o

pass data thr h.the. transparent, data path connectin he,.CPU and nenory
Brses. 10 t ned i rNaE e St o BtuBRioly BERATH b1 leabirsima Re i m 1 om
the menory bys ¢iS yi fERA ' ' ' Yt
i nterface isqtaﬁ%ﬁ')ag}ggquv‘?o%@g&?ﬁg%gh‘%}gttgg%er? a?isao'r?gpﬁégggﬁg@ne? Héf t he
CPU oper api oraliobsuowilltficperernida 0sing tye Bahiermidly IQclediiedtng ~ WO
92/ 22031 40 PCT/ US92/ 04747

U bus transfdergssesn occur without regard to the nmenory bus transfers
(ofher than the obvious constraint that data nmust be avail abl e%. Menory bus
control ler 11 is reAWHHSEBRES T AQUSHAN RALF® GeBNR- IR BIEMRBS-Fe uset

for the write {e.g., 40 or 41} is also used for the allocation. By way of

i

example, if the 'signal MFRZ# (see Appendix) is active then a merge of the
15 - data fier the write in the allocation in done. The data from the aliocation

which goes to locations that were written by the CPU write is then igndfed

~ (based on valid bits transferred from CFU buffer 20). Data for the othef '
locations completing the line is loaded into the buffer just as if it were any |
other allocation or memory read. When the line is complete, it is written .to
20 array 22. Thié perrﬁ’iis a write to the mémory to be turned into a read for
L _ownership. '

Thus, both the CPU and memory bus interfaces work 'indep'ende.n'uy
allowing one side to collect data at its own dptimal rate while the 6the.r side
is multiplexing it at its own optimal rate. Of course, the key to this operation

25 s the ability to pass data through the transparent data path connecting the
CPU and memory buses. In the case of reads, this means that the first déta
coming in from the memory bus is immediately passed to the CPU piné. The
memory bus interface is then able to complete'the burst operation
independent of the CPU operation through the use of memory butiers 40

30 and 41.



ensurwoceR/e203u oper ati on. However%'q need not synchroni zBCOHUSMO4747. " -
transfer. That is, there is no ne or handshaking with either the CPU or

the external nengry. This decoupling of transfers allows for the fastest
possi bl e ac.cessmg%:y‘-l| P tragstess ﬁ£@1° wihaut gard ta the megwNHPUS hur st .

Therefore, i r Lrans ont.rol o e CPU and
romory st dedstenn (ihr (Rl iy oRBUS cAbERhl AP hEla MOR P patblal, Vel v

sl ower mmwefhbuz-b@ec&%ﬂesw%Irésmm-m&_raiﬁaﬁd%amdmeﬁ gigol I ed by -
t he BROY# and BLAST# signals as preferably defined on the 80486 bus. The
menory i nt eehsure ¢orrevd opemtioad Howeveseit nebd soysyrchrorizé oareachsynchr r onous
to CLK. Repl acement wrjte-backs are used to remove nodified |ines formthe
15 cach® whansigrndiiat isnthere issee nged forihamdshgking with @ithputecEPWeritbe pr ovi ded

t t th tiops. .Th dif,i ed ta,i t in th i te back

o PUPPEL, S RER s SR i B gl gl b2
d ' < e, MAVEA#) th ite- b _

oL £ oot g S TAO RS U kg g PRV e b (o b

urite-pack, flusiihgrdorey iiepeRaaitidnchronSuSBAN fufsier’dritfol bRngEDr Y bus.
Wite-back buffer 46 is 64-bits wide which is large enough to hold an :

entire cach€PRtband aé¢mory sides decouplgs thertiighyspeed OPUbas fromethlei ne per
sector. In a configurati on: where there are two lines per sector, the
porti on'®f f4idliveinslopgr memonyhus. clhienePietide & snchngusdo LK asdiso t hat

buf fer 46 i [,0e ,en 1.0 «CO ' th |ines. diparily, th

mul ti pl exer é?'J’olgcfl%%a%vs@téggﬁég#vﬁr{%é{'ﬂé?géw S%P&‘%@b& %ﬂﬁégr%” ﬁ? o/

responsi bl egh ti . s RUADE f 46. |If

there are t \%/o‘@?? ﬁgi‘ g@? i{fg@??{eﬁ%? g%:g%%%ﬁrﬂggﬁgﬁt% s&'}%{ﬂaﬁgﬁ nes. 30

As a |ine oksplwtheoncushie QK| oaded into wite-back buffer 46, a flag is set

to indicate that either line O or line 1 has been |oaded. If there are two
sl nes Replacement write-backs are used to remove modified fines iorm the

15 cache when a new line is being filled. Write-back buffer 46 is provided to

support these operations. The modified data is stored in the write 'ba_ck

butfer during the memory read that will occupy the displaced tag. If the
memory read turns out to be non-cacheable (6.g., no MAWEAH) the write-
back .i.s cancelled. B o . o S | |
20 ' Writ:e'b}ac‘j@._b'u : ;semployed '-m',. fé?'ﬁ@ement write-back, flush
and sync oPe#éiié, : iwnm SEAM aﬁayf 22 to.the memory bus. Write-back - v

buffer 46 is 64-bits wnde whlch is l'ajrgé ;e_nodg_h_fo,hold _én entire cache -
cpntroller line for.jany configuration with one line per sector. In a
coﬁﬂg'uration whe‘r_e_ there are two lines per sector, the portion of the line in

25 each cache memory is 32-bits or less so that buffer 46 is large enough to
contain both lines. Or;!inarily. the multiplexer logic associated with the .
memory interface buffers is resp_onsible, for 'g:eﬁihgl th_e_eorrect number of £ -
out of buf_f_er 46. If there are twd lines per sector, it t;kes two reads to Qet
both fines. | _ . |

30 As aline of data is being loaded into write-back buffer 46, a flag is set

to indicate that either line Q or line 1 has been Idaded. If there are two lines

Y



WO 92/'8393M2031 | Q‘\q PECPRIGaN4#hh per
-sector, two WBWE#' s are needed even ough one array read could | oad both
lines.- The second WBWE# is needed to tell the cache that both |lines need to

‘be_written tBetaectaniwpWBWEH'§iase nepded gvenithoudh ane afayreatl equitthe CRDY#
t hat | et t k: f f th te 5

ook £ s Rt Yoot TRE RoepR MBWEA lsegSi Sling cebhe MR ivbe *t nat
there is a Sﬁ?é)soréélé& 1d Bo %vri’t‘iéﬁ tb'1fé! déﬁ&gu%gb%fgﬁﬁ \f‘andtf%gt%s'dléfrep%efe ead

from SRAM arr a and stored In sSnoo Once din

snoop buf f ertté&ﬁwﬂhbempmémafwmbqﬁckw tals ling. rl!‘éfﬁﬂé/obﬁﬁas%Wu% It
shoul d be understood that since the wite-back buffer 46 is

potenti al8 y batkdtimings aredlrbwdddIlataem/\ﬂnertlramgrdmgramscurs a snoop could hit
the wite-back buffer 46 rather than a location in the array. In this case
the cache control\"éheﬁ"gﬁhﬂ@t tea/is 2 spgop hitde afpediied lipk imtiter eaches as t he

wit e back o 19 BaRad e sy L%&aa%éva&%q"{qestf@%ph?ﬁg45?2955‘56&%&;#,
memory bus. YA s AEegd op pbier 3, iR feTafict phokAmegTE "

utilized. Bybifiydls. fehtRicEbe Uhdéfdtsod that ﬁﬁb@thé‘wﬁfé—&&kﬁﬁﬂ’@rmﬁ fser 46 when
a menory read starts, the wite-back cycle is perfornmed prior to the nenory

read cydiCe. ﬂnxbonallyahdldmg mud:f;edalu‘fe‘whehassrdmpaoocurs ta:irmomcwluttﬁ' when a
menory read starts using the other nenory buffer, the wite is run first.
| fa menory thedwitesback %@ﬂ@i@fméﬁhﬁj‘ %Wﬁ@m&hemﬁ)’er’nah@ Geser thee starts

h her. buff .n d back
Fogt he. o Ctheitintiaiier SBRARATRAN TR S AhAR 2l a8 S he iomsmry bus
when MECCH '%Arﬁ%vext Bl § A Si ﬁ%@:nﬁfofqyg ﬁ.;éébgﬁé'eé:ﬂoegmtecgggf 17

swtches to m)ry bus
buffer corminands is performed over line 59 us.ng.slgnals ‘WBWE#, WBTYP#
15 and WBA (see Appendix). |

O For memory cycles other than snoop hits, memory bus cycles 'hé'ppén

—/
in the order thai the buffers 40 and 41 are utilized. By way of example, if
there is data in write-back buffer 46 when a memory read starts, the
write-back cycle is performed prior to the memory read cycle. Before a
20 memory buffer has data in it for a write, when a memory read starts using the
\_J other memory buffer, the write is run first. If a memory read is in progress

using one memory buffer and a write staris using the other buffer, the

memory read and any associated write backs finish prior to the write. (Note

that a cycle is finished on the memory bus when MEOC# is low. When this
25 end of cycle is detected, cache 17 switches to the next memory bus cycle in

its queue.)

Memory Data Path for Reads and Writes
A Figure 3 illustrates details of the memory data path, whicﬁ operates
30 analogous to the CPU data path detailed in Figure 4. Memory interface
buffers 40, 41, 45 and 46 output data through 8:1 burst muttiplexer 67,



MenorYO#/32034t h for. Reads and Wit 22 Figure 3 illustraP€T/usomionsiof the
menory data path, which operates 30 nal ogous to the CPU data path

detailed in Eigure.4 mry ot erface.buffers 40. 41, 4 nd 46 out put

detarl ed | 1 cobfii MR Nop € SESRRL (R My land Budild 3500 P
PCT/ US92/ 04 T niefiry dei=rbi: QNDEM fraRéBX RbmARe niéioR Blid1the %&R&{,{Ddr lvers

and | atches onto the nenory data bus. Data transfér fromthe nerory bus to
the nenory iintedac¢enbeffdrsipfasses trasagh a setinpit driveed, latohes and inwsitislexé@t ches =
and nultiplexers before being received by the menmory interface buffers.

