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| The present invention relates generally to the field of
MmiCroprocessors; sﬁeciﬁcally, to cache memories which i'epres_ent the
level of the me_tﬁdry l_riera'rchy ina coniputei' system between the
central processing unit (CPU) and the main memory.

Historically, the demands of mieroproeessor technology have
been increasing at a faster rate than the support technologies, such as

. dynamic random access memory (DRAM), transistor-transistor logic

. (TTL) or programmable logic. Recent tends are further aggrai/ating

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-instructioﬁ-set-computer
(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 multi-

_processors. Finally, the rate at which new devices are being



|ntroduced into the market place is acceleratrng further exacerbatrng al

of t WSR20ISAs a result of these trends, two severe per POIVUSIT04744

bott| enecks have energed that continue to influence the way that systens 2
are designed. Menory bandwi dth, as a performance liniter, has already
forced the use of cache nenories in nmany m croprocessors systems. By way - of
exanpl e, the use of cache nenories is commonpl ace i.n the 80386[err]
generatron of m croprocessors manufactured by Intel Corporation. Al so,
Intel's 804861[err], i860[err] and |8602Lerr] m croprocessors include
on-chi p caches for enhanced performance. It is clear that further changes
in the menory hierarchy (primry cache, secondary cache, DRAM

ar chi t ect ur ejntredaced hid dteentmtpmw scwlermn%r figtheee increases in
future generations. (Note that el " 80386" 0486", "i860" and NG
"i 860XP" ar eexacerbatimgnall lof the dbove, Cor poration.) Anot her per f or mance

bottl eneck is the clock rate and input/output (1/0O timngs. It has becone

apparent that theAsagesuldof these trends: twosevere performanceg_t he
" m Croprocess ock rate (an resultrng 1(Q.tim-ngs)-cannot be
sust ai ned acgesfermis gﬂi]al &mwaobthat afford the
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microprocessors systems. By way of example, the use of cache .

ﬂ

memones is commonplace in the 80386'"“l generatton of
mrcroprocessors manufactured by Intel Corporatton Also, Intel’
80486™, i860™ and i860XP™ mtcroprocessors include on-chtp
caches for enhanced perforrnance It is clear that further changes in
the memory hierarchy (pnmary cache, secondary cache, DRAM
archrtectures, etc.) wﬂl be requtred to sustaxn performance
mcreases in future generanons (Note that “Intel" “80386”
' “80486”, “i860” and “i860XP” are all trademarks of Intel |
| Corporanon )
Another performance bottleneck is the clock rate and N
-mput/output (I/O) ttmmgs. It has become apparent that the B
| mvestment requtred to continue mcreasmg the rmcrocessor
clock rate (and the resultmg 1/0 tnmngs) cannot be sustained across
all components in the system "Even if one could afford the
investment, the schedule tmpact of treadmtlhng, coordmatmg and
the potentlaltty for multt-vendors, could easrly make such an
archltecture non-competitive. These factors have already forced the
use of asynchronous interfaces to isolate the frequency scaling
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pr obl emtg-é(a’m%ﬁ of the syste conponents. -In the future, |PCTAISS2404744
that high speed CPU interfaces will need to be designed around an even nore
tightly controlled specification in order to - reach the desired | evel of
performance. Typical of the drawbacks characteristic of past approaches is
the inability to support caoncurrent 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 medms that the cache SRAM array
heeds to be accessed repeatedly to obtain each piece of the cache |ine,

bl ocki ng access formthe other interface. Alternatively, a w de bank .of

SRAMs coul d be eppoblemi talacsubsattof thersystemrcomponents.ndn the futyres itiss, but

only, at the considerabl e expense_of additional c¢Qnplexi tﬁeand cost. Anot her

comon drawback Gleagithat high speed CRU interéacesswill need to Sig i s
reory bus can bErOURS andrveaoRS Hebek saniiolied Fpeeticadon i ongE P
For each data 1 ecRefbe pSRS JEHETof PREtmIRS " Rar S This s s mply
buses requi ros synchr SYBIGLOE BRRFOEEKS Ehpbicterife TR basl RptBate .
R S ©OMiBG 18 Subpbht EOGERAER: obERTonl ot ikh s PTG
i nt egr at ed cachemﬁafymfwg Thatis) ﬁr%ng%%erﬂWr e that
N . storage array, only one piece of data gets transferred. This means -
that the cache 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 employed
along with corresponding external multiplexers, but only at the
considerable expense of additional complexity.and cost.
Another common drawback of prior art cache memories is
that every transfer is required to be synchronized. In other words,
before data arriving from the membry bus can be transferred to the
o CPU bus, a handshake must occur synchronous with the
' microprocessc;r clock. This process must be repeéted for each data
transfer from the memory bus. Note that this is simply another
way of stating that the transfer of data between the memory and
_ CPU buses requires synchronous operation. Such operation B
presents a serious burden on the éomputer sysiem’s performanée,
especially with increased CPU clock rates.
_As will be seen, the present invention discloses an integrated

cache memory employed within a CPU/cache core architecture that



PCT/ US92/ 04744 - 4- is intended to overcone the perfonmance bottlenecks
descriWOPUEMIE  Wen utilized in conjunction with m croprmmzmmh as

t he 80486, the nunerous features of the invented cache solution is capable =
of linearly scaling the performance of these CPUs to previously unrealized
speeds (e.g., > 50 MHiz). WO 92/ 22035

PCT/ US92/ 04744 -5- SUVMARY AND OBJECTS OF THE | NVENTI ON Accordingly, it is
one object of the present invention to provide a cache nmenory which
overcones the drawbacks characteristic of.4he'pri6r art and whi ch enhances
overal | conputer system performance. It is another object of the present
invention to provide a cache which preserves as much concurrency as

possi bl e bet weefy infenddd 1o pVerdome thepérfermance bokilensuky désciibéd enhance

system perfornance for direct nenory access (DMA) and mul ti-processor \J'

confi gur ati ons. abéve.s When tilized irconjuniciiorpwitlemicroprecessorsisuchray i de a

cache. nennry conS|stency mechani smthat all ows DVA devices and/or nultiple

processors -- vihe80486y themumerous featurés:ofithe mvemedlucheasolwuonnsnenory
capable of linearly scaling the perfonnance of these CPUs to

- previously unrealized speeds (e.g., > 50 MHz). -



, is yet obj ect of the present invention to provide .a cache. nenory
V\/m ch perﬁgmstransfer of data froma CPU bus to a nenory PGEUS92/04744
transparently without disturbing the SRAM array. It is a further object of
the present invention to provide a cache nenory which is capabl e of
transferring information either into or out of the SRAM array wthin one
CPU clock period. It is yet another object of the present invention to
provi de a cache nenory whi ch asynchronously transfers data between the-
menory bus and the CPU bus. WD 92/22035-56- It is still yet another
obj ect of the present: invention to provide a cache nenory circuit which
conbi nes nenory bus buffer and CPU bus buffer functions together with an
SRAM arry on a sSUMMARYIANE A0S OF1HE ENVIRINBEONDj ect of the
present invention to provide a cache rrermry havi ng an interface to its
i nt®rnal SRAM array which i.s an entire cache line wde. It is still yet

anot her object of the presept .inyention de an eff{iciept cache-
menmory whose i nt er f acAqcordinglys sois,ong, Qi’l"(& f)(;‘lhed’m Pﬁ“ﬁ@l@@l atency

Irr:arrlofysilolrl ugef 3&%"&@ obj ect of the pvéﬁ}fﬁlnt |nvent§,\ﬂ?‘_tw ov deI enggfhe |
scaling of per %ﬁgﬁ%ﬁ‘pﬁtﬁgrﬁﬁﬁ Y dnd \PHfich edtifn @8 6P Sl ©

scal ing of the
system performance.

It is another object of the present invention to provide a cache
N4 which preserves as much concurrenicy as possible between the CPU
operation and the memory bus operation to enhance system
performance for direct memory access (DMA) and multi-processor
configurations. | |
It is another object of the present invention to provide a cache
memory consistency mechanism that allows DMA devices and/or
multiple processors -- with or without secondary caches -- to
~ share a common memory.
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 transparently without-disturbin:g the SRAM array.
It is a further object of the present invention to provide a
cache memory which is capable of transferring information either
mto or out of the SRAM array within one CPU clock period.
It is yet another object of the present invention to provide a
cache memory which asynchronously transfers data between the-

] memofy bus and the CPU bus.



In accordance with these and other objects of the present invention there ~
is di sSM8226835 i ntegrated circuit which inplenents a cachpCBRISITOEIq@@0C

el enent. The cache nenory circuit is part of a cache subsystemthat .
i ncl udes: MESI protocol with many variations, wite allocation with data
merge, MRU prediction for efficient two-way operation, and two-|evel cache
consi stency using inclusion (including data nerge for wite. back of Mstate
primary cache lines). In one enbodinment, a microprocessor-based conputer
~system having a central processing unit 4§PU) is coupled to a CPU bus. The
CPU bus operates in a synchronous nmanner to a CPU clock =~ WD 92/20035

PCT/ US92/ 04744 -7- signal. The conputer system al so includes a nenory bus

coupled to a main riipstll yéanother object of i present tavantton tache nemory
circuit tenporarily holds portions of the main nenory by neans of a statiu
random access prowide a(ciche)memory. citcditwhich combifies memory Busded whi ch
conprises a CPU nux/buffer means for optimzing burst read and wite
operations acthiffer and €RPUbbus buffer fauctions togethernwithsan SRAM arfay | cache
line to"be read/witten wth a_single access of the SRAM array. Control

| ogi ¢ neans arQn @ single-integrated Cireitopy bus i nterface neans for control ling

the ohU but for o J35a Einetighieds b Encireselinkebbion & pemade ™ *¢ "
cache memory having an interface to its internal SRAM array
which is an entire cache line wide. .
- It is still _yét another object of the present invention to N~
provide an efficient cache memdry whose interface to the memory
bus controller minimizes CPU latency. | |
It is still a further object of the present invention to provide a
cache memory for use with a CPU/cache core architecture which
* permits linear scaling of performance in microproéessors such as
the 80486 to facilitate scaling of the CPU clock rate. -
" In accordance with these and other objects of the present
im_rention there is disclosed an integrated circuit which implements a
cache SRAM storage element. The cache memory circuit is part of &;
a cache SUbsystém that includes: MESI protocol thhmany _ |
‘variations, write allocation with data merge, MRU prediction for
efficient two-way operétion, and two-level cache consistency using
inclusion (including data merge for write back of M—:state primary
 cache lines). |
In one embodiment, a microprocessor-based computer system -
. having a central processing unit (CPU) is coupled to.a CPU bus.
The CPU bus operates in a synchronous manner to a CPU clock
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al so supported on the nenory side. !
922203 he consi stency protocol requires- that the RGKUSIBNST44

In the current

cache line be greater that or equal to the CPU cache Iine size. Thus, the

present invention can support |x, 2x, 4x, 8x or |arger

menory bus widths are also facilitated to either support the |arger cache

line ratios.

line or .to account for the relatively | ower speed of the nenory bus.