Dat a flow i Pelare beingyeceiypd &ythgmemonnintertacecutiofs Ratafiowriy eilhérf er sel ect
and menory nul tiplexer select signals generated by menory control unit 48.

A menor bug'rfa%@(%‘ 'EfEngﬁ%ﬁY élie %?ﬁrao_qﬁéur%( sp_ﬁagt_ éég HReRe HpIRxer f ace
buffers. In hSei , oA H fr ry bus interface pins and
is latched F%\ftggts‘% @%‘g gfg.a%?at_-eﬁ‘gﬁ’.% %&@ ' ‘{eg)'data is latched, it is 10 .
al so mul ti pl exedalremohubus el dyclled wriRlifid dieof WalcatRe ey 10
connection with the CPU data path. The 8 bits of data are then driven into

t he appr opr ink¢rfadelsiflers.. Inlihis easw, dateagivak floavtHesmefody busirtembddri n bl ock

65 that fan the data out to all possible nenory buffers. Menory control
bl ock 48 t hBiRSHadde {chgd e sached d. fddbe peinbwhere theednta idtatchdanit is hi s

deci si [ 5 d ' Pyt f l.ected, th nt add :
oot kg B eE 3 A B L ch e 60 S eed e e amons 225,
Tennry Nt ehfiRthe BP G4i3 pa! ThEIPHM LHaka W 1A GifaRdRSEN One of the

buffers whic 4-bits W de. Burst and configuration rruil £ pl exer 67 and U
68 (whi ch aagprdPriateiuiferd. bTherk dfe t\eBUEFEE 51 bRvd BevidHik bRIdE ey preferred
enbodi nent) function to sel'ect one of 8 bits, resulting in a total of

8-bits bei n@ndh_ewia_ta ot toradl pnssile memory bufiers. Memory control biock 48

then selects which buﬁet_‘s need id be writien. Note that this decision s -

15  based on which buffer was selected, the current éddress. and the

configuration.

- A memory bus write cycle reads data from one of the memory
interface buffers. .For _t;‘mis situation, data begins in one of the buffers which is
64-bits wide. Burst and configuration muttiplexer 67 and 68 (which are
20 distributed in the buffers in the cur_remly'pre_'.fer'red:eﬁjbod?’rﬁéﬁﬁ functxon to ,
select one of 8 bits, resulting in a total of 8-bits being driven to the output . Q

drivers coupled to the memory bus. As was the case for the CPU side,
configuration MUX 68 positions the data co_rrec{_l_y to._suppoﬁ t_hé ﬁumber of
memory data pins bei_n_g_f-hsed in the given configuration. __Actuatty_, in the -
25  current implementation, this function is combined with the burst mu-ltibl‘e'xef‘
and distributed throughzout the memory interface buffers. The -cohfiguraﬁon-
is comprehended by the memory control logic which generate the buﬁer.and

muttiplexer select signals.



driver sygeaphesy to the nenory bus. As was the case for the FPJUSORMAT47 - -
configuration MJX 68 positions the dét? correctly to support the nunber of
menory data pins being used in the giVveh configuration. Actually, in the 25
currént inplenentation, this f'Unctmmg posgpidiAg Wi-t-h the ‘burst

mul ti pl exer and distributed through out the nenory i.pierface buffers. The
configuration is copadiutiededdbsstaddingrefrtiveyopenationof thegpresewtiisverdiener at e
the buffer and nultiplexer select si gnal s. © WD 92/ 22031

PCT/ US92/ 0474 thaitimingydisgsams of Fiasres Srdt ame, presaptesd; Ahesayayeiorié oper ati on

of the present inveptjon, the timng diagra Fi - 3l nar

present ed. Th%@&e&@r%'&@ﬁﬁ’?&%?@%[?ggfgﬂegné'g#gﬁﬁgac P grﬁ???m
preferred %ang\ié%ﬁm“ of the present 5 invention. Figure 5 illtustrates
non- pi pel i Red read hit cycles of length 4 with MRU hit, length 1 with
MRU hit and |en9thﬁg%t§‘ﬁllﬁ5két%$\%ngﬁpeﬁdw CSPY teadf hit beciey of Rngth Stwiey
cyctes are active so that the CPU address | atches 49 and the CPU MJUX/ Buffer
20 are open artdRUMt, thrigth o withuMRILEhit and dangtied withMELbekss1 At theetaincf 1, ADS#
is sanpled active and WR is sanpled | ow. BE# is_always |atched on the

cl ock edge whdhe caeis nosothet eyades age aqtive sriftabihiecbBtiadiressdakigr d9and ar e
| atched in the CP I h 49 t he, CPU buf fer | : in th
mddl e of ol odke SPORETRRHRERE 25E racy 20ane BB SRRty ORI AP (hat

uses the 3@@5"&"’5’{0%” iAb%,ﬁ[sagA }C))gg 5qzc.% B AGRE 62 aﬁxﬁl@dﬂs\gg't@@fisa&g-ﬁﬁg the

U .bus. I'sTissued I'n"C indicating that the alsyv and
telMing the cagh@eBihShe Mk dRXEReA04NBYEGs @uil® t he next data. The burst

continues until BLAST# and BRDY# are both sanpled | ow indicating the end of
the cycle. If thereuiise eocpif peickriedhe acresses aqe laiched in the CPU address

laiches 4%, and the CPU bhutler is closed in the middle of clock 2. After this,

cache 17 can perform any other cycle that uses the SRAM array in parallei

15  with the read taking place across _tﬁe CPU bus. BRDY# is issued in clock 2

~ indicating that the data is valid and teliing the cache burst muhipiexer to
move on td ihe next data. The burét continbes until BLAST# and BROY# are
both sampled fow .indicaﬁng' the end of the cycle. {f there is no pipelined
cycle pending, then the output is tri-stated at this tifne. Note that BLAST#
L 20 has meaning only if BRDY# is activate at the same time.

If the WAY hit is not the most recently used, the cache controller will_
issue 2 WRARR# in T2 (as shown in clock 8) and the first BRDY# is delayed
fo the next.elock. When WRARRY# is sémpled Iow during a CPU read, the
WAY mux 43 is ch.ahged to point to thé WAY ihdicated by the WAY input.

25 This changes the data 1o the other WAY and the new data is output as
shown in ciock io. The BRDY# is then issued. If this was a burst mode
cycle, the remaihing transfers would have continued as before. (n the one-
half clock period after WRARR# was sampled law, the MRU bit (in array 22)
is also be written to a new value. Once the MRU bit is written, the WAY mux

30 can return to be controlled by the MRU bit since the MRU bit now points to

———



cycWo pp2031g, then the output is tri-stated at this t i RET/WR2404 M3t (BLAST#
20 has neaning only if BRDY# i ﬂ.q.ct Ivate at the sanme tine. If the WAY hit,
is not the nost r tly-used,.. c controller, will issue a WRARR# in
T2 (as sh%"‘?’f‘f"ﬁmﬂ' #‘%W‘ﬁ%&ﬁgﬁg{gﬁﬁ\% ny é’g{'é%‘bc’f%e't he next cl ock.
When VRA ' ) | BHatle dth bEEShiokREbWAY mux 43 is changed to
poi nt to%’%@gpﬁg@%&%\?'gy% he WAY ingut. c2>5_ . Thi.s changes the data to
the ot her WAY Tngel ish-pipeticied arite cyclep are showhdmfigure 6/ dttle Gytle The BRDY# is
then issued. 1f this was"a burst node cycle, the remaining transfers would
have cont stagtedubthensdme @s in the pasaies 2 neads with 8 GPY addwgs dateh BNORARRY was .

led I gw ‘the MRU bit (i ay 22) is also be witien .t | ue.
Cnce. the GAY Biferioag b AUIALA LT Hatedn, TP o0scs e Iished e Tebnt ol | oa by

t he MRU bj ' B U, R i : '
PCT/ US92/ Gﬁjf%&%ﬁégé F‘ﬁ%ﬁf%@‘%@@“ﬁ%ﬁ ﬁ%ﬂ‘%ﬁ@?ﬁ?‘%?ﬁfa’é’ﬁ'e&ny CPU r agd
cycle, regaidl eSipumbnboiss whAtSis @veht Ve/reNgHigh sattat e oRPits rbARidPUS. Three

non-pi pelined wite cycles are shown in Figure 6. The cycle starts out the

same as i fi-$ihedasECPU butfer@dds swittheditcChtteptidadenh tteclkiO ping. SOn CPU buf f er

open in the output tri-stated. The addresses are l|atched into the CPU

addr ess | eaacthBRDM! datatis plagediintnithe CHU buter for bptbivaxsdnthesburshpl ed acti ve.

Cr e st ofaiehe POcT U bV RERTHE et MeReBinita sLSPeR T o i s
On each BRDY#.data,i.s placed | PRSI in the
burst C 'z'a'dth“é‘s’s"i“sl"wleng‘?cgﬁe%dé@)mg(/\bg%&g%-s%fgttﬁﬁgh{asﬁ Eta ﬁ%tcgg‘é?rﬁ% ng of clock

3. This indi.cates -t hg.caches semid e ©rShAS: aliernkingd ehbdiidii s is a cache
wite that data shoul witten to SRAM array 22 "at the end of the cycle. The
VWAY to becym;t,_..t teswavab mwaritke_at _'Bczhedymlmd:tm ari t_kmlcl@klcmmmre

WPARRY is active. |
15 " The write to array'{22 shown in Figure 6 . occurs at the beginning of

clock 6 where BLAST# and BRDY# are sampled active. The data is written i

into the WAY indicated by the WAY value latched earlier. The write to the
array 1akes place in the fifst half of clock 6. The MRU is Qri't_t__en at the same
time. 1f BE# for the cycle being run is inactive, no data is _Written (but the
20 MRU is still written) when the cache sees WRARRY. |
Cache memory'ﬁ s_tans out all reads a'ssumi_ng that the data ié
res_ident-wi'thin SRAM arré_.y. 22, ifthe read is a miss, ihé rea_d. will start out
line the read hi_t_v_vith”data béing read from. the'array to CPU Buffer 20. When
the cache controlier det.ects"%;hat the readis a miss, it issues the BUS# and
25 MCYC#'signa_ls.to cache 17 to initiate a memory read as sho_Qvnl in
Figure 7. In clock 2, the MCYC# signal transitions fow. ._Th'en. _at. the
beginning of clock 3, the c_ac_':h.e' detects this transition and latches the _
addresses and'{he WAY |n 'thé rﬁemory cycle addres.é latch. In clock 3, the
low BUS# signal switcheé the 'déta source from array 22 to ong of thé

30 memory cycle buffers 40 or 41. When the memory bus is available there is a



VIPARRY i@922203c. 15 The wite to grray 22 shown in Fi gur PEI/USIS0T4Rt
t he begi nning of clock 6 where BLASY¥and BRDY# are sanpl ed active. The

data is witten into the WAY i ndi cat ed bé t he WAY val ue | atched earlier.
The~write to tdf@cheenpectiandomthememory s te thy CRE) busdhroughthes. The MRU i s

Gata 1o writt SRPRIRTAY ey ieHacBbutBr (g feP B A0 4D, Cache cees
WRARR#. Cache menmdipad {s fhéHdcFinQhb bikdt dr8e Rading Wit 'Molifihl fobanslpt a i s

resident within SRAM array 22. If the read 1s a mss, the read wll start

out like the reqeesed byithéd CRU.aTheifirg) dateirbtémedgoles into ome dfth€meérhioryf er 20.
When the cache controller detects that the read is a mss, it issues the

BUS# and 28 ineNaze butiersl thenato GRYdutfer 26, and finally onto thenePY busadThe shown
i Fi 7. In cl k 2, the MY i | tr, jti | . Then, at the
'bggL Loihe o slieng ofdataiag SuFBAiA Be TemANURIATERe DMt 18 RFARURRS | ho

' d. Y i : | .3, th
ow BUSE s, gniicrSmenis, a0 e rgg{ Blebs B Metpdiy YeleeSoodinl'ing oo, 50°
remr y Cycl e LRI, o st thta ENERIGHNGTORD 5.8 e BRIV Bl gygder 1S 2

WD 92/ 22031 PCT/ US92/ 04747

di rect connectiihiintramarits eher©RY buist MU 3Bhe tigPhbituscdtibno Whe tie next
appropriate nenory interface buffer (i.e., either buffer 40 or 41). Data is

fetched i WOt heataifield ipvakd onthe GRiYbus.tanather BRPY ¥ ds issuedndrthisequest ed by
bR or s, hon COBIRYRS BE1B? 1280 oA IS BIVIRN SRBNA P BLABLR B SSVAE. si | cos of
o 1 0 Bach0fe B R 1Al 5 ekl o 4 A on
In clock 5, tRgrbinettedMbdpbiderily, theodatht8tesidd tdsmamenfoRENE cru basued.
are independent. lf. the memory bus can fetch data faster than the CPU can
15  receive it, the rﬁemory cycle burst moves onto another locaticn while the
(U CPU is still receiving data from the previous location. On the other hand, if
tﬁe CPU cah receive data faster than the memory bus fetches it, the CPU
simply waits for the new data to arrive. | -
~ As soon as the cache controlier knows that the line is cacheable, it
20 issues an MAWEA# sigﬁal to céche memory 17 to indicate that this line
S should be written to SRAM 22 array when the cache receives the CRDY#
signal. CRDY# is issued in clock 10 in Figure 7. The line is then written in
the next cycle. The write staris in phase 2 (PH2) of the next cycle (i.e.,
clock 11) and continues through bhase 1 (PH1) of the following cycle (i.e.,
25 clock 12). If the CPU issues an ADS# fn the next clock, the response to this
is delayed one clock while the array is occupied performing the array write.
.lf the line had been non-cachéable the cycle would be the same except for
the fact that no MAWEA# is issued. The CRDY# signal is still issued at the
end of the memory read, but no array write is performed.
30 The ratio of the cache controller line size to the CPU line size can be

one, two or four. The read that initiated the memory read is only of



) PCT/US92/04
Thi s Wﬁ’c;?’éﬁ%‘lﬁ]s t he CPU burst MJX 33 the next | ocation. en t 747next 10

data field is valid on the CPU bus, her. BRDY# is issued and this

continues unéddth bhe. lmsstméahetﬁatebndmalnyznleElD\tﬁemdleElMiﬁﬁhedrmthesued
Because the nenory cycl e burst counter and -CPU burst counter are

i ncr enent ed GRid bpe befone itmastbaemraplﬁademtl\emamqmebusprnexarnlleanu bus are
| ndependent. |f the nenp bus can fe t e CPU can 15
receive it, C!%gnﬁﬁg?%/ Z&l@%ﬁﬂ%?"‘ﬁﬁi/@? gﬁ ﬁé? é‘ﬂg&" 8hiSwhile the <
CPU is stil r hand,
T othe cru eHERELEpdRedRb By @S&Fﬁ&lﬁﬁ%ﬁeﬁl@%ﬂﬁ%ﬁﬁ L " Crl)
sinply vgitg; eorAﬁW&na?dF@ﬁlead& vﬂﬁt'el dé@le & ﬁl@ﬁfbeal%ntfhﬂbﬁ'ﬂﬁhﬁlscom roller
knows that the line Is cacheabl e, i ssues an MAWEA# signal to cache
menory 17 t gexcept fortaeothisatreddimiss)i ne should be witten to SRAM 22 array

when the cache receives the CRDY# signal. CRDY# i's issued in clock 10 in .
Figure 7. The |i FiigureBiilustraies aread miss pensesutivesy b @ notmal Memasy starts i n o

Dhace 2 {Priafedrdaind ShlasabipSebinine CFU7 Soskhod it Mt Wit 220"
phase [
I ssues an A | 85 th@k@ﬁﬁéﬁ@fl"e ép@ lE%iIBQBE%l'@n Bme?cyﬁegeﬁarlé?g one cl ock

while the a ormn array -wit I ne- had

been nOl‘ocaqlleeélﬁsefcbﬁv&l&ée 189Hé emlanotnhe v&ﬂéfetrexmrcyéueris idhe sede t hat no
VA is issued. The CRDY# signal is still issued at the end of the nenory

read, but nadinasalye previcus madearfdwhee‘demﬁﬁj read has fidtebeeat somplbtedhe cache _
controller line size to the CPU line size can be one, two or. four. The r eacke’
that initiatkelSRAM asapr i thisssityatiop.ihg fisst BROViblorahizxead is delayed

PCT/ US02) 04T 48 ASHIL Y e U S RS WHen i BB KRS: (e cvele 1s

Initi ally, the read miss waveforms proceed as before (see Flgure 8).

15  Inclock 6, however, another ADS# is issued and the cache oontroller
deteds that this is to the llne bemg fetched In the clock following CRDY#,
the data for the memory bus read is written to the SRAM array. In the clock
following this event, the data is read into the CPU buﬂer The cycle then
proceeds just as in. the case of a read hit. _ _

20 As drscussed earller a wnte-back isa transfer ot data from the cache
back to external memory The present mventton performs two types of
write-backs: WBTYP = 1 AND WBTYP = 0. WB‘WP _1 rs used for snoop
hits and wnll make the wnte -back the highest pnonty memory bus cycle.
'WBTYP 0 is used when a Ilne is being replaced or |t the cache is bemg

25 flushed. if the cache controller receives a 'snoop hit, it wnll mstruct the cache

. memory to put the modlfned data onto the memory bus via snoop buffer 45.

- The sequence of events whlch accompllshes is shown in the tlmmg dlagram

N of Figure 9. L _

During clock 1, a CPU read cycle is runnmg and the cache controller
30 issues a WBWE# and WBTYP = 1. If WBA = 1 then this indicates a snoop
l hit to the SRAM array a'_nd data is loaded into snoop buffer 45; (WBA=0

-
e



-CPU bUswosi2ez23it has been conpl eted on the menory bus. For PETAUSY204747

cl ock 9,

5

consecuti ve.
retturned firs
to run other

cache 17 detects the end of CPU cycle. The CPU buffer is
swi tched back to the array and di sconnec

y. sectign at this

Yed f . NE
e K adicatoemat twts-bog bigter 46-5 1p 4he FHES s gk 5. 09 SastRy ¢ i &

e G B A A TR

g%@kgr&ri\ﬁ@bﬁ éﬁ%&ﬂAV%ﬁptﬁ?%&ﬁﬁdd%bﬁt&ﬂd SRAMhy s al | ovned

rea m ss consecutive réfers to the situation

in which the rgisiathé eniddletsf tha elackifolldwing WBWER bging\dctive. Refnisbesdint he
menory read has not been conpleted to the SRAM arraxg_l n this situation,
the first BRDhe friddle iof the naxt ¢leckicThg agdiasses anf VAY AP IBYSt reBRD dat a has
been witten to_the SRAM arragy. . Initially, the r ., ss_wavef or roceed
as before (sedalid yptildhis opergt 'I‘f?‘&‘?'ﬂeét%, Aﬁmféﬁfg“aﬁ]ﬁ ﬂ%erpﬁfé'qr@t &sued

and.the cache contro

tth/ cl ock fol ISBWR&U%b#%%§§E®a§@nJ¢g@ ﬁ?gj éﬁeﬁg}%ibfgggg?gﬁv?;ﬁﬁﬁdi oI "

20

the SRAM arrayq, dﬁﬁ s thafkded £ M nditbédbinte SR Mighd i PridafyambmoneBgs | Nt 0
the CPU buffer. e
As

cycle then proceeds just as in the case of a read hit.
dysleldn tite easd oba write back ¢e thecprimaryacacharis GRU 00, tadidiefir om t he

cache back to external nenory. The present invention perforns two types of
write-back®: \dBRymay neeshp kgmarged m sngppybufliar 4% Thisds sBewa hegpemnrgs and

Wi, |

'used when 4t PPRES BoSoRPRY & chrassasor i I Bty BERE ol O cea.