Currently, Ix,
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4x width ratios are supported. The integrated cache

menory circuit further conprises a nenory beg-interface -- including a

plurality of internal
write-backs and snoops.
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across the CPU bus. The CPU mux/buffer means allows a full
cache line to be read/written with a single access of the SRAM

array. Control logic means are utilized within the CPU bus
interface means for controlling CPU bursts in the order defined by
the CPU. Valid bits are incorporated in the CPU buffer to support

parual line writes and allocations.

- Large cache lines are also supported on the

memory side. In

the current embodiment, the cache consistency protocol requires

that the memory bus cache line be greater that or equal to the CPU

cache line size. Thus, the present invention can support 1x, 2x, 4x,

8x or larger line ratios. Larger memory bus widths are also

facilitated to either support the larger cache line or to account for

the relatively lower speed of the memory bus. Currently, 1x, 2x,

4x width ratios are supported.

. 'The integrated cache memory circuit further comprises a

memory bus interface -- including a plurality of internal buffers

used in performing memory bus reads, write-throughs, write-backs

. and snoops. The memory bus interface also.comprises tracking

.
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ported access to a cache data storage array with a bypass path for cycl es

t hat W©.92/22038/0l ve the cache. This feature is designed tpCTIS9Y/04744
concurr ent operations and to decouple the nmenory bus and CPU bus transfer -
protocols. Moreover, activities between the nenory bus interface and the
ot her el ements of the cache nmenory occur synchronous to the CPU cl ock
signal, while activities between the memory bus interface and the nenory
bus occur asynchronous to the CPU clock si gnal . I ndependent asynchronous
“data transfer control on the CPU and nggpry sides decoupl es the relatively
hi gh speed CPU bus fromthe slower nenory bus. This allows independent
(i.e., each data transfer does not need to. be synchroni zed to the CPU) and

concurrent ORs¥igtime ffobmlﬂg W]%ﬂj /22035
PCT/ US92/ 047% - Interfaces, thelFeby bstantially |ncrea3| ng )

performacce uﬁlﬂhﬂ dmeihg ﬁpﬁiﬁﬂ&ﬂmﬁhb 7 bus: Qm]be 1-i-ne - w de buffers

support_concurrent operation of both ports. Preferably, these buffers

i nclude a si ngl e @Pkeyfeatureofithieopresentrinventionis the: ihcorporatiohvef f or CPU

to nenory transfers, -one for replacement wite-backs, and one for-snoop
-write- backs. adata path beyween the GRUbus uuerfaneaadihefmemombua full cache

Ll Rﬁl }[MI SFeI giqe;rgf ce ftg(})‘ t he arra&xg’lalsgmgn wl e. cI o&ﬁccess topzﬂ |Ss1;y
Ul Pl e Wy g A ey 'ﬂus, or for passing. data’from the CPU bus to said
memory bus. These transfers are transparent in the sense that each o
«can be carried out without disturbing the SRAMarray (i.e., the “u .
identified data path is separate from the paths which couple the
SRAM array to either the CPU bus inte_xfa'e'e'- or the-memow' bus
- interface). In other words, the presentsinventiori' provides dual-
ported access to a cache data-'stomge}.amy_' with a bypass path for
cycles that do not involve the cache, This feature is designed to
support concurrent operations and to deconple the memory bus and
CPU bus transfer protocols. .
Moreover, activities between the memory bus interface and
the other elements of the cache'memory occur synchronous.to the v/
CPU clock signal, while activities between the memory bus
interface and the memory bus occur_'aSynchrOnouS'tO'ﬂle CPU clock
signal. Independent asynchronous data transfer eontro.l-'on the CPU
and memory ¢ sides decouples the relauvely high speed CPU bus _
from the slower memory bus. This allows mdependent (1 e., each
data transfer does not need to be synchronized to the CP-U) and
concurrent operation of both the memory bus.and CPU bus



m ni mal penalty by using MRU prediction. The data path supports NRU
predi cti onWQy92422038i ng mul tiple ways for the CPU bus operatio c

Mul ti pl exing for the proper way is done at the last level to maximze t
time available for accessing the MRU (and providing the new one). An NRU
bit is stored in the array to point to the nost recently used way for each
set. The cache controller has a copy of the MRU (inverse of LRU used for
repl acenents) to determine if the prediction is correct. In the preferred
enbodi ment the invention inplenents two way opegation; however, the
protocol is extendable to nore than two ways. ~“ WD 92/22035

PCT/ US92/ 04744 - 10 - BRIEF DESCRI PTI ON OF DRAW NGS The present invention

fr L@P&”QS%%Z‘;S. Turtate s fsrby shbsi iy inGaSie bis BephiiRe ot ™

I nvention, which, r not be taken to limt the invention to the

specific enbodl ment ﬁc\(ﬁé ?@%#&Ekpl anat i on and under st andi ng only. Figure

1 depicts a bl ock d|agran¥(5 dﬁ?ﬂb qﬂgﬂﬁ idohchtfentnt | v -

preferred enbodi nent of t t‘r‘nse |nvent|on I gure I's a CIFCUIt bl ock

di agram of ‘Lhe cUr I CahLiatitiFD wﬁpﬂfwdmfamm [ these buffers| inchikeatsidgle
h |

I nt egrated SRAM cac gure 3 il lfustrates detalls of the nmenory data path

in . CPU buffer and four memory interface buffers: two for CPU to
' memory transfers, one for replacement write-backs, and one for

744

snoop write-backs. Concurrency is provided since these buffers
have a full cache line wide interface to the array allowing a single
clock access to satisfy a muitiple clock burst at the pins.
The present invention also supports a multiple way cache with
minimal penalty by using MRU prediction. The data path supports
~ MRU prediction by accessing multiple ways for the CPU bus
operations. Multiplexing for the proper way is done at the last level
to maximize the time available for accessing the MRU (and
providing the new one). An MRU bit is stored in the array to point
to the most recently used way for each set. The cache controller
has a copy of the MRU (in§erse of LRU used for replacements) to
| determine if the ptediction is comrect. In the preferred embodiment
 the invention implements two way operation; however, the protocol

is extendable to more than two ways.



accordance with the currently preferred enbodi nent of the present _

I nvenWO82/22088ire 4 illustrates details of the CPU data Pt/ UR0; a4
currently preferred enbodi nent of the present invention. Figure .
illustrates a timng waveformfor a non-pipelined CPUread hit cycle in '
accordance wth the currently preferred enbodi nent of the present

I nventi on. WO 92/ 22035

PCT/ US92/ 04744 -11- Figure 6 illustrates three non- pi pel i ned wite hit
cycles in accordance with the present ﬂ ention. Figure 7 shows a nennry :
read cycle in accordance with the prese I nvention wherein the read is a
cacheable mss. Figure 8 |IIustrates a read -mss consecutive in accordance
with the presss AR ' A nmenory read, the next cycle
is to the sa > € he nmenory read has not yet ;)
conpleted to the SRAM array. Figure 9 |Ilustrates a wite back for snoop
operations in accordance with the currently preferred embodi nent wherein

once the cache co esent.
onCe w1 cache comtie et 4eéttion il BeRuiddrstddd e ALY FioH e
illustrates detaileddeseripfionrgiven belownand frorndhe aceo with the ~

present invention in which a nemllrne is directed ’into™a ¢aclie | ocation

that has nodidrawingsof th€preferred embodimentsnfesheninvention, fwhivt].
however should not be taken to limit the invention to the specific

embodiment but are for explanation and understanding only.
Figure 1 depicts a block diagram of the basic cache
subsystem of the currently preferred embodiment of the present

invention.

Figure 2is a cxrcuxt block dnagram of the currently
preferred embodiment of the presently mvented integrated SRAM
cache.

Figure 3 illustrates details of the merﬁo'ry data path in g
accordance w1th the’ currently preferred embodlment of the present

mventlon.

Figure 4 illustrates details of the CPU data path for the

currently preferred embodiment of the present invention. - -

Figure 5 illustrates a timing-—vvavefonn for a non-pipelined
CPU read hit cycle in accordance with the currently preferred

embodiment of the present invention.



Figure 11 shows a timng waveformfor a menory bus wite through cycle.

WD 92/ 22030 92722035 PCT/ US92/ pETAISI2104744
Figure 12 illustrates a timing:waveformfor a wite through with allocation
in accordance with the present invention in which a new line in the cache
Is allocated followwng a wite mss. Figure 13 shows a burst read cycle in

cl ocked node on the nmenory interface. Figure 14 illustrates back-to-back
menory read cycles in clocked node in accordance with the present invention
on the menory interface. Figure 15 illustraips a menory read cycle with
wait states on the nenory interface. Figure 16 illustrates the restart of

menory read cycles in clocked node on-the nenory interface. Figure. 17
shows single transfer nmenory read cycles in clocked node on the nenory
interface for the preferred enbodiment. Figure 18 illustrates burst wite -

cyctés fromthe menoryFigare 6 illwstimes these nontpipelined write! kitfeyddes Fhour
19 is a timng waveformshow ng back-to-back burst wite cycles in clocked

mode on the nmenoracgordantecwith the present invention.
- Figure 7 shows a memory read cycle in accordance with the
present invention wherein the read is a cacheable miss.

Figure 8 illustrates a read miss consecutive in accordance
with the present invention wherein folldwing a memory read, the
next cycle is to the same line as the previous read and the memory
read has not yet completed to the SRAM array.

Figure 9 illustrates a write back for snoop operations in :
accordance with the currently preferred embodiment wherein once
the cache controller receives a snoop hit, it instructs the present

invention to put the modified data onto the memory bus.

Figﬁre 10 illustrates a timing waveform for a memory read
in accordance with the present invention in which a new lineis
directed into a cache location that has modified data. Consequently,
a replacement is-performed. | -

L4

Figure 11 shows a timing waveform for a memory bus -

write through cycle.



WO 92/ 22035 PCT/ US92/ 04744 - 13-
Fi gurw@92/22035ti m ng waveformillustrating wite cycles , -
interface with wait states. Figure 21 illustrates the res?g'?ﬂgmn{%y
wite cycles in clocked node on the nenory interface. Figure 22 shows -
single transfer wite cycles in clocked node on the nenory interface.
Figure 23 is a timng waveformof a read-wite-read turn around in cl ocked
node on the menory interface in accordance with the currently preferred

enbodi ment of the present invention. Figyre 24 illustrates a’
wite-allocation sequence in clocked on the nmenory interface for the
preferred enmbodinent. Figure 25 is a timng diagramillustrating the

Figure 2515 a ti ﬁaﬁ%ﬁgigﬁ%ﬁ&i’t i, filetoBh. ol akRe brabgh Crove
RCT/ USoa! 'ngﬂhpggs s OWS.bL;I’StHE @%@H"?ﬁ@niﬁ/‘%ﬁgﬁﬂode on. |

PCT/ US92/ 047 ur e
the nenory i Cache 3 Iféwﬁg burst reads in
strobed mdeﬂ%ﬁ;{iﬂganretﬁr%ry mtgr ace |n accordance w Pﬁéfhe present ©

_Figure 13 shows a burst read cycle in clocked mode on the

memory interface. _ : L

- Figure 14 illustrates back-to-back memory read cycles in .
clocked mode in accordance with the present mventlon on the -

memory mterface.__

Figure 15 illustrates a memory read cycle with wait states

on the mem_ory interface.

Flgure 16 illustrates the restart of memory read cycles in

clocked mode on.the memory interface.

| Figm:e_ 17 shows single transfer memory read cycles in ~
clocked mode on the memory interface for the preferred | |

embodiment.

Figure 18 illustrates burst write cycles from the memory

bus in clocked mode on the memory interface.

Figure 19 is a timing waveform showi_ng back-to-back burst

write cycles in clocked mode on the memory interface.



I nvention.. Figure 29 illustrates the restart of nenory read cycles in

st robed noWO 92722085 nenory interface. Figure 30 shows single t pgysim92/o0a94k
cyckes in strobed node on the nenory interface in accordance with the
preferred enbodi nent. Figure 31 illustrates burst wite cycles fromthe
menory bus in strobed node on the nmenory interface. Figure 32 is a timng
wavef orm show ng back-to-back burst wite cycles in strobed node on the
menory interface. Figure 33 illustrates the restart of nenory wite cycles
in strobed node on the nenory interface. Fi 99!3_34 shows single transfer
wite cycles in strobed node on the nenory interface. WO 92/ 22035

PCT/ US92/ 04744 -15- Figure 35 is atimng waveformof a read-wite-read
turn around in strobed node on the nmenory interface . in accordance with the -
curgently preferred enbodi ment_of the present inventjon. Figure 36

i1 Ustrates a wite-all Figure 20 ds a-Hpung wavefoe ﬁhmn&_mtﬁemfbs on
interface for the preferred enbo?i nent,, Fiqure 37 is a timng diagram
i1lustrating the rEIMERAORY interiaee with,w $ind MEOCH# signal's in
strobed node on the nmenory interface. Figure 38 is a circuit schematic
diagramillustrati ng how

.Figure 21 illustrates the restart of memory write cycles in

clocked mode on the memory interface.

- V_ _ | : Figure 22 shows single transfer write cyclesin clocked

mode on the memory interface.

Figure 23 is a timing waveform of a read-write-read turn
around in clocked mode on the memory interface in acco:da.nce

with the currently preferred embodiment of the present invention.

Figuré 24 illustrates a write-allocation sequence in clocked

mode on the mémory interface for the preferred embodiment.

Figure 25 is a timing diagram illustrating the relapionshiﬁ of
the MOCLK signal to output data on the memory interface.

Figure 26 is a timing diagram illustrati__ng the relationship
between CRDY# and MEOC# in clocked mode on the memory

LI

" interface.



burst multiplexor select signals are generated in accordance with the
pr ef eW@ 92220381 nent . WO 92/ 22035 > 7w
PCT/ US92/ 04744 -16- DETAI LED DESCRI PTI ON OF THE PREFERRED!ERVPﬁ?QQPQf%d
circuit which inplenents a cache nenory for a mcroprocessor systemis
described. In the follow ng description, nunerous specific details are set
forth such as specific nunber of bytes, bits, devices, etc., in order to
provi de -a t horough understanding of the preferred enbodi ment of the present
invention. It will be obvious, homever,_tﬁ_one skilled in the art that the
present invention nmay be practiced wtho t hese specific details. In other
I nstances, well-known circuits have not been shown in detail--or have been
shown in bl ock di ageam Voo | r. . ayoi npecessarily obscuring
t he present invent %ﬁm{*?ﬁ@%ﬂ%‘%&g@éjﬁ?@hﬁw rf?nitﬁQent ion, '~
' frequent_refeﬁ?ﬁﬁggfﬁl' de to the use of the invented cache nenory iﬁ'/
conjunction w certarn spécific CPU architectures and/or nicroprocessor
types, such as the Intel 80486 and i 860XP m croprocessors. These :

I npl egentations nmegely'r t the qurrent referred_ enbodi nent of -t he
present invention ﬁﬂﬁﬂﬁ% ﬁ‘iwtﬁéﬁ?a&ﬂ&f busst reads in strabed scope of
the present inveqti. It -.s wnderstood th he concepts enbodi ed
in the préseﬁ%@ﬁ%ﬁ#%&%@g& Q%%%q?ew&m ot her

processor tyqﬁaedﬁaﬂntectures, etc.

Figure 29 illustrates the restart of memory read cycles in \,/
strobed mode on the memory interface. B

Figure 30 shows single transfer read cycles in strobed mode
on the memory interface in accdrdanée with the preferred

'e_mbodiment;

Figure 31 illustrates burst write _cycl_és from the memory

bus in strobed mode on the memory interface.

Figure 32 is a timing waveform showing back-to-back burst v
write cybles in strobed mode on the memory interface. _

Figure 33 illustrates the restart of memory write cycles in

strobed mode on the memory interface.

Figure 34 shows single transfer write cycles in strobed

mode on the memory interface. o -



In addition, in describing the present invention reference is nmade.to _
si gnal andWé 92/2203& peculiar to the currently preferred VOPEH/ti892/04744
PCF/ US92/ 04744 -17- enbodi ment of the present invention. A description.of
each of these signals is provided in the.attahed appendi x. Reference to
-these signal nanmes, or to their-specific function in the context of the
preferred enbodi nent, should not be construed as a linmtation on the spirit
or scope of the present invention. Overview of the CPU Cache Menory System
Use of a data cache nenory is based on the prjgciple of locality. This
principle recognizes that if an itemis referénced, it will tend to be
referenced again soon afterwards (i.e., locality in tine). Likewse, if an

(i oo locality i n spackybuth 38 if's Hiplif wabetGh LR JRARCW S Tealo0ee) '

( |ocal ity | _ A
hochl or bt ng pr occRRUERFE StroBell B30 gn e xficma?y intEfhce in atebffince
cache subsyst em Upgiglie Bubretly pRéfeied eabidimark SFERproient davetion.

subsystem conprises four basic parftitions: a CPU 10, which in the curre@tly'
preferred enbodi nent conprises an Intel 80486 m croprocessor, cache data
slices 13, cache controller 12 and a byte enable latch 18. Cache data

slices 13, in conjunctiFiguie 36 illustratesta write-allacation sequencein strobed
controller 11, provide a gateway between the CPU bus 14 and the_ nmenory bus
15. mode on the memory interface for the preferred embodiment.

Figure 37 is a timing diagram illustrating the relationship
between the CRDY# and MEOC# signals in strobed mode on the
memory interface. | ' |

Figure 38 is a circuit schematic diagram illustrating how
burst multiplexor select signals are generated in-accordance with the
preferred embodiment.



O

The specific inplenmentation of the four basic partition elements can be
adapt WD 92/22038% de variety of appli cations through choi ce @icTrSo3/8%44 CaCHeE
size, and the nenory bus interface. All WD 92/ 22035 44

PCT/ US92/ 04744 -18- CPU accesses which can be serviced locally by the cache
subsystemare filtered out fromthe nenory bus traffic. Therefore, |ocal
.cycles (CPU.cycles which hit the cache and do not require a nenory bus
cycle) are conpletely invisible to MBC 11 and nenory bus 15. This allows a_
reduction in menory bus bandwidth wiiichygs often required for

mul ti processing systens. One inportant function of the cache subsystemis

to provide speed decoupllng bet ween t he CPU bus 14 and menory bus 15. The
subsyst em-of 3 i‘“ﬁdlda?.h  FETS ERRED Zero wait-states up
to very high- Feo 8. 0. LG Un The sane tinme prOV|d|ng~’
t he decouplihnmgﬁgzﬁggﬂmggp run slomer nenDry bus cycles. Menory bus 15
typically is either ) .128-bits wide. This conpares to a CPU bus

wi dth which'is 32-bits w de |n the case .of an 80486..m croprocessor. Thus,

the cache subsystem of Figure 1 easil suppo*ts menory wi dths equal to or
greater than the CAmn integratedieircuit welyichl inplements s eacheomemory forenory
bus widths that are smaller than the CPU bus Cache controller 12 provides.
the mai n contadnicropneeessor system s desexibeds tlarthefollowingideseriptiongs and

line states. It tracks al].CPU hus cycl e nd determn whi ch cygcl es can
conpl ete on tRamerous specific detaxfs areyset forth, such as spec Gi\?ic number)t/)

bytes, bits, devices, etc., in order to provide a thorough : o

A

“-understanding -of the preferred embodimentf‘ of the present
invention. It will be obvious, however, to-one skilled in the art that

~ the present invention may be practiced without these specxfic details.
In other instances, uzeﬂ-known circuits have not been shown in
detail--or have been shown in block diagram form only--in order to
avoid unnecessarily obscnring.-the-present invention. -