I f the cache q%rg&ig{é_géclg-ecei ves a snoop hit, it will instrust the cache

memory to put THe hbdi

I €éd data onto the nmenory bus via snoop buffer 45.

The sequence of evepks tQtiWwBTIFCRMGH WHen WBWERWsampledadilé]ingcdiiragr am of
Figure 9. During clock 1, a CPU read cycle is running and the cache
control | er 30 thatthisds asnoBPEWhaan tiwBTgmory busidycleBstarts, ihewrita-back isndi cat es

a snoop
15
20

.
25
30

then the highest priority cycle. Thé write-back happens before any posted
write or memcfy read. in clock 1, if WBA is low the: this indicates 3'snoop
hit to a write-back buffer. (U'nder these circumstances, the A4 address is
used to determine the write-back butfer hit. This buffer is then marked as the
next data to be transferred onto the memory bus.)

When the new line for a memory read is directed into a cache location
that has modified data, a replacement must be performed as is shown in
Figure 10. The old data is put into the write-back buffer and the new data
into the SRAM array. The memory read is performed before the wﬁte4back
to send the new data to the CPU as soon as possible. If a flush of the cache
is done, the write-back buﬂérs is also employéd (again, WBTYP = 0).

 With reference to Figure 10, during clock period 1 a memory read is
running. While the new data is being loaded into one of the memory cycle
buffers and being se.nt to the CPU bus, the old data is placed into write-back
buffer 46. if tWo lines per sector are used and both are modified, then both
are placed into the write-back buffer. This requires two clocks with WBWE#

active as is shown during clock periods 1 and 2. The two clocks need not



hit tYOQM223AM array and data is Ia_a$ded into snoop buf f ePCHEUSBg4Z
WO 92/ 22031 : PCT/ US92/ 04747

47 i ndi cat epefedtsbobiveM Ex Z&Kaézqﬁéaadﬂés)swmxﬁwﬂieeba&igkﬁg 3, the X

cache reads data fromthe array into the snoop buffer utilizing:

addr esses onmérery cyuld agdress datdh dor thadillMAx caysed.thd neplacerogntpetiedls to the ~°
SRAM array starts in the mddle of the clock foll owing WBWE# bei ng active.

It finishes Dufing clegiel \WEA is low indicatiag that| A« 0 m‘%gartiéggé%rtaﬁ_d VWAY i nput .

t ' | i t [ s, { Q. | ite. |4, 64 bit
e pl aced ifFEG (MEBcheopis R RMIERUELET AR SherBURUReh. A%y “the end
of ¢l 0cks3. doaft 104l isHormbreld ik Whithbhck BRAETE: 8acH e isThanBa TR, | he

i ghest priority menory bus cycle.- In the case of a wite back to the

primary cachyel WAPRISetOs iaeRed whenltRe mrhoryveyd s sdribe. HMAWERSisi N snoop
buffer 45. This is shown happening in clocks 5, 6, 7 and 8. The signal

H TM# i s is nosissued fordbatmemory @R, then thecweiteshack iscanesiiodand thet e t hat U
VWBTYP i s high when WBWE# i s sanpled active, indicating that this is a
snoop. Wien Wie-baskbulfersiaredpaiked agpply. Again.ipithecasref 3 writesbaghion t he

renory 1 ad 1 ERbERAche YU thRald RBR PRy 3RERIS e BRRRlE ) ¢ 1
write-bagk tﬁ‘é&i%ﬁﬁe“@ﬁ%%@#ﬁr&ﬁjﬁrﬁqmm@‘16he A4 address is used to

determ né the wite-ba it.2 This buffer is then marked as the next

data to be transigit ae@ice righctoEigarey 1DUS timiRg diagram foMdeferhdvg tigw | ine .
for a nenory read is directed into a cache I ocation that has nodified data,y
a repl acenentriienisshdyen. parWotentedha snemcahbimcambeipgaled inthe Meeooy d data i s

put into the wite-back buffer and the new d lpto the SRAM array. The
menory read seRuties b petrRrsted ni é)vrﬁ% sa@b%\?# are received ending

the CPU write cycle b_éfore the CRDY# is received, the memory buffer is
15 closed and the write is ;péstéd. It the CRDY# ques betore or at the same
time as the BLAST# and BRDY# then the write was not posted.
If the memory bus is available when the write starts, the qache acts U
like a transceiver. Thatis, data from the cPU bus.goe$ directly to the
memory bus through the memory buffers (i.e., bi_:ff'ers 40 and 41) and also
20 into the CPU butfer for a possible w_ri_te to the array. During clock period 2,
the cache controller issues an MCYC# cycle to.ind_icate that thié is the cycle
that will involve the m_emoty bus. If this data is also supposed to _be-writte_n to
the array, a WRARR# is also issued. Inthe e\)gnt_ that a CRDY# signal is '
received in clock per_iq;_s. then this write was hot posted éinc_e this is br».ﬁ-ﬁre
25 BLAST#. lf the CRDY# does not arrive until élqck 10, then the write was
posted when the BLA_ST#_ and the BRDY# Were active at the end of clock 7.
Figure 12 illustrates a timing diagram for a vﬁ(fiie-through with
allocation. Wh_enever there is a write miss, the cache controller can allocats
a new line in the cache for this location. To do this, it finishes ihe current
30 write and starts a memory read. If a line is to be allocated sometime afier

MCYC# is issued, yet before or coincident with CRDY#, an MAWEA# will be



-to send the new data to the CPU as soon as possible. If a flush of the
.cache 25 is done, the wite-back buffers is also enployed (again, WBTYP =
:0). Wth reference to- 'Fi gure~10, during clock period 1 a menmory read is
running. Wiile the new data is being | oaded into one of the nenory cycle
buffers and being sent to the CPU bus, the old datais placed into
wite-back buffer 46. if two lines per sector are used and both are

modi fied, then both 30 are placed into the wite-back buffer. This
requires two clocks with WBWE# active as is shown during clock periods 1
and 2. The two cl ocks need not WO 92/ 22031

PCT/ US92/ 04747 be consecuti ve! cept for A5, the address source for the
wite-back is the nenory cycl e address latch for the fill that caused the
r epl aceffsyrd. Joisimarks timemaely byftecused for yeavritesto be amplend ést i ng t hat- A5 = 0

shoul d g diflor, OfelliSafidtifen drdkebe S e maifefy oy Ni o 1 ndi cat ing that A5 =1

stioul d be used 5 each load is comple the wite-back buffer for
each || discyssechigropaiunation with Figureife \WAY used |s | at ched when the nenory read

is started. thi.rel\%\éﬁéﬁsaaoa@a memoN st b kit WHERGY read, then the

wite-back is cancelled and the wite-bac buffers are marked as enpty.
Agai n, clached epaydupis ugedyMBREY B MIELF MEET#. MEPGHMFRE&iche in CPU 10, nodified

dat a mi)énci‘@l@ﬂTAd? é?@aln?arnﬂ%d oh the'Hsinh 8age’d? MCRRC DB fse7 46, as shown occuring
in clocks - reference now to Figure 11, a timng dlagramfor a

menory BEV@CW'WM@G §'h€iw1" clack\geriech1. (MPQE#ds HMP'?bVous can be posted in the
neoory g ébingpmlﬁ;ﬂ triGtatéd/ rM§ElT# iPRScRd tovh &1t tfeldia beigtik@, BRDY# are received

endi ng t he write cycle before the CRDY# iIs received, the nmenmory buffer
is 15 dhipsarhea g memoryipieriacebyfigsisgeady to accent e ficke™et cones before or -at the

same ti EBcrAind MEREHAS LamARHoPEPMELK ediod 1 he Mt iScii@g not posted. If thee
menory bus is avail abl e when t wite starts, the cache acts :
and the burst counter increments. Reads normally start at the burst location

requested by the CPU. If MZBT# is.active (sampled low), on the tast MCLK
where MSEL# was inactive (sampled high), the cycle starts at burst
k/ location 0, regardless of the location requested by the CPU.
The cycle continues until the cache memory receives an MEOC#.

This signal asynchronously ends the current memory bus cycle and the
cache switches to thé next memory bus cycle. {f there is another memory
bus read waiting to execute, it begins on the. next clock after MEOC#.

' Figures 14-37 illustrate additional timing relationships for both

A clocked and strobed conditions on the memory bus. The operation of the
presént invention for the various cycles shown will be appreciated by
ordinary practitioners in the art when viewed in conjunction with the
foregoing description and with the signal descriptions provided in the

following section.




like a transceiver. That is, data fromthe CPU bus goes directly to the
menory bus through the nenory buffers (i.e., buffers 40 and 41) and also 20
into the CPU buffer for -a-possible wite to the array. During clock period
2, the cache controller issues an MCYC# cycle to indicate that this is the .
cycle that wll involve the nenory bus. If this data is al so supposed to be
witten to the array, ‘a WRARR# is al so issued. In the event that a CRDY#
signal is received in clock period 6, then this wite was not posted since ~©
this is before 25 BLAST#. |If the CRDY# does not arrive until clock 10,
then the wite was posted when the BLAST# and the BRDY# were active at the
end of clock 7. Figure 12 illustrates a timng diagramfor a wite-through
with allocation. Wenever the?® is a wite nmiss, the cache controller can
all ocats a new |l ine pin dnecSigashPefirdtionshi s | ocation. To do this, it finishes

the curreng .30 w.i angd start LY. T Jf alineis to be :
al | ocat.ed trample\‘%x @?‘P%SWWE%P ﬁ?‘%&?’{s;g°ggéd¥'“ys$%%g‘8é4 ore or coincident with \J
CRDY#, acatraAddd\kA thai cutreritig preferrec ertmdimemiof therppesiest t he nenory buffer used for

the wijite to be enployed for the allocation. The allocation then .proceeds
like t'A¥®Mhory read di scussed in conjunction with Figure 7. Figure 13

shows a cl ocked nenory burst read cycle.- When a cl ocked nenory bus is used,
VBRDY#,, EL#. MZBTH#, ocH. . NERZ MR | sanpled on the

risi ngc-E%/Se of MCLK. Nﬁ%ﬂg?alsg/rg%ﬁé%?grﬁouse @g'ﬁ'@refsrct ock. In clock period 1,
MDOE# i s high thereby kabpmangoryhis feequengy istthe intetnak ed. MSEL# i s detected | ow -

-

at the end of clock 2. Thi.s | . Y -kt ace buffer is ready t O’ |
o éaé_ nkrI %\éﬁ%%hh@%le%m7 Thid (f n£I

accept the first data. I'S sanplhe ow by MCLK, a slice of
the latch is cl osed an® colrectbditosbe GRILcieakr | ncrements. Reads normal Iy start
at the burst |ocation requested by the CPU. If MBT# is active (sanpled
~low), on the last MCLK :

RESET The RESET pin is used o reset the internal state of
the cache. RESET will reset the internal memory _
N bus traékihg logic and /O configuration. s
® | -’/
WAY The WAY pin is used to indicate the correct WAY to |

be used during normal operation. During CPU -
write cycles, lines fills, and write back bufferloads
WAY is used to indicate the way to be accessed.
When WRARR# is active during a CPU read the
MRU bit is written to the value on the WAY pin.
WAY is sampled .when WRARR# MCYC# or
WBWE# are active.

WRARR# This pin is used to control writes to the array from
the CPU bus section. When active (LOW) in a CPU
read cycle it indicates that the MRU bit should be
written to the valiue indicated by the WAY pin.
When active in a CPU write cycle it indicates that
the CPU buffer should be written to the WAY
indicated in the clock following BLAST#.BRDYx#.



*where MSEL# was inactive (sanpled high), the cycle starts at burst |ocation
.0, regardless of the l,ocation requested by the CPU The cycle continues
until the cache nenory - eeetves an MEOC#. This signal asynchronously ends
“the current nmenory bus cycle and the cache switches ‘to the next menory bus
cycle. If there is another menory bus read waiting to execute, it begi ns on
the next clock after MEOCH. Figures 14-37 illustrate additional timng
rekationshi ps for both clocked and strobed conditions on the nenory bus.
The operation of the present invention for the various cycles shown will be
appreci ated by ordinary practitioners in the art when viewed in conjunction
with the foregoing descrlptl nd with the signal descriptions provided in
the foll ow ng section. d Signal Definitltons This appendix defines

the spegj unctions LLai nal s_in accaordance with the currently
pref er red‘wgﬁodi nment of %ﬁgﬁi é@@&ﬂ%ﬁww reagjit Thi s
s{gnal provides the fundmivates that the cache sliculd vritethe asdhe nenory. Its frequency

"is"the internal operatiqnpfrequenc e r . This signal is
connected to the CPU cl &% 7@%&?'%'""”""%'%%‘"}/“%8’ RESET pin is used to

"reset the internal stat mpﬁtotﬂtesmw:n_.y iRh&tidckmbllowing@wet t he internal nmenory
|bgsugregcrlon?nlj?g;fea?ﬂelci:?rﬁ 35{ N IBQ'E@ dﬁ@é& e 1hﬁ’¢f9'hor mal ope-rrgt(:ai \é\rA]\Y Pre
During CPU write cycl esijtiddicates thii thé eacha stbuldrstantaanialististelatif f er | oads

C the same address as the write. MAWEA# is
>~ sampled from the ADS# tc CRDY#.
BUS# This pin controis salection of CPU MUX/Butfer data
during read operations. When this pin is sampled
LOW the cache.will set its intemal MUX so that CPU
-read data comes from the memoiy bus instead of
the array. The internal mux will stay in this
condition until BRDY# and BLAST#.

MCYC# This pin is used to tell the cache that the current
CPU cycle will use memory buffers 40 and 41. If
the current cycle is a read and MCYC# goes active
(LOW) then the cycle becomes a memory bus read.
It the current CPU cycle is a write then an active

1 H
\./

MCYC# indicates that this is a memory write cycle.
It the CPU write cycle ends before the CRDY# is
received, the memory buffer is marked as full and
the write posted until the CRDY# that ends the
memory bus cycle. WAY is sampled and latched
on the clock where MCYC# is active.



VWAY is used to indicate the way to be accessed. Wen WRARR# is active

during a CPU read the MRU bit is witten to the value on the WAY pin. WAY

i s sanpl ed when WRARR# -MEYCGH or WBWE# are active. WRARRH

This pin is used to control wites to the array fromthe CPU bus section.
When active (LON in a CPUread cycle it indicates that the MRU bit should
be witten to the value indicated by the WAY pin. Wen active in a CPU

wite cycle it indicates that the CPU buffer should be witten to the WAY
indicated in the clock foll ow ng BLAST#. BRDYX#. = MNAVEA#

When active (LOW during a nenory read it indicates that the cache should
wite the |line contained in%he menory buffer (e:g.. buffer 30 or 31) into
the SRAM array in the cl ock @ | owi ng the CRDY# active. Wen active during

a wri‘}ég rough it indicates that the cache should start an allocate at the
sanme H{’%ss as the wfhewite-Raohwate qnable pinds usgd pithliet he ADS to CRDY#. BUSH
This pin controls sel weia 4n8 WBTYERihd\bHaBitef vrite-Bka during read operati ons. "
Wien this pin Is sanpled LONthe cache will set its internal MJX so that

CPU read data cones fP4Rf 25209 R000R BHABRRD. (WRaNdBRIPIRSS ( he array. The internal
mux W Il stay in thi Ssaprd detive{LOWS; ithe. FAEHAYS vl BadthdST#.

addrassedline in the proper write-back buffer or

snoop buffer. WAY is sar_npled:on the.clock after

WBWE# is active. During RESET this pin is used W
to indicate the ratio of the cacie controller line to

the CPU 'Iine.

“ WBA The write-back address pin is used to indicate
which line is'to be written into write-back buffer 46.
This pin is only sampled whien WBWE# is active.:

When WBA is HIGH it means the line addressed by
AS=1 will be loaded. When WBA is LOW it means.
the line addressed with the A5=0 is loaded. If the
SEC2# pin is LOW during RESET this indicates -
that there are two lines per sector.
-

CRDY# This pin when active (LOW) indicates the end of a"-

memory bus cycle.

WBTYP# The write-back type pin, when HIGH, indicates that
the write-back is a snoop. When LOW this‘indicates -
that write-back is a replacement, or an explicit (flush -
or synchronous) write-back. This pin is sampléd -
when WBWE# is active. During RESET this pin is
used to indicate the ratio of the cache cbntroller line -
to the CPU line.



: MCYCH This pin is.used to tell the cache that the current
.CPU cycle will use nenory buffers 40 and 41. If the current cycle is a read
‘and MCYC# goes active’ (LOW~then the cycle becones a nenory bus read. If
“the current CPU cycle is a wite then an active MCYC indicates that this is
a nenory wite cycle. If the CPU wite cycle ends -before the CRDY# is
received, the nenory buffer is marked as full and the wite posted until
the CRDY# that ends the menory bus cycle. WAY is sanpled and_fatched on the
cl ock where MCYC# is active. V\BWE#H The wite-back wite
enable pin is used wwth the WBA and WBTYP pins to |oad the wite-back

buf fer 28 and snoop buffer 295?’1en the pin is sanpled active (LON, the
cache 13 will |oad the addresSed line in the proper wite-back buffer or

snoop byfd.ays WAY is samplad b 6s é(p? V'a'“‘ﬁ? osyBVE# is .active. During

RESET this pin is used to Indicate t atio of the cache controller line
he CPU |ine. WBA information to cache 17. Thase\sighal@ateack address pin is used

t0|nd|cate which line ignd p RO wWite-back buffer 46. This pin
is only sanpl ed when WB ne?lsebgocﬁt‘\éSeﬁg%ben VBA is HHGH it neans the |ine

addressed by A5=1 will be |oaded. When WBA is LONit nmeans the |ine
addr ess GPATARCDIAT AZ5=0 Thesd avattie dightlGPU daga pins. With a 2x CPU

bus configuration only pins CDATAO and
_ CDATAT1 are used. In a 4x TPU bus configuration
e CDATAO-DCATAS3 are used. In the parity
configuration, CDATA4-CDATA7 are used as bit
enables (BTEO#-BTE3#, respectivelv). The bit
-@nables operéte iike the BE# below,-except that
‘they control é~'single'bi,t rather than the entire

device.

BE# The Byte Enable input is used to determine if the
cache should participate in the write cycle on the
CPU according to which byte of the CPU data bus

the cache is connected to.

\~/  W/R# The Write/Read pin indicates whether a write or a
read cycle is being performed on the CPU bus.
When HIGH it indicates a write cycle, when LOW is

indicates a read cycle.

ADS# This pin indicates the start of a CPU bus cycle. This
signal is connected to the CPU address strobe.



. sector.

- CDATAO- CDATA7

SEC2# pin is LONduring RESET this indicates that there are two |ines per

CRDY# :

of a nmenory bus cycl e.” BBTYP#
H GH,
that wite-back is a replacenent,

write-back. This pin is sanpled when VBWE# i s active.
is used to indicate the ratio of the cache controller
These inputs are used to provi de address

53 AO Al5

This pin when active (LON

i ndi cates the end

The write-back type pi-n, when

i ndicates that the wite-back is a snoop. Wien LONthis indicates

or an explicit (flush or synchronous)

During RESET this pin
line to the CPU line.=

I nformation to cache 17. These signals are connected to the CPU addresses.