In the course of describing the present invention, frequent
reference will be made to the use.of the invented cache memory in
conjunction with certain specific CPU architectures and/or
microprocessor types, such as the Intel 80486 and i860XP N/
microprdcessors-. 'I'hese implementations merely ﬁeﬂect the
currently prefe‘ired embodiment of the present invention and should
not be taken as a limitation on the scope of the present invention. It

- should be understood that the concepts embodied in the present
invention are applii:able, or may be extended, to other processor
types, architectures, etc.
- In addition, in describing the present invention reference is - -

made to signal and pin names peculiar to the currently preferred



CPU bus and whi ch nust be passed to the nenory bus. It al so provides

deci si ons WP REMWISes,- hits or misses (based on variations of pCHRAISI2/04744
protocol). Controller 12 handl es the CPU bus requests:conpletely and

coordi nates with MBC 11 when an access need control of nenory bus 15.
Controller 12 also controls the cache WD 92/ 22035

PCT/ US92/ 04744 - 19 - data paths for both hits and m sses to provide the
CPU with the correct data. It dynamically adds wait states based on a nobst-
recently-used (MRU) prediction nechani sm and agpess contentions. The MRU
mechani sm makes use of tenporal locality. Specitically, the nost recently
used vvay of a set is nost Iikely to be used again. MRU is the inverse of

LRU (i e, | east rceqibodinienclf i prient inoshiiono A Uesbeigtibn of bt ofo { e

to be repl aced. Cache control | et 12 al so provides cycle requests to MBC

17%md the addr ess thesesipnalvisspidvited inthe attuichedappéndix.c Referemieo @ | er

i s also responsible for performng nenory bus snoop operations while other

devices are utili zi.tiyeseesignal mames| or tﬁrti/um specificdfunctiontincthercontexvof the

wher eby cache controller 12 nonitors shared snenpory bus 15 to “deterni-ne

whet her or not ot hepreférred embodiment, shoukd net becanspmed: ag adi

cache line. The cac;hecont,rol | er snoo s both for th,e second | evel cache and
for the primary cacHae SPimor sgope ofthepresent iNVERION.c of i ncl usi on.

Menory bus controller (MBC) 11 adapts the CRU cache core

- Overview of the CPU/Cache Memory System
e - . Use of a data cache memory is based on the principle of
locality. This principle recognizes that if an item is referenced, it
will tend to be referenced 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., locality in space). Thus, the
" rationale of using a cache memory is to provide efficient access to
frequently used information, thereby accelerating processing speed.
- Figure 1 depicts a block diagram of the cache subsystem upon
which the present invention is based. The cache subsystem
St .. comprises four basic partitions: a CPU 10, which in the currently
preferred emboﬂiment comprises an Intel 80486 microprocessor,
“cache data slices 13, cache controller 12 and a byte enable
- latch 18. Cache data slices 13, in conjunction with cache controller
-12 and memory bus controller 11, provide a gateway between the
CPU bus 14 and the memory bus 15.
" The specific implementation of the four basic partition
- elements can be adapted to a wide variety of applications through
choice of CPU type, cache size, and the memory bus intex:face. All



to the specific nenory bus protocol associated with nmenory bus 15. In doi ng
SO0, wogxazghsnates with controller 12, line fills, fl ush’ﬁ&l” -%ﬁﬁ?cks,
etc. Menory bus controller is defined to adapt to a singlé |l§% ation _
of a CPU, cache controller, and cache data slice for a wi de range of nenory
bus protocols in order to support a w de range of applications. It is
capabl e of supporting a synchronous or W 92/ 22035 ' _

PCT/ US92/ 04744 -20- asynchronous interface to a clocked or strobed nenory
bus. In sone cases, it may even be di r_g@t_l'y connected to a DRAM i nterface.

These different protocols are supported at nenory bus w dths of 32, 64, and
128-bits. The MBC includes the |logic responsible for inplenenting the

S, OO il e RO b R B .,
controll g iikenlEras e o U bRy bha“eRPe) Tliefénd ok, coche dat
to memory busydles (OPU ehcléswhich hiv el qichianid doaitoredpie 4! i ce 13 )

i mpl ements the cache dafa storage el enment in the CPU cdche core subsystem

of Figure 1 mensorybas cycle)rirecomplétely invisibleto MBC 1ilnahdi dual SRAM
integrated circuits 17 coupled in parallel to.accormmpdate the specific
nmenory requimemonysbus 15k e'?ﬁtﬁp%@'mdlmtm.immelﬁory ‘uisrbandwidthat ed
circuit 17 inﬁl_ ydes | atches, ] - :

which is often required for multiprocessing systems.

| - One important function of the cache subsystem is to provide S

* speed decoupling between the CPU bus 14 and memory bus 15. ~
The subsystem of Figure 1 is optimized to serve CPU 10 with zero

: wait-st'atésfup to=veryihigh frequencies (e.g., >50 'MHz)-, while at the
same time providing the decoupling necessary to run slower
memory bus ¢ycles. Memory bus 15 typ:cally is either 32, 64, or
128-bits wide. This compares to a CPU bus width which is 32-bits
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 adapted to support
memory bus widths that are smaller than the CPUbus v

Cache ‘controller 12 provides the main cbnt'r_.ol- element of the

cache 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 be. passed to the memory bus. It also
provides d'eéisiohs on accesses, hits or misses (based on variations of
a MESI protocol). ' Controller 12 handles the CPU bus requests
¢ompletelj and-coordinates with MBC 11 when an access needs -

control of memory bus 15. Controller 12 also controls the cache



nul?iplexers al so referred to as MJXs), logic and nenory storage which
allow it tm‘pﬁ-l-ock-step with cache controller 12 to efflg‘?’@ﬂﬂmﬂﬂ“

serwvice both hit and m ss accesses. Note that the |logic functions within
cache 13 have traditionally been located in the cache controller in past
designs. However, in the present invention this |odgiec has been specifically
partitioned into the cache nenory i.n order to minimze critical timng
paths as clock rates increase. Cache data slices 13 support zero wait-state
hit accesses and includes a replicate of thel9RU bits previously nmentioned
for WD 92/ 22035 )

PCT/ US92/ 04744 -21- autononous way prediction. -During nenory bus cycles
cache .13 acts as -adatatpaths forbotlb hitscand flissétaprovidecthe CPU #ith the's, in
addition to storing data, cache 13 is responsible for ovi di ng an

ef fiCient, hi gh pecomectdata. dadynamicaliyt adds,wait s ﬁns esdhanreemosg- bus 15.
Thi s aspect of the present |nvent|on mAII be di scussed i.n nore detail

shortly. It is inpecently-usedQVRW) Mhmgnﬁmsspammns
ynchroni zers’ i nter nal Wm&% ke s o bpor Tacal) o
1615 properly accOBraEatlY, fiF Mastoschuly siBHoveE BF a.sckie Thos: fikhet be:
the momory hus contteh Rt HRE e drapkerd SELROM R Ra ettty bihd.* '
other CPU another prediction method for choosing the way to be replaced.
; 7 - Cache controller 12 also provides cycle requests to MBC 11 and the
o | address to memory bus 15 for cache misses.

The cache controller is also responsible for performing
memory bus snoop operations while other devices are utilizing
memory bus.15. Snooping 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 snoops both for the second level
cache and for the primary cache in CPU 10, based on the principle

s | 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 controller 12, line fills, flushes,
write-backs, etc. ) _

Memory bus controller is defined to adapt to a single
iinplementation of a CPU, cache controller, and cache data slice for

. a wide range of memory bus protocols in order to support a wide

range of applications. It is capable of supporting a synchronous or



cycle status signals (such as length, cache, attributes, etc.). Thus, the
| at clwOD232038t 0 nininmi ze the | oad (nunber of devices in Pcpzwsgymt hese
critical CPU bus signals. It is controlled directly by cache controller 12.
to mnimze the conplexity of menory bus controller 11. Note that latch 18
can be incorporated within controller 12 in certain enbodinments if pin
count. is not a constraint. * Cache Menory Architecture Referring now to
Figure 2, there is shown a bl ock diagram of the integrated cache nenory

circuit 17 of the present invention. 92/ 22035 -22- Cache nenory 17 -
has t hree basic sections: the CPU bus SEC i on, the nenory bus section, and
the SRAM array. Each of these blocks will now be described in nore detail

Fanet on i noolPaRToRR TEraEy ] 4P oltiRu o ArcRed mhebrd WA B 7L ui g

in block 21. -ghiveNolseBy it Riay’dvérpbe ditectly 66miectéditd d DRANS infsifisoeind .

wites. Its function optlm es read and Write operations across the .CPU

bus. For readThese alifferent protocoisiate suppoitedat mémorydass witlthseof o be

~| oaded into the MJX/Buffer 20 with a srngle array access Timng for the
burst transfe32; 644 and 128-hits. nFheiMBG dnclades theilogic fesponsible, foxl | owi ng

it to be highly optim_zed for a hi gg data transf er rate,
implementing the memory bus protocol. This logic is responsible

for the memory bus arbitration, data transfer and cache consistency
functions as'-‘wr._'.l_l= as controlling the transceivers in the cache
controller and in the cache data slice. (Note that cache 13 and
cache controller 12 are optionally coupled to memory bus 15
through transceivers/latches). -
Cache data slice 13 implements -thé'c_a_che data storage element
_ in the CPU/cache core subsystem of Figure 1. Cache 13 is-
implemented as a plurality of individual SRAM integrated circuits
17 coupled in parallel to accommodate the specific memory
req,uirerﬁents of the microprocessor system.
Each SRAM integrated circuit 17 includes latches,
. multiplexers (also referred to as MUXs), logic and memory storage "
* which allow it to work in lock-step with cache controller 12 to
efficiently service both hit and miss accesses. Note that the logic
functions within cache 13 have traditionally been located in the
_ cache controller in past designs. Howevgf, in the present invention
this _logic. has been specifically partitioned into the cache memory in
order to minimize ‘critical timing paths as clo'ck rates increase.
. Cache data slices 13 support zero wait-state hit accesses and

includes a replicate of the MRU bits previously mentioned for



Li Kewi se, for burst wite operations, the buffer allows data to be

col | ect edWID92/2203% transfer rate (based only on the timng r REFAUSAZN4T44(
MJX/ Buf fer 20) until all data is collected. for a single array wite. hi
addition to isolating the ACtimng for bursts, this approach m nimzes the
use of SRAM array 22, thereby increasing concurrency with the nenory bus.
Simlar benefits are also realized for nenory bus operations due to the
decoupling-effect of the nmenory bus burst fromthe CPU bus burst.