These are t
configuration only pins CDAT

q.ei ght CPU data pins.
and CDATAl are used.

Wth a 2x CPU bus
In a 4x CPU bus

conf i g BRAkO BROYVERAO- DTAdsbpirsrate usee tb indicatd the compldtibiyofconf i gur ati on, .

The bit

CDATA4- CDATA7 are used as bit enabl es (BTEO#- BTE3#, respectively).
enabl es operate |ike tﬁ%"ﬁéﬁ}-’b@f ,°?§>9é§}f'sﬁ‘f§t E?'f’?é?‘"cont rol a single bit
rat her than the entireacive{LOW) thi&gin indicates the completion ofithe Byt e Enabl e input is

used to determine if tpe CaCRRRYPR Unted sy hirks

artici

r)Pate in the wite cycle on the
bus

controller 11. BRDYC# is driven by cache

controller 12.

BLAST#

This pinis a 'quaﬁﬁe'r for the BRDY# and BRDYC#

pins. When active (LOW) this pin indicates that a
BRDYx# is the last transfer of a CPU bus cycle. -

MCLK

in clocked memory bus mode this pin provides the
memory bus clock. In clocked mode, the other
memoty bus signals and memory bus data are

sampled on the rising-edge of MCLK. In a clocked
memory bus write, data is driven off of MCLK {or
MOCLK depending upon the configuration). In
strobed memory bus moda, this pin is the input data-

" strobe and every toggle cause data to be iatched.

MOCLK

Data is output on the rising edge of this clock pin if

a riging edge Is detected on it after RESET has
gone inactive. MOCLK is a delayed version of
MCLK. Only write data is effected by MCLK.
may be used to iﬁc_rease the minimum output timé
of MDATA relative to MOCLK. This pin may be.
needed to overcome input hokd time problems

created by memory clock skew. In strobed bus
mode, this pin is the data output strobe. Every
toggle of this pin causes new data to be output.



~CPU according to which byte of the CPU data bus the cache is connected to.
W R# . The Wite/Read pin indicates whether a wite or a
read cycle is being pérformed on the CPU bus. Wien HIGH it indicates a
“wite cycle, when LOWIs indicates a read cycle. ADS# Thi s
pin indicates the start of a CPU bus cycle. This signal is connected to the
CPU address strobe. BRDY#, BRDYCH These pins are used to indicate
the conpletion of one transfer portion of a CPU bus cycle. Either pin
active (LON this pin indicates the conpletion of the transfer. BRDY# Is
driven by nenory bus controller 11. BRDYC# is driven by cache controller
12. BLAST# Thi inis aqualifier for the BRDY# and BRDYCH#
pi ns. Wen active (LOW thi sgrﬁn i ndicates that a BRDYX# is the | ast
transfer a CPU bus In cl ocked nenory bus

f le. MCLK |
node th"ggﬂ?n pr ovi desCxﬁl@’e‘m‘éﬁﬁﬂiﬁa‘B‘M%"‘BﬁHUki.‘“"WPS&‘%&Qed node, the ot her

nmenpry bus signals and wRiRHbUS BEledhédd RaewilPtlnt @atien ot he rising edge of
MIK. In a clocked menory bus wite qata is driven off of MCLK (or MOCLK

dependi ng upon the conf igeReasentathe frt logationyaquestadBY e hus node, this pin is
the input data strobe agQpueTaEyinliided @ detbrhiRe thehombed obe | at ched. MOCLK
Data is output on the riugin edge of this clock ain af
pins usedTor the memory bus. When HIGH it
indicates that 4 /O pins are used. When LOW it
P indicates that 8 VO pins are used. This input and
the bus ratio information are used to determine the

/O pins for the CPU bus.

‘MBRDY# This pin is used in clocked bus mode to indicate the
end of a transfer. When active (LOW) it indicates
that the cache 13 'shdu!d incremant the burst
counter and aeither cutput the next data or get ready
to accept the next data. If it is LOW the memory bus
will be strobed operation. If it is HIGH the memory
bus wilf be clocked.

MEOC# This pin is used to indicate the end of a memory
bus cycle. When active (LOW) the cache will end

the current memory bus cycle and start the next

v

one. MEOCH# is asynchronous to CLK. '

MDATAO-MDATA? These pins are the 8 memory data pins. In a 4X
memory bus configuration MDATAO-MDATAS3 are
used. Inclocked memory bus mode, these pins are
sampled with the rising edge of MCLK together
with MBRDY# active. New data is driven out on
these pins with the rising edge of MCLK or
MOCLK together with MRBDY# active.



arising edge is detected on it after RESET has gone inactive. MOCLK is a
del ayed version of NCLK. Only wite data is effected by MCLK. It may be
used to increase the mmnimum out put tine of MDATA relative to MOCLK. This
pin may be needed to overcone input hold time problens created by nmenory |
cl ock skew. In strobed bus node, this pin is the data out put strobe Every
toggle of this pin causes new data to be output. VZBT#

When this pinis active (HHGH) it indicates that the nmenory bus cycle
should start with burst location O i ndependent of the first |ocation
requested by the CPU. This pin is used to determ ne the nunber of 1/0 pins
used for the nenory bus. WheRlHI GH it indicates that 4 |/O pins are used.
When LOWit indicates that 8/ O pins are used This input and the bus
rati oy mation are r ns for the CPU bus.
NBRDY#QéQ& #Eiep%aﬁgsr?g%ggg% %ég‘@leﬂus node to indicate the _
end of a transfer. V\hé’lliseioislll\ﬁet“@uwnmbuﬁdmmlém'trtehat the cache 13 should
i ncrement the burst c u ext data or get ready to
accept the next data bug%%sl\/'hﬁheg G\Rb’f'im%[@ €\n |1 be strobed
operation. If it is Hlamet(wmmrymwwvmce@uiﬂcl.ocked. MEQOCH '

This pin is used to i RghSelddik. ngb%d%m@é mode,
this pin is sampled with the rising edge of MCLK.
This pin is asynchronous to CLK. When RESET is
active this pin is used.to configure the cache for 8§ or

t

4 transfers on the memory bus. When this.pinis
HIGH curing reset it means that there are 4

transfers oin the memory bus for each CACHE fine.
When this pin is LOW during reset it means there
are 8 transfers on the memory bus for each CACHE

lins.

MDOE# The memory bus output enable is used to control
the driving of-data onto the memory bus. When this
pin is inactive (HIGH) then the MDATA]0:7] pins
are tri- stated When this pin is active (LOW) then
the MDATA[O :7] pins are actlvely dnvmg data.
The function of th:s pin is the same for strobed or
locked memory bus operation. This pin is
asynchronous to CLK and MCLK.

MFRZ# When this pin is active (HIGH) dataforan
allocation is merged with data from the write that
caused the allocation. Bite from the fill that go to the
same location as the CPU write are ignored. |
MFRZ is sampled during MEOC# of write.



-bus cycle. Wien active (LON the cache will end the current nenory bus
.cycle and start the next one. MEOCH is- asynchronous to CLK. MDATAO- MDATA7
These pins are the 8 nenury'data pins. In a 4X nmenory bus configuration
“NE%J%(}NCATAB are used. In clocked nmenory bus node, these pins are sanpled
with the rising edge of MCLK together with MBRDY# active. New data is
driven out on these pins with the rising edge of MCLK or MOCLK toget her

w th MRB DY# acti ve. MSEL# This pin is used as a device
sel ect signal. Wien this pinis inactive (HHGH) the-burst control for the
menory bus cycle is initialized. V%en this pinis active (LON the burst
control advances with MCLK or I'n clocked nmenory bus node, this pin
is sanpled with the rising eége of MCLK. This pin is asynchfonous to CLK

When REHpfmigs active thlﬁlsggnqwsgdqfﬁgmb%&%f& he cache for 8 or 4

‘transfers on the nmenory bu Is’pinis uring reset it means
thaf there are 4 transf rele omthe GBUrbusiinteffate. Whep ADS#ihh CACHE | i ne. When this

pi nis LONduring resﬁﬁ%ﬂ%%ﬂﬁ%%tn@ﬂﬁq_ﬁa&&ﬂﬁﬁgﬁ&s on the nenory bus

for each CACHE |i ne. menory bus out put enable is
used to control the dri wilireras thea &P busdata witictherdatminthedous. VWhen this

snoop or write-back buffers prior to responding to a
memory bus snoop.

BUFF¥ This pin is used to abort CPU bus cycles in the case
of deadlock during snoop opsrations. Specifically,
it the CPU bus is blocked waiting for the memory
bus, and the’memory bus is blecked waiting to

* service a snoop for which modified data exists in .
_ the primary cache, BOFF# is used to abort the
\-/ CPU bus cycle so that the snoop can be serviced.