MUX/ Buf fer 20 has two 32-bit w de sections, -Bbe for each way of the SRAM
array 22. SRAM array 22 utilizes a two-way set WO 92/ 22035 :

PCT/ US92/ 04744 -23- associative configuration with MRU prediction, as

previ ously nenti oaatonédmons waypregdictien.c uring smemoryrbus eycles dachehl3 h
the cache nenory is divided into ways. A set _conprises a group of sectors
(ohe’ from each wagpts-asa daargatewaybbetweenCPU 10 andmemory bus 15. Fhus;y.

A set is addressed (i e.., indexed) using the lower portj of the CPU
address. All s'e"c"tm@ddmgnetosmaa%&apgeel%v-wpﬁwﬁefgamvman

ranstore i th of GRAICIERG high PeRommaRee il kath DhevetncGEl bus b RoR: 1 e
Based upon MU | niRkaary B £5. ORI RAneak of B fieatdh Bivsbifelt will B " 0
correct way to bedw&sgarihr}gm?g &‘i&ﬁ%ﬁmﬁw . L , _
- It is important to note that while cache core 13 can operate
. ~ asynchronously on the CPU bus and memory bus interfaces, there
are r;o synchronizers internal to this device. Synchronizers for data
transfer reside within the memory bus controller 11 partition.
The byte enable latch 18 is properly associated with the cache
controller partition in Figure 1. The byte enable latch provides an
- interface for isolated CPU bus signals to the memory bus
controller. These signals include the byte enables, and other CPU
cycle status signals (such as length, cache, attributes, etc.). Thus,
the latch 1s used to minimize the load (number of devices in
s ~ routing) on these critical CPU bus signals. It is controlled difectly
| . by cache controller 12 to minimize the complexity of memory bus
controller 11. Note that latch 18 can be incorporated within
controller 12 in certain embodiments if pin count is nota

constraint.

Cache Memory Architecture
Referring now to Figure 2, there is shown a block diagram of

the integrated cache memory circuit 17 of the present invention.



information is provided to block 23 from CPU control block 21 along line

24. \WP922WFation is also passed to and fromarray 22 aPET§USIZIOSBA For
exanple, during a read cycle the initial output is fromthe nost recently
used way. If the controller determ nes that the nost recently used way is-
not the correct way it wll force cache nenory 17 to change to the other

way using signals on 59 to change the way nux 33 and to wite the new MRU _
into array 22 via line 27 (e.g., for the next access). Note that the MRU in
cache nmenory 17 nmust be in |ock-step w th2he prediction mechanismin cache
controller 12 in order for the MRU prediciton protocol to function

properly. WO 92/ 22035

PCT/ US92/ 04744Cadlfe nitanesy 1T-hastredBdsiv sectioms:cHiss CPU bis #¢ion,

wait-states. MRU nisses have one wait-state to change the way i1f the read&(

are not pi pel imerhoryrbus sectiow,cand ths SRAM arrayssi Bach of theskebldukst | e us
for MRU |l ook up_in the cache controller and avoid the wait-state for the
MRU mi ss. - Thusyill mowche desotibegbirbmoretdetail belovar ¢ read from SRAM arrayy
. 22 and stored in each of the two way sections.of blocks 20 and 23. The CPU
Cinterface section further incl udes ei ght I'/ O drivers. O course, fewer 1/0
drivers may be used to support s. If the 2x CPU 1/0O
configuration is used, two |nput gﬁ'% $R[ 0: 1] "are-activated and

the other /0 pins .@S Qgﬁwsy“ Eg Jolrﬂﬁ _ mﬁﬁu%r%% l/ O

configuration is el 15 _

incorporated into block 20, with additional control 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 allows a full cache

line to be loaded into the MUX/Buffer 20 with a single array
access. Timing for the burst transfer is then determined in the CPU
bus interface only, allowing it to be hlghly optumzed for a hxgh |
data transfer rate.

Likewise, for burst write operations; the buffer allows data to
be collected at a high transfer rate (based only on the timing-
requirements of MUX/Buffer 20) until all data is collected for a N
single array write. In additi_on to isolating the AC iiming-for' : |
‘bursts, this approach minimizes the use of SRAM array 22, thereby
increasing concurrency with the memory bus.  Similar benefits are
also realized for memory bus operanons 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 -



CDATA] 0: I vated and the other four 1/O pins remain f ' T
CPUI/O ﬁme tri-stated if the cycle in progress is a WH‘“H&
there is no cycle in progress. At the end of a read, 'the outputs are
tri-stated if there is no pipeline read to run. QG herw se, when reset is
active, the outputs are tri-stated. CPU bus control block 21 basically
replicates the bus protocol. of the CPU bus for the cache nenory.. In the
currently -preferred enbodi ment, block 21 repljcates the Intel 80486 or

| 860XP bus protocol. These signals are used*d¥ control CPU execution
initiated cycles and, in the case of a wite back to the primry cache,
cache consistency initiated cycles.- At_the same tjime, control section 21.
nmoni tors the si grmsocmvgcaaécumonmﬂnmu@mdxmupmvmhg line
59. . WD 92/22035 PCT/ US92/ 04744
-26=" Assuni ng a smentionedevice |imit (due-to electrical: I'oading), this

BT 3% e’ Al S g
LSt T o AR AR 4 0. T SRR ol ot
st vel L0 TG ol Bakh gy At Beind SopEBeSe bR o e

menory bus (det aih’éni’éla&hﬂrﬂétt addresiéd (Re), inderedpusing’tic ToWe'portion
predi ction by accessing nmultiple ways for the . i
o of the CPU address. All sectors in the same set are indexed using
. ~ the same lower portion of the CPU address.. The 32-bit width

within block 20 supports four transfers with eight CPU 1/0 pins.
Two sections are needed to support the most recently used (MRU)
selection without impact to critical timing paths:
Based upon MRU information, a way multiplexer within

~ block 23 selects the correct way to 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 example, during a read cycle the initial output is
from the most recently used way. If the controller determines that

. the most recently used way is not the correct way it will fdi'ée 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 wiﬁl the i)rediction mechanism in
_cache controller 12 in order for the MRU prediciton protocbl to

' function properly. .



CPU bus operations. Note that while the present invention inplenents two

way oWOR2722835t he protocol is extendable to nore than t wiPGEAUSI2M4I4Dat a
Pat h for Reads Cache SRAM 17 perforns an array |ook-up for every CPU bus 14

read cycle in anticipation of a read hit (ME or S state). Cache controller
12 uses CPU bus 14 and dedicated control signals 59 to control the transfer
fromarray 22 in the case of read hits, or fromthe nenory interface in the
case of read m sses or read cycles t hat bypass the cache (e.g., 1/0O. The

CPU data path for reads accesses a full 624bits through array bus 25. Array
bus 25 i3 coupled to array nultiplexer 28, which in turn is coupled to the
array 22 through 128-bit bus 30. Array nultiplexer 28 is controlled by CPU

control bl ock 21. acRuds thae asé MR his'are\execifel Witlfoutemt-statedD 92/ 22035
PCT/ US92/ 04744 -25- The control |ogic resident mnthln bl ock 21 conpri ses

ordi nary conbi MRUY nusswhavemwamwﬁetmghm the waycifitheaeatls aper f or m
two key functions. First, it supplies burst addresses to MJUX/ Buffer block

20 (and associ noep:pﬁlmedeinqﬁ ined 7gadsyrit s possible:to hids the ¢ime usedPU
bus. “This is egsential _in order to Ximze hpe transfef_rate for burst
operations si nfer MRU logk up-in ﬂl%c%%m r&ﬂd;ﬁ‘f@ldﬁhﬂaﬁ'&ﬂ-ﬂl& second

fonction s toggrite MRU ?&J&%. s, for' CPU feads $5-bits times two '%?éf ez
from SRAM array 22 and stored in each of the two- way sections of
‘blocks 20 and 23. .
~The CPU interface section further includes eight I/O drivers.
Of course, fewer 1/O drivers may be used to support larger cache
sizes. If the 2x CPU V/O configuration is used, two input pins, e.g.,
CDATA[0:1} are activated and the other I/O pins have their outputs
- floating. If the 4x CPU J/O configuration is elected, only pins
- CDATAJ0:3] are activated and the other four 1/O pins remain
floating. The CPU V/O drivers are tri-stated if the cycle in progress
is a write, or if'theré-is no cycle in progress. At the end .of a read,
- the outputs aré tri-stated if there is no pipeline read to run.
--Othenvxse, when reset is active, the outputs are tri-stated. o
- CPU bus control block 21 basically replicates the bus ”
protocol of the CPU bus for the cache memory. In the currently
preferred embodiment, block 21.replicates the Intel 80486 or
i860XP bus protocol. These signals are used to control CPU
executioniinitiat_ed-cycles and, in the case of a write back to the
primary: cache, cache consistency initiated cycles.. At the same time,
control section 21 monitors the signals being received from the

cache controller along line 59.

Ed
&

-



operations to anticipate a cache hit. The cache controller then perforns
the tag |'WOE%B2838 parallel and informs both the CPU and t he PEEAISIA/AET44
of the result at the sanme instant. his obviates the need for an extra
circuit interface between cache controller 12 and cache nmenory 13 within
the nost critical timng path. Practitioners in the art wll appreciate
that this inproves the speed of read hit cycles. The |ogic functions
resident within control block 21 are also intended to be very tightly
coupled to the definition of the CPU bus. By26ay of exanple, according to
the currently preferred enbodi ment, the |ogic functions of block 21 are
based on the 80486 and i 860XP nicroprocessors in order to guarantee nmaxi mum

transfer rates. TAssuming asixteentdeviee dimit{idueltorelectricaltloading), dhist i cal ,
t hat the burst order be predlctable and that the AC .timngs be well

rrat\t:“_r/led for scal cablows 9uppart ofh M po512 Kbyte waches oma CPU
Ve 5505 "Bl Cr s Qg tor %b%s%st“ o RS Sirka 7
o dea full oa-bits 13t sould Be writariOnd tat Bof GaBgMRVpe éﬂgnf e
B 8 0Lt el b bV s RSBl B Gati
's tothe array. th Midibdal plriaify' Miftiplekitfg for the’pfdPer way is done at
_ the last level to maximize the time available for act:essing. the MRU,
V and for providing the new one. Moreover, the data path between
| the CPU bus and memory bus (details of the data path to follow)
also supports MRU prediction by accessing multiple ways for the
CPU bus operations. Note that while the present invention
implements two way operation, the protocol is extendable to more
than two ways. | '

CPU Data Path for Reads
| ~ Cache SRAM 17 performs an array look-up:for every CPU
s bus 14 read cycle in anticipation of a read hit (M,E or S state)
: _ Cache controller 12 uses CPU bus 14 and dedicated control signals
59 to control the transfer from array 22 in the case of read hits, or
from the memory interface in the case of read misses or read t:ycles
that bypass the cache (e.g., I/0). The CPU data path for reads
accesses a full 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 128-bit bus 30. Array multiplexer 28 is
controlled by CPU control block 21 across line 31. Each array

SUBSTITUTE SHEET



of the addressed cache line. If the access is to the menory bus, the

64- bi-WOREL2035Hm t he nenory buffer (either buffer 40 or bLlPﬁ’MUSOI!M‘IM this
| atter case, the way function is based on the address to select the correct
hal f of the nenory buffer. (Recall that the nenory bus cache |ine size my
be larger than the CPU bus wdth 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 continuing with the exanple of a CPU data read, the 64-bits
accessed fromarray 22 are next pa3sed tPfough CPU buffer 20 to a burst

mul tiplexer 33. Burst nmultiplexer 33 is a 4:1 nultiplexer which nuxes the
64-bits down to 16 bits (8 bits x 2 ways). -Burst nultiplexer 33 is

initially set at tThe control dogivirssident wishindilotk 2hcemprisest MUX 33 is

actually controlled in the currently preferred enbodinent is illustrated w
Fi gure 38. Fi grdinasg combinatorial andrstate machine egicrand is designaditot start

address. The out ut of the exclusive ORI ng_ operation generates the burst
MJUX addr ess. twonkey functions. ﬁrstenuumhm taddressesso to

8?2?2??3&2&%3&/& er black 20, dodassootated P ORMUXsAS andca?) fomo

92/ 22035 US92/,04744 - 28-

transferred |h“§tm5§ fromthe, GEU buys.; This.is QﬁsFﬁuﬂién(ﬂ!ﬂFﬁWon of the

mul 1l exer - SRERNep e ArR Rt fr Gl dperifibng Sinde R linia@s 4 oy 1
- slow external chip interface. The second function is to have the s
- cache memory track CPU bus cycles and perform internal A

operations to anticipate a cache hit. The cache controller then

perfdxms the tag look-up in parallel and informs both the CPU and

the cache memory:.?of the result at the same instant. ‘This obviates

the need for an extra circuit interface between cache controller 12

and cache meémory 13 withinthe most critical timing péth; '

Practitioners in the art will appreciate that this improves the speed

of read hit cycles. | i}

The logic functions resident within- control block 21 are also

intended to be very tightly coupled to the definition of the CPU bus v

By way of example, accordmg to the currently preferred

embodiment, the Togic 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, tﬁat' the burst order r_be predictable:, an;i that the AC

timings be well matched for scaleability. -

. For the implementation shown in _F-ig‘_ine 2, the CPU bus
interface supports a.:2; 4; or 8-bit data path per cache device 17.



preferred embodi nent to accommodate the different pin options at_the CPU ..
bus int erWAX82/2803F- 2x, 4x or 8x). Thus, MJX 37 can be confi BGALHSIZ/04744
1:1, 2:1, or 4:1 multiplexer. .In practice, configuration nultiplexer 37 can
al so be configured statically such that all of the bursts are perfornmed 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 pins. In the currently preferred
enbodi ment, MJX 33 and MJX 37 operate as follows. For the. 8x case, MJX 37
is configured as a 1:1 nultiplexer, i.e., as2% direct connect. For this

situation all of the bursts are perfornmed at MJX 33. For the 4x case, MJX
37 is configured as a 2:1 nultiplexer and every other burst is perforned

back and forth begcsess i\ 128 bitsp64hbits ffomreach way2 Theaccessis fiom the 4: 1

mul ti pl exer and burst MJX 33 is switched twi ce for proper burst ordering.

Redegni ze that munemary side, 3efull 64ebits is selested framdhe selected way.ef er r ed
I mpl ementation. Collectively, the CPU MJX functiqns as_an 8 of_ 32.selection
device for an '8x_.HWQJLQI'.@&Qawmsﬂﬁeﬁgﬁla@ngﬂmmﬁpm_bus
device, and-a 2 of ,32 se tipn device for a 2x CPU bus device. The burst
addr esses start a?d‘gmse&%ﬁﬁ/@?%a - o _
bur st orderi ng of the A8ARaIke AP8EU: i Yark Yor deat HeBials ST 64 Bitk .0
menories 17 can bf dhe ddtess'is to thie array, the 64-bits are both ways (32-bits each)
__ “of the addressed cache line. If the access is to the memory bus, the
- \/ _ 64-bits are from the memory buffer (either buffer 40 or buffer
41). In this latter case, the way function is based on the address to
select the correct half of the memory buffer. (Recall that the
memory bus cache line size may be larger than the CPU bus width
and it is necessary for the CPU to access the correct portion.)

With reference to Figure 4, details of the CPU data path are
shown continuing with the example of a CPU data read, the 64-bits
accessed from array 22 are next passed through CPU buffer 20 to a
burst multiplexer 33. Burst multiplexer 33 is a 4:1 multiplexer

‘which muxes the 64-bits down to 16 bits (8 bits x 2 ways). Burst
multiplexer 33 is initially set at the requested address. The way. in
which burst MUX 33 is actually controlled in the currently
preferred embodiment is illustrated in Figure 38. Figure 38 shows
a counter 34 exclusive ORed with a 2 bit start address. The output
of the exclusive O—I_{ing operation generates the burst MUX address.

- The burst MUX address is then decoded by decoder 35 to generate
. the burst MUX select signals. In accordance with the currently

preferred embodiment of the previous invention, burst data is



32-bits dependi ng upon conflguratlon It is appreciated that al

appl | WO9B0FF | | utilize multiple cache nenory |ntegrateGWHWIEH®ﬂHJ¢For

t hose conflguratlons where | ess than 32-bits are required, sone addresses -
may be used to access only a portion of the buffer. Note that the
distributed configuration of multiplexers 33 and 37 is controlled by CPU
control block 21 through select lines 38 and 39. The final MJUX stage shown
in Figure 4, may nultiplexer 43 is used to select the correct way initially
based on the 'MRU stored within array 22.-28- the MRU prediction is not _
correct, the way nultiplexer is swtched based on the way signal on line
59. Wy information is also used to wite the new VMRU way into array 22

al ong 1ine 27.transferredin abpredetermined ordehconsistent! with! thecopemition i on i s
based on an address bit to select the correct portion of the nmenory k_/
buf fers. Fi nalofythe 80486t micraprocessomnd | at ches are  defined to meet the
pin timng requirengnts. CPU Data Paths for Wites_ Cache SRAM 17 | atches
data for every.CPU Boﬂowmgebm;&tmnltml@mraamsmnﬂgummn multiplexsU bus 14
and. dedi cat ed gont nal s aI 59 to ont ;. the transfer to
array 22 for «t “?QWOIEIBF 5!' )7'§rﬁmB° @EHFeptiyht er f ace

hoTs Usesr 527441"%?%"%’ ZBodiment to accommefate F‘%“em RIRAPIGERSL | he
cache (e.9.. YhQCPTPhuTHelFhdete.gV 2k Pk ‘o8 ThulPRAUS 37 Srfpdat 2

before
configured as a 1:1, 2:1, or 4:1 multiplexer. In practice, -

configuration multiplexer 37 can also be conﬁguréd statically such v
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 pms
In the currently preferred embodiment, MUX 33. and MUX
37 operate as follows. -For the 8x case, MUX 37 is configured 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 -pérforme‘d
back and forth between MUX 37 and MUX 33. For the 2x case, . ‘&
'MUX 37 is a 4:1 multiplexer and burst MUX 33 is switched twice
for proper burst drdering. - |
Recognize that muxes 37 and.33 are distributed in the
_cumehtly-prefer_red*implementation’. Collectively, the CPU MUX
functions as an 8 of 32 selection device for an 8x CPU bus device, a
4 of 32 selection for a 4x CPU bus device, and a 2 of 32 selection
~ device for a 2x CPU bus device.. The burst addresses start at the



wifing it into SRAM array 22. The entire CPU cycle is conpleted before
data is aw&%*'&?’ itten into the array. Note that data transt

MUX/ Buf fer 20 and array 22 take place across 64-bit w de array bus 25. Up
to four transfers of data can be witten into MJIX/ Buffer 20 before the
array is witten. Data is latched in both ways of CPU buffer 20. Data is
witten to array 22 to the way specified by the cache controller. CPU data
is latched into MJX/ Buffer 20 regardl ess of whether the current line is
cacheable. If the line is cacheable, it is w28ten into array 22 in the
one-half clock period after the CPU cycle is conplete. In the present
schenme, CPU wites can be 1, 2, 4, 8, 16, or 32-bits wde. There are bit
enabl e | atches wmwmﬁgmmbyahemmmaacommmmew each

i ndi vi dual bit. Therefore durl?ﬂ awite to array 22, only those bits

which are bit wiodesing mcgonmcesw. It ‘shoul d: be .under st ood

data morge oper ati 3ﬁf¥:&e"&ﬁi&n&”°“&&bﬁ ‘amties 1 dqanbe 8,46

lb{n?fGelr S4Be?gr f El(i) gg?rmr \éesgg er ed ar 0 &glﬁvﬂal | aﬁ” te data 'Ga tg‘égmp.ily

?fﬁ:@fe?hewg;z;ﬁﬁﬁin&a&ﬁgwﬁﬁ%m@?@émﬁws@eﬁme'

e aot2 DI Rof Jhibl hBFigfiaribhs Where lesd thafl 3%:bits aré“retfuited, %h?e

PCT/ US92/ 04744 - 34qdresses may be used to access only a portion of the buffer. Note

o that the distributed configuration of multiplexers 33 and 37 is
.controlled by CPU control block 21 through select lines 38 and 39.
The final MUX stage shown in Figure 4, may multiplexer 43

is used to select the correct way initially based on the MRU stored
within array 22. If the MRU prediction is not correct, the way
multiplexer is switched based on the way signal on line 59. Way
information is also used to write the new MRU way into array 22
along line 27. For memory bus operations, the way multiplexer
selection is based on an address bit to select the correct portion of

L ~ the memory buffers. | |

. Finally, the output drivers and latches are defined to meet the

pin timing requirements.