U



pinis inactive (HGH) then the MDATA[O: 7]
pinis active (LON then the NMDATA[O: 7] pins ariuictlve E driving data. The

function of this pinis the sane for strobed or

i

pi ns d. When this

operation. This pin is asynchronous to K and

‘When this pinis active (HG) data f n aIIocatlon 'S nerged wi th data
fLonlthe rﬁlte that caused the allocation. Bits fromthe fill that go to
the sane location as the CPU wite are jgnored. MFRZ is sanpl ed during
MEOCH# of write. H T™ME c—m—Igﬁns pin ls used to identify a
cacﬂekfon5|stency cycle on the CPU bus interface. Wen ADS# is asserted

W t TM#_active, .t he caghe sI| e, he s d mnth
the data if"the sné@p o] dﬁ' q%)ack %égéprlégg?% reéggngy §b nenory

bus snoop. tenpbBarily holdlng 'ﬂmt@ pum i & ugguppﬁeabosysepm bu§h@ycles in
the case ofoff aﬁbeckoggeﬁ ngaagple@ﬁaataoqenml pregelasind LAgtCPU bus

i s bl ocked ma

wai ti ng to(§BUW|Uét§ §n&ﬂy1Q%OQMn§ﬁ9¥§%4f?eﬂrﬂ%?ﬁl

and the ne

%é?s?grﬁﬁ PR eﬁvlnary

cache, BOFEf hdératiten ad?ﬂﬁt ble dSuptut wcltnes @THthadnd hepepatingan be

servi ced.

synchronous to- the CPU cleck 51gna1, and a main memory
with an assoc1ated memory bus coupled to the main
memory, the 1ntegrated circuit cache memory comprising:

(a) a cache storage array hav1ng a prescribed
cache line w1dth, '

(b) a CPU bus interface coupleable to the CPU
bus and coupled to said cache storage array, said CPU
bus interface comprlslng. '

(1) CPU buffer means coupleable to the CPU
bus and coupled to said cache storage array for
optimizing burst read and write .operations on the CPU
bus and for accessing a full cache lihe of said cache
storage array with'a single access; and

(ii) a CPU bus interface controller for:
controlling transfefs to and from the CPU bus and to and
from said cache storage array including control of burst
transfers in the prescribed CPU order; '

(c) a memory bus interface coupleable to the
memory bus and coupled to said cache storage array, said
memory bus interface comprising:

(i) a plurality of cache line wide memory bus
buffers for buffering of data to or from the memory bus,
and to or from said cache storage array, including
memory bus reads, write~throughs, write-backs and
snoops; and | _

(ii) a memory bus interface controller for
selecting which of said plurality of memory bus buffers
is to be used during a particular memory bus cycle; and

1

)



-* C L M S * CLAI M5 1. An i ntegrated circuit cache
- menory for tenporarily holding data in a conputer system the conputer
.system conprising a central processing unit (CPU) w t_BMImﬂﬂI,HMIEIHnaI :
a prescribed burst order, an associ at U bus coupl Oy f '
operating synchronous to the CPU cl ockJsipnal, and-a main memofy ®ith an
associated nenory bus coupled to the main nenory, the integrated

ci Fcuit cache nennrﬁgconprhsing: ga) a cache storage array havin%%?
prescribed cache |i k&) wadt¢atq ppaghcmeans FauBledcEacoipidafPl this he CPU
bus and com}wkf@%éaaﬁ?c:ﬁéﬁeryt-ahagalr@@gffﬁces@ioﬁ Gggtﬁt%ﬂﬂtr@{j R ' od
conpri sing: 4. uffer_neans, c eable to the us, .an coupl e

to said ¢ %c%oggégeegr Fi}}% fcg’ﬁptfﬂﬁ n*Q{:?\’é%%ﬁ?s?nFe&Blgn&‘%le
oper at i ons s timtedPfabdes and for accessing a full cache line of said cache
storage array with a single access; and (ii) a CPU bus interface controller
fQrs controlling transfers to and fromthe CPU bus and to and from said
cache stor&ge arrayTheicl gdrayitontahl ©labursid t véexfein, i ninheusegscri bed
CPU or der; Fc)ivwithe®’ YbothebA! ekhace I PhRad! af® 8814 ™BhY byygand
coupled to,gid cache storage array, said menory bus interface conprising:
(i) a pIur&ﬁ%%Fﬁ%c%aBH@rPF e SYNRDLANANS, Basthe CPU clock signal,

while said memory bus interface and the memory bus

' operate asynchronous to the CPU clock signal, to support

S concurrent operations at said memory bus interface and
' said CPU bus interface. '




buffers for buffering of data to or from the nmenory—bus—and—to—or—From

sai d cache storage array, including nenory bus reads Wite-t ughs,
wite-backs and snoops; and (ii) a nenory bus i ntﬁlwﬂﬂllﬂmhﬁw“m for
sel ecting which of said plurality of nory bus bu 1S Tt Sed
during a particular menory bus cycle; d)- 59 * C L
M S . * (d) a data path neans coupled to said CPU bus interface and

menory bus

interface afd sai d FBRoSATSIEY Rfer

i nterface for,transferri$g%data directly between said CPU bus &

¥ 3 wherelip,datg (1§ acceEsedi oim 1

wherein, | BromSesadflivaches sthetagen arvey WREhiisonendcpygai dloekU bus

interface o

bus interfa

geratg s%nchronOUS to the CPU clock signal, while said nme
&98Ra P glﬁgﬁory bus operate asynchronous to the CPU clo

nory
ck

signal, to support concurrent operations at said nenory bus.interface and

said CPU bu
accessed fr

3 interf%ﬁ%‘ciréﬁit of éwgiﬂjﬂwﬁﬂéréﬁnfiéﬁfﬂ%%ym€f§ﬁ§f 2
ne cl ock signa

om sai d cache Storage array within o

4, Theofi dafias f3ror) Hhen mempsyeibns ite (Be EPHndMS across said

data path means occurs independent. of cache storage

array access.

5. The circuit of Claim 2 wherein said memory bus
interface includes two modes of operation: a clocked
mode referenced to a memory bus clock separate from said

ta !s -
perlod.\_’

CPU clock, and a strobed mode referenced to memory bus

signal edges.

6. The circuit of Claim 2 wherein said CPU bus
interface means ‘comprises a cache line wide buffer
utilized to store data for CPU reads and writes, a way
multiplexer for selecting a way during CPU read
operations, and .a burst multiplexer for ordering the
data provided by said CPU buffer based on the burst
order of said CPU bus.

7. The circuit of Claim 2 wherein said plurality of
memory bus Dbuffers includes a pair of buffers,
controlled by said memory bus interface controller, for
alternately storing data during successive memory bus
accesses, so that when one of said buffer pair is being
accessed by said cache storagé array said buffer pair
other buffer is available for access by the memory bus,
thereby permitting back-to-back memory bus cycles.

8. The circuit of Claim 7 wherein said memory bus
interface controller supports consecutive operations.pn
the memory bus that are asynchronous to the CPU clock

signal.



-

.0f data fromthe nmenory bus to the CPU bus across said data path ans
.occurs independent of cache storage array acce e circuit of

“Claim2 wherein said menory bus interface includes ft; per ati on:
a cl ocked node referenced to a nenory bus cl ock V@“g‘ ﬂg\‘ d CPU

cl 6ck, and a strobed node referenced to nenory b

The circuit of Caim2 wherein said CPU bus interface neans corrprl ses a
caehe |ine wde buffer utilized to store data for CPU reads and wites,
a way nmultiplexer for selecting a way during CPU read operations,
and a burst nultiplexer for ofdering the data provided by said CPU buffer
based on the burst order of i{d CPU bus. 7. The circuit of Caim?2
wherein sai ﬁrallt,y gf, menor bus buffers includes a pair of

buf f ers, tro tGlgiry? ??a'%a'g‘amf’fe’f“?%b‘(?ontrol ler, for

al ternau&bwm%wwmgnsdah&nﬁw&u&%&ﬁﬁd%mﬁwm accesses, so that

mhen on sai d buffer IS being accessed by said cache storage array
sard busfafdosﬁ orage;gray,foihg. r 15&“1@3'?@9% HBndfysBeyehcess by the nemory bus,

thereby perm tting back-to-back nmenory bus cycles. 8. The circuit of

Claim7 whe e| rLsal d, bus .interface controll er supports consecutive
oper at i ons {)h the ”F@g‘ﬂﬁ%w?%‘fs%ﬁ@"'a%?fm to the CPU cl ock signal.

buffers iuriive. comprises a snoop butfer for storing a line of data read from

. said zaei - wtage array whenever there is a snoop hit to a modified line in
\_  said cache storage array.

1t The circuit of Claim 6 wherein said siorage array is organized
as a multipis-way, set associative cache.

2. The circuit of Ciaim 11 wherein said caohe storage array
incorporate: most recently used (MRU) bits for initially selecting which way

will be acc.;ssed on read cycle hits.
13.  The circuit of Claim 12 wherein said cache storage array
comprises 256K memory bits divided into two ways, each being 128K bits.
\_/ 14.  An integrated cache memory circuit coupled to a memory bus

and a CPU bus. said circuit comprising:

(a) acache storage array;

(b) a memory port coupled to the memory bus;

(c) aCPU port coupled to the CPU bus;

(d) aplurality of cache line wide buffers for supporting concurrent
operations at said memory port and said CPU port, each of said cache line
wide buffers having a full cache line wide interface to said cache storage
array;

(e) aninternal bus means for accessing said cache storage array
from said memory port and said CPU port, said internal bus means
comprising a connection bus which supports transfers between the CPU bus