CPU Data Paths for Writes
. Cache SRAM 17 latches data for every CPU bus write cycle.
Cache controller 12 utilizes CPU bus 14 and dedicated-control
signals along line 59 to control the transfer to array 22 for write. .
hits (M, E or S state) and/or to the memory interface for S state



mul tipl exer 47 which drives the bits based on the particular configuration’
For -SWQNARA/82035t there are only two data |ines conming int o PORAUSS24087447,
mul ti pl exer 47 would fan the two lines out to eight for CPU buffer 20. The:
8 bits are then driven to all slices of the CPU buffer 20. The CPU control
section 21 selectively drives wite enables into CPU buffer 20 (and array
22) to wite the correct bits. \Wenever - cache 17 is used in data node,
the granularity of wites is 2 bits. However, cache 17 al so supports a
parity node of operation. This is a conmpB@tely different node in which

i ndi vidual parity bits and bit enables are connected to the data pins. The
data path works the same with the exception of the finer granularity needed

for wite conw&tesatwﬁttemisf.ed or writeVéydles ahhebypassthecacke (€.g2AL.O0Y
device, the granularity is 1 bit. The CPU wite path i's also u ed for cacu

consi stency clor<SPUCRatitess MUX/Buffer 20ziscised to storedata beforé i ed dat a
fromthe CPU to the prlmari/zAache are treated |ike.any other wite cycle in

this part of mnngntmtms M array, 22+ énwennwl(wUm@e s\garhpleted f r om
SRAM 22 in wr buffer 6 or, snoop buffer 45, The pur pose of these -
buffers will rmy ;S&i&l afed that by

venti on L"ed d& 3 W BEUWM q‘ﬁd" Ry stﬁep 3% aGgol o | nes
{dent i cal in %@eﬁﬂcﬁ&a&%& il 255 bk, U RGeS of QMRS (Y
written into MUX/Buffer 20 before tl‘_le...an‘a_y_-lS_' written. _ ]
 Data is latched in both ways of CPU buffer 20. Data is -
written: to array 22 to the way specified by the cache controller.
" CPU data is latched into MUX/Buffer 20 regardless of whether the
 current line is cacheable. -If the line is cacheable, it is written into
' array 22 in the one-half clock period after the CPU cycle is
: éomple‘t_er. ‘In the present scheme, CPU writes can be 1, 2, 4, 8, 16,
or 32-bits wide. There are bit enable latches within MUX/Buffer
block 20 that allow the writing of each individual bit. Therefore,
during a write to array 22, only those bits"-which-are'bit'wfite
cnabled are actually written. It should beféu:lderstood' that the bit o
~enables are paséed through to the merﬂery'ihterface to support data o
merge operations for write allocations. In this situation, a cache
line is read from memory and merged around valid write data in
memory buffer 40 (or 41) before being put into SRAM array 22.
- As previously ciiscussed, write cyc_l'es' i)ass through t;xe CPU
input 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- Write data passes through a
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tines, wﬁ?‘?ﬂ?@zﬂﬁl ces 17 are enployed to nmake up the full c Z’%ﬁ?@”ﬁ‘
in.,order to support |arger cache sizes (see Figure:1). SRAM Array Wth
continuing reference to Figure 2, SRAM array 22 includes 256K nmenory bits
divided into two ways -- 128K bits each. Array 22 also includes 4K MRU
bits, and associated array address |atches 49. Address | atches 49 are-used
for all array access addresses. Also shown in Figure 2 i's a 64-bit path on
array bus 25 coupling the CPU interface, the3kenory interface and array 22.
Thi s bus supports cache line wi de single clock accesses. Connection bus 26
supports transfers between CPU and mepory buses. This bus is specifically

i ncl uded to i ncr eanultiplexendduwhich driviestthe bits basedhonttherparticudar t i cul ar,
connection bus 26 allows g conpection to pe. nade betyween CPU bus 14 and
metery bus 15 whi mﬁwm&eesmbcﬁﬁmmmm“%dm RS Commng es

of where this feature.s enployed i,nclLudes tilli the wite;back buffer
during the line fi‘l“og}eﬁ#&&i 'mlmllewé‘?(w eSOt Lty pus

is conpleting a read,., R AVer 22 htsel f conprises ordinary SRAM cel | s

fabricated enpl oypmmi -Eregpwnduct or (MOS) or conplenentary

net al - oxi de- sem conduc . It 32l , s the

way in which SRAM arra%é%mgﬁwwgmkpgﬁ%ﬁgtgﬁ%ﬁ%ﬁher

‘é’: thr tehg | ncor por O cithdl' sedtibf 21 seleetively Arives Wité hhBlestifibat | on- |
- CPU buffer 20 (and array 22) to write the correct bits. Whenever

cache 17 is used in data mode, the granularity of writes is 2 bits. --

i

L\
' Howéver,'cache 17 also supports a parity mode of operation. This
is a completely different mode in which individual parity bits and
bit enables are connected to the data pins. The data path works the
same with the exception of the finer granularity needed for write
control at the bit level. When cache 17 is used as a parity device,
the granularity is 1 bit. |

The CPU write path is also used for cache consistency cycles.
CPU bus cycles utilized to write-back modified data from the CPU
to the primary cache are treated like any other write cycle in this
part of cache 17. That is, they are eventually merged with data
from SRAM 22 in write-back buffer 46 or snoop buffer 45. The
purpose of these buffers will be discussed in more detail shortly.

It is appreciated that by having a sliced data path with
multiple width options allows the present invention to support
larger cache sizes with single loads on the data lines for all
configurations. For this sitnation, data path functionality. is. ~

identical in each cache device. When that functionality is replicated
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showsWr92{$2038s 25 configured to provide dual - ported accePECTIUS2AO&BM4dat a
storage array 22. That is, accesses to array 22 can be nmade fromeither the
menory bus or CPU bus si des Moreover, a bypass path for connecti ons
directly between the CPU and nenory buses I's included for cycles that do
not involve the cache. This.is defined to support caoncurrent operations and
to decoupl e the menory bus and CPU bus transfer protocols. Since the array
and the data path are fabricated w thin-32ve same integrated circuit, the-

wi dth of the connection i$ not constrained by pins or output buffers as is
usual ly the case in prior art designs. Consequently, the interface can be
made nuch wi dbk timtesy multipledevices) 17:aretemployed to:miake wp the fallicachet use
of the SRAM array, _This allows a single array access to_service many U
transfers on e@reckd dnrendes o suppontd yrgﬂérm?lessms (seeFigwrerd)h are a

hi gher level of concurrency (since SRAMarray 22 is only used for a
fraction of any external bus cycle) and a h| gher maxi mum cl ock rate .(since
the array accesses only on the crlg_lgg| of the initial access). As -
di scussed earlier, inaddition to MS ‘SRAM array 22 is al so y

responsi bl e for 60 Ak J e -
control ler. Thesew%é‘riaet&usegp%efe,ac W§3§#M§W%| ch way it
- wll be accesm@:ﬁr fiih t t %ge__ diction
met hod al | ows t p?g %ay cag eb‘-i‘l§ dﬁ?%errd]e%ﬂtgt%\s 0 _res%%l% v&ft hout
wai t- stat fﬁ %ach. wraymmsoqhenmﬂx MRUebits,aitld Axsotdatedafag’itical
i mng pa or
address: latches 49. Address latches 49 are used for all array access >

addresses. Also shown in Figure 2 is a 64-bit path on-ar.ray bus 25

coupling the CPU interface, the memory-intérface-an& array 22.

This bus supports cache line wide single clock accesses. Connection

‘bus 26 Suppotis-transfers between CPU and memory buses. This

bus is speclﬁcally included to increase the concurrency of the cache

solution. In particular, connection bus 26 allows a connection to be

made between CPU bus 14 and memory bus 15 while array accesses )

are occurring at the same time. Examples of where this feature is

employed includes filling the write-back buffer duﬁ'ng the line fill <

or allocation, or'servicing a snoop. while the CPU bus is 'coﬁlpleting
- a read.

SRAM array 22 itself comprises ordmary SRAM cells
fabricated employing metal-oxide-semiconductor (MOS) or
complemgnta_rj metal-_'oxi(ie-serﬁiconducto: (CMOS) technology.
What is novel,. hdweve-r, is the way in which--SRAM array 22 is
connected to the internal data path together with the incorporation
of MRU bits for tracking cache controller operation. Figure 2
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exanpl e, WO 93285 cad cycle the MRU output will point to the %@%ﬁﬁy

used way, and this way will provide the data initially placed onto the CPU
bus. If the cache cntroller a read hit to this way, the data is provided
to the CPU without wait-states. If the cache controller detects a read hit
to the other way, it instructs cache 17 to change to the ot her way.
(Cache controller inputs are coupled to CPU_gontrol block 21 along |ine
59.) Each way can be viewed as being 64- bi -3 by 2K rows. There are two
paths into or out of each way -- one for CPU accesses and one for nenory

SSeeei IR SRRy B N ERTRIG Hle RS o S
ook peri od { noicachEae SYRECARY. o< Thak sy aeksnen b SRRV 4 6a Do oo
pat s Uhen 9t o ook o i B oL M, Or EPUDULHES! MBoTEE,
the array. t her o tymgeR pafl 05 CBpheGHiof iy belveeh tP CPU N hinbfy )
number of L1 anst GERes 18 B o B B e Yo o the
CPU and menory sigifinét6e sapport éondlirséntsoperations and to'decoapie ther
.meniory bus and CPU bus transfer protocols.
A Since the array and the data path are fabricated within the
© same integrated circuit, the width of the connection is not
constrained by pins or output buffers, as is usually the case in prior
art designs. Consequently, the interface can be made much wider
 than the data path at the I/O pins for more efficient use of the
SRAM array. This allows a single array access to service many
transfers on an external bus.. The key benefits of this approach are
" a higher level of concurrency (since SRAM array 22 is only used
for_a fraction of 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 array
22 is also responsible for keeping a copy of the MRU bits used by
the cache contl_'oller; These bits are used by cache memory 13 to
predict which way it will be accessed on read cycles that may hit the
cache. This prediction method allows multiple-way cache
~ implementations to respond without wait-states at a much higher.