61 9. The circuit of Caim7 wherein said plurality of nmenory bus buffers
* further conprises a wite-back buffer for storing data transferred from
said storage array to the nenmory bus for replacenent _and flush cycles. 10. .
The circuit of daim9 wherein said plurality of menory bus buffers further,
conprises a snoop buffer for storing a |line of st d

storage array whenever there is a snoop hit to gmm'MImmmme sai d
cache storage array. 11. The circuit of Oaim6 *whéretn %aitl storage arraye
is organized as a nultiple-way, set associative cache. 12. The circuit of
Claim 11 wherein said cache szage array incorporates nost recently used
(MRU) bits for initially selb fng which way will be accessed on read cycle
hits. 13 The circuit of Claim12 wherein said cache storage array

conpri é%%'"%%ﬁ%é’#ﬁ?‘g}“%ﬂr?gwaﬂéa%ﬁ%a e 8M8Y - being 128K bits. 14.
An i nt egesdes drecedringienory circuit coupled to a nenory bus and a CPU bus,
said circuit conprising: (a) a cache storage array; (b) a menory port '
coupled to the nmenory bus; (c) ~a CPU port coupled to the CPU bus; (d) a
plurality of cache line wide buffers for supporting concurrent operations
at said nenory port and said CPU port, each of said cache Iine wde buffers
having a full cache line wide-interface to said cache storage array; (e)

an internal bus nmeans for accessing said cache storage array fromsaid
menory port and said CPU port, said internal bus neans conprising a
connection bus which supports transfers between the CPU bus

v

why o
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and the nenory bus wi thout involving said cache storage array while array
accesses are occurring; 11 () menory port control neans for selecting
whi ch of said plurali‘ty ef-eache line wide nenory port buffers is to be
used during a particular nenory bus access; and (g) CPU port control neans
for addressing said cache storage array and for selecting which of said
plurality of cache line wide CPU port buffers is to be witten to during an
access to said array. 15. - The circuit of Caim nt.egr at ed
cache nmenory circuit supports a cache |line size immmﬁmwﬂlﬂluus which is
| arger than or equal to the Cﬁ cache line size. . ¢ The ®ircui*t of Caim
15 wherein said cache stora&@ rray is a set assom ative cache with

mul ti pl eays, and said CPU port control mneans includes neans for sel ecting
one way of (®ai dmmdr!bmiwnMymadsdorqsleMdihicgoasmmﬂned way to the CPU bus.
17.  Th@ oSdnb Gad A ' bus neans further

conpr i rsl’Zs aﬁ“a‘?‘?é;§'°'%’ﬂ’g%ﬁ;“@§)§?‘e‘§§hgfé’? ﬂ'@# sal cache storage array; and an.
arfay beemanpbysiasebss;@ngai d cache |ine wide buffers, said CPU port control

means provigin '%Id% t“}ﬂi g0 said array multipl exer
for sel ecti(g’g %ﬁ\‘%ﬁ%’g@kﬁ%gﬁg&%ﬁh%; s‘e?%cte way if access to said
cache gy arstiotseleglngiwhich obsaid pleralineefsasheliogwida G@UNMoRuber of bits from each
way 1T Gifigie %o bewheR 1B dulfig St adodid%o salfMilaf. M and N are integers.

\_ 15. The circuit of Claim 14 wherein said integrated cache memory
circuit supports a cache line size on said memory bus which is larger than or ‘
equa! 1o the CPU cache line size.

16. The circuit of Ciaim 15 wherein said cache storage amay is a
set associative cache with miultiple-ways, and said CPU port control means
\_ includes means for selectihg one way of said multiple ways for providing a
selected way to the CPU bus.

17.  The circuit of Claim 16 wherein said internal bus means further
comprises:
an array multiplexer coupled to said cache storage array; and
N\ an array bus coupled to said cache line wide buffers, said CPU port
control means providing way selection contro! information to said array
multiplexer for selecting N number of bits from said selected way if access to
said cache storage array is from the memory bus, and M number of bits from

each way if access is from the CPU bus, where M and N are integers.

18. The circuit of Claim 17 wherein said cache storage array

comprises a static random-access memory {SRAM) array.

19.  The circuit of Claim 17 wherein said cache line wide buffers
comprise a CPU bus buffer coupled to said CPU pont, and a plurality of
memory bus buffers coupled to said memory port, said memory port buffers



18. The circuit of Caim1l7 wherein said cache stora‘ge—ar—r—ay—een@ekses—a
static random access nenory (SRAM array. 19. The ci rcwt of Claim17

wherein said cache |itne wide buffers conprise a CPU bu “ ! 1’" ﬂmtm .
said CPU port, and a plurality of nenory bus buffers c ry,
port, said menory port buffers * C L * i ncl udi ng at -

| east two nmenory cycle buffers for transfers betvveen said CPU bus and said -
menory bus, a w te-back buffer, and a snoop buffer. 20. The circuit of S E
Claim19 wherel n said CPU port and the CPU bus operate synchronous to an
externally provided CPU cl ock and said nenory port operates asynchronous,

to the externally provided cl ock, thereby decoupling the CPU bus from
t he nenory bus. 21. AV ntegrated cache nenory circuit for providing

a gat ewdheumﬂmmwmmraommsbbmmmm Croprocessor conputer
system said jnte ed ca CII‘CUIt corrpr|5| ng: (a) a _
r andom®¥ E’é’sssa'd WSB%&E"HD%'P P2 ed as a multi-way, set wa
~associ ative cache; (b) a CPU bus |nterface conprising a cache line w de
CPU interface hQuffer f vi din s to.sai ache storage array from
t he CPU bu?Es SJ)H' H&'@’Rﬂ%ﬁm %’%ﬁfﬁfp&?’g’e%@ccess to said cache
~storag Quﬁé;ie’igte é)rnem'bﬁ_dne toneexteynally srovidami GPU clock and said
memory port operates asymhmﬂqﬁs. to the externally provided CPU clock,
thereby decoupling the CPU bus from the memory bus.




smenory bus interface further conprising a plurality of nmenory bus buffers;
(d) a bus providing a bypass path between said CPU bus interface and said
“menory bus interface independent of accesses involving said cache storage
“array, wherein each of said plurality of menory bus buffers—and—said CPU
I nterface buffer has a full cache line wde interface to sald cache stora

e
arfay to support concurrent operations at said CPﬂl“luﬁ rl ﬂm I d *
meRory bus interface; and (e) data traqﬁ r contr Mbendent ,
asynchronous control of data transfer t 5? S occurrlng at said CPU bus

i nterface and said nmenory bus interface. The circuit of Claim21
wher ei n sa|ﬁ1CPU buAnlmheegaaeeﬁucan@B m@mmﬂxugiquﬂtE¥Qﬁuﬁﬁ°Y&ﬂ¥¢$lexer
means for ot dq;tea;‘.feréﬁn adi cpTPWURIS andt ea f awamdmyf f Busbaind @an a

burst order 98 ¥s K}e oty (Psteh, Cenfiaguintégpatatl tdatmxer

neans for 05|t onln Jo the CPU bus by said CPU bus
terface diFTREY %“F§a8°@9%ﬁéqg isistent with a prescribed

c figuration of théatPU Bus; FaREONTICEeTAy ntREREDI ex@YORAERs HFR¥I ecti ng
a conf|gurabrganpzedcasbedmpdturuanfSG&t@SﬁQﬂ#&?NM%!ﬁ@FQ&m«ﬂ CPU interface
buf fer. 23. The(b)r aucPUobuél dnte2face ,Clcximprdsiseeeigaches dineory bus

wide CPU interface buffer for providing access to said
cache storage array from the CPU bus;
(c) a memory bus interface providing access to
- said cache storage array from the memory bus, said
memory bus interface further comprising a plurality of
memory bus buffers; ' '
(d) a bus providing a bypass path between said
CPU bus interface and said memory ‘bus interface
independent of ‘accesses involving said cache storage
array, wherein each of said plurality of memory bus
buffers and said CPU interface buffer has a full cache
\_ line wide interface to said cache storage array to
‘'support concurrent operations at said CPU interface and
said memory bus interface; and
(e) data transfer control means for independent,
asynchronous control of data transfer that is occurring
at said CPU bus interface and said memory bus interface.

22. The circuit of cClaim 21 wherein said CPU bus
interface further comprises:

(a) a burst multiplexer means for outputting
data from said CPU bus interface buffer based on a burst

order defined by the CPU bus;
(b) a configuration multiplexer means for

positioning data provided to the CPU bus by said CPU bus
interface during a CPU read cycle consistent with a
prescribed configuration of the CPU bus; and

(c¢) a way multiplexer ‘means for selecting a
configuration prescribed portion of data stored within
said CPU interface buffer.



interface further conprises * C L M S * additional multiplexer

means for connguung data stored within one of sai s for

menory bus wite cycl'es tonsistent with a prescri iquration of said
nmenory bus. 24. The circuit of Caim23 wherein s%fﬂﬂ;ﬁ{m‘ ,mu;m:;ace .
further conprises valid bit enable |atches for cont okl Seleper ations
on a bit- by-bit basis. 25.;:The circuit of Caim23 wherein said plurality -
of menory interface buffers:.includes a pair of nenory cycle buffers, a ®
repl acement write-back buffer, and a snoop wite-back buffer. 26. The
circuit of Claim25 wherein:said data transfer control neans conprises: (a).
a CPU bus interface control:\gagns providing a first set of signals to said
CPU interfage for controlliing synchronous burst transfers and CPU accesses

to said ca?ﬁfe sf"@%é?b?'ﬁ'&&??t%%z?Wb?f?'ﬂﬁ@d@ﬂm"mby,s and (b) a nenory bus

i nt er f awertaeo Rithérlcomprizas provi ding a second set of signals to said nenory
interface for controlling nenory accesses t'o said cache storage array fronkv;,
t he menory bus operating asynchronously with respect to the CPU bus. 27.

The circuit of Claim26 wherein said data transfer control neans further
conprises a neans for nmerging data in said snoop and replacenent wite-back
buffers. i : N

Bl
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additional multiplexer means for connguring data stored within one of said
memory bus buffers for memory bus write cycles consistent with a prescribed
configuration of said memory bus.

24. The circuit of Claim 23 wherein said CPU bus intertace further
comprises valid bit enable latches for cohtrolling write operations on a bit-
by-bit basis.

25. The circuit of Claim 23 whersin said plurality of memory
interface buffers includes a pair of memory cycle buffers, a replacement

write-back buffer, and a snoop write-back buffer.

26. The circuit of Claim 25 wherein said data transfer control

means comprises:

(a) a CPU bus interface control means providing a first set of
signals to said CPU interface for controlling synchronous burst transfers and
CPU accesses to said cache storage array to and from the CPU bus; and

{b) a memory bus interface control means providing a second set
of signals to said memory interface for controlling memory accesses to said
cache storage array from the memory bus operating asynchronously with
respéct to the CPU bus.

27.  The circuit of Claim 26 wherein said data transfer control
means further comprises a means for merging data in said snoop and
replacement write-back buffers.