clock rate while simplifying a key critical timing path. For



menory bus. The CPU side is control | ed by the BRDY# and BLAST# si gnals as -
pr ef WIOn92A2208% i ned for the 80486 bus. This WO 92/ 2203 PCT/US92/04744
PCT/ US92/ 04744 -35- interface is synchronous to the CPU CLK signal. The
menory interface is controlled by a set of signals that are asynchronous to
CLK. Since the connections internal to cache 17 are a full a cache |line -
wi de, there are no synchroni zation requirenents between data transfer .
events (see the timng diagrans in pin description in the Appendix for nore
details.) It should be understood that.3fie internal organization of SRAM 22
may vary depending on the specific inplenmentation. For exanpl e,

consi derations such as cache data slice wdth, array si ze nunber of ways,

b mon plel, grrsadyele ther tgug perTor mance %‘@*S%e

errbodl ment. Beyohd supporting basic oper at I on

speci fi ed exteeently ysed Wway; and:this vemywill providé thedatibhitiillyy 22 is e

general |y unconstrai ned, Menory Bus Interface The. nenory. bus I nterface
portion of dlaped todhprCP&bus.erﬁrthercauhwmdl ‘Feadhignd ..

control "l ogic fynction as_that asspciated with the: CPU bus section
di scussed agQudus M the datads previdedta the GRUawithout wait-gtatesalIfy not the

SoE accens e adhe.bomalE RRisrts & wad Al Jorthe:other PRV vmtructs: 51 ngl e
bus pr ot OCOIcache 17 to change to the other way. (Cache controller lnputs are
coupled to CPU control block 21 along line 59. ) - |

= Each'way can be viewed as bem“g 64-bits 'b'y -2_K"r'ows. There A

are two paths into or out of each way - one for CPU sccesses and
one for memory accesses. Only one of“the’-ﬁathﬁ' can be ‘used during
each CPU clock. Memory accesses seléct 64-bits from way 0 or
~ way 1. CPU accesses along path 25 select 32 of the 64-bits from
way 0 and 32 of 64-bits from way 1. In one clock penod there can
be only one access through either the CPU or memory paths
When data from a memory cycle’ ‘buffer is betng written into
- SRAM array 22 the number of bits written can elther be 16, R2or
- 64 depending upon the configuration. When dam from CPU : o
. MUX/Buffer 20 is written into the array, there can bel, 2 4,8, 16
-or 32-bits written in the currently preferred embodxment
 depending upon the number of 1/Os pins used and the number of
transfers
Independent asynchronous data 'transfer"control on the CPU
and memory sides decouples the high speed €PU bus of the slower
memory bus. The CPU side is controlled by the BRDY# and - °
BLAST# signals as preferably defined for the 80486 bus. "This



The menor us interface consists of two basic signal groups. The first
group congvgt 92/2303% 1, ¢ signals that interface to the nenory bus PCTUS9R/PE144
w th a synchronous relationship to the WD 92/ 22035
PCT/ US92/ 04744 -36- processor clock. The second group consists of the data
path to the nenory bus along with the data path control signal Note that
these signals do not have a synchronous relationship to the processor clock
to aid in decoupling of the processor clock fromthe other system
conponents. It is inportant to note that actB8§+ties between the nenory bus
section (conprising buffers 40, 41, 45, 46, their associ ated MJXES, and
driver block 44 and the remaining sectlons of cache nenory 17 are
synchronous to t hinteffaceyistsynchironbus ¢oghe CPK) CLK signal. cTheanemoryt he
menory bus section and the menory bus data plns are asynchronous to CLK.
Metefy bus act.vumte:fmas ﬁadfw aset spm&ls@hatwammmnmnp when
a cl ocked nenory |s used, In the egvent tha a cl ¢ 539 menor bus is not

enpl oyed, nenory imge; theconnectionsints apache gnal

(e.g., MEOCH). Th str ed.node of o eratlon uses signal s. Thu
there are two nod é%mﬂ%??@ﬁ%ﬁ’ qﬁkﬂ*ﬂ@%gP ﬁ§F@
w de set of nenor rotqc | St.s 64- b|t
wi de path 26 fron#ﬁgfqéwi}s& eg@%imﬁs@%é%ﬁb}n?%&&ﬁé ih the
extremely -Appendix for more details.)

~ It should be understood that the internal organization of

S .~ -SRAM22 may vary depending on the specific implementation. For.
example, considerations such as cache data slice width, array size,
number of ways, etc., may mandate a different array configuration
for an alternative embodiment. Beyond supporting basic operation

-and performance goals specified extemally, the actual organization
of the SRAM array 22 is generally unconstrained.

Memory Bus Interface
The memory bus interface portion of cache 17 comprises a
U ~ similar MUX/Buffer configuration and control logic function as
| - that associated with the CPU bus section discussed above. However, |

the memory bus requirements are generally not the same as the
CPU bus requirements. Specifically, the memory bus interface
must access multiple mtemal buffers and cannot be ooptimized to a
single bus protocol.

The memory bus interface consists of two basic signal
_groups.. The first group. consists.of the signals that interface t6 the

memory bus controller with a synchronous relationship to the



beneficial feature in that it provides a data pat h t hrough the cache whi ch
avoi dVei92{2208%ng array 22. In doing so, the present inveRCEUSH04Z84s t he
need to synchroni ze each data transfer. To connect the nenory bus section
to the CPU bus section, nenory WO 92/ 22035

PCT/ US92/ 04744 -37- MJUX/ Buffer 23 operates in conjunction with buffers 40,
41, 45 and 46 as shown in Figure 2. Miultiple cache line wide buffers are
used to support concurrent operations at both at the CPU and menory bus
interfaces. The buffers in the current i3 enentation include a single CPU
buffer 20, and four nmenory interface buffers 40, 41, 45 and 46. Buffers 40
and 41 are enpl oyed for transfers between nenory and the CPU and al so for

transfers bet: or cleck: The secttd groupgofifistsPof tise défa path/esthé or snoop

wite-back, while buffer 46 is utilized for replacement wite-back. Note U
t hat concurremgmosy;huwahngswmbﬁ:  pathcontrolisignalss Nate théal | | ine
wide interface to the array thereby allowi ng a single clock access to

satisfy a rrulﬂl@ﬂeeﬁlgnﬂﬂ( o nothaye am@mponm tionship teithe coul d be added

sinply by expandi unber Qf U o buffers or, such a
situati on, thBeréﬁsg Gﬂ@éﬂt‘n ﬂi?a?@%}w%m rhbiee
addi ti onal sno buffer @ ii g Be used to aI | ow a snoop operatron V\/nerer n
the nodified 8 s of  the snoop buffers. 'O her snoops can

then be performed i@%t iHfipBftafit B ol thdr #AivAALE b¥iWeEn'thE rhbhidry bus
section (comprising buffers 40, 41, 45, 46, their associated
MUXES, and driver block 44) and the remaining sections of cache g
.memory 17 are :_s'ynchr_onous to the CPU system clock (e.g., CLK).
Activities between the memory bué section and the -m_e‘mof_y- bus data
pins are asynchronous to CLK. |
- ‘Memory bus activities are synchronous to a separate clock

(x.e MCLK) when a.clocked memory bus is used. In the event that

a clock_ed-_r_nemory bus is not employed, memory bus activities are-

normally synchronous to a strobe signal (e.g., MEOC#). The

strobed mode. Of-'o'peration uses signal edges. Thu.s,ithere are two

¢

modes of operation on the memory bus interface to. support a wide
set of memory. bus protocols. -
Also recogmze that there exists a 64-bit wide path 26 from
- the .memory_ bus section to CPU buffer 20. ‘This is an extremely
beneﬁcial_._feature in that it prbvides a data 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 mé_moq ‘bus section to the CPU bus section, memory



snoop buf turing nodified data fromthe primary cach CPU 10
across CP%&%’Z > Thus, the fundanental aspect of the concuri’@ﬁxm@g’%

the fact that the buffers thensel ves are a full cache |line wide. This neans
that in one execution clock cycle, a cache |ine w deiof data information
fromthe cache can be placed into a buffer, and then WO 92/ 22035

PCT/ US92/ 04744 -38- transfered out of at buffer at a slower rate.

Meanwhi | e, the other buffers fromeither the nmenory or the CPU side could
be utilized for other data transfer purposeB7-Larger cache lines can al so
be supported on the nenory bus. Conventional parallel cache inplenentation
rce the force line to be the sane size throuhhout the entire conputer
system However, MAZX/Buffer:2d opesatesiin.conjunctinn: with buffers 44 bndSnenory

bus buffers, the me ry bus is p tted to have a Iarger line size than
t he~CPU bus. I.n fﬂlﬂ dn%‘?%e configurati-on, it is possible to

ransters per 1ine) . cAnIEple acht fine wids BRFCRS afh Hsd D suRRPEl | gn:
bus ‘v zsw;f::mmwwwmv %ﬁﬁ%ﬁﬁo&e@%myf?@“
narrower than t nanieipEts. THE bt i e chiitof HfHMmbiaGo Hiclide 1)
must. be a power Gfingle CPU buffer 20, and four memory interface buffers 40, 41,
45 and 46. Buffers 40 and 41 are employed for transfers between
v _ memory and the CPU and also for transfers between the memory
| and SRAM array 22. Buffér 45 is used for snoop write-back, while
buffer 46 is utilized for replacement write-back. Note that

)

concurrency is provided since each of these buffers has a full line
wide interface to the array, thereby allowing a single clock access to
satisfy a multiple clock burst at the pins.

More concurrency could be added simply by expanding the
number of CPU or memory buffers. For such a situation, the data
path concept would be the same. By way of example, an-additional

L ~ snoop buffer could be used to allow a snoop operation, wherein the
- modified data is placed in one of the snoop buffers. Other snoops
can then be performed capturing other modified data while the first
snoop buffer is capturing modified data from the pnmary cache of
CPU 10 across CPU bus 14.
“Thus, the fundamental aspect of the cbncurrency lies in the
fact that the buffers themselves are a full cache line wide. This
means that in one execution clock cycle, a cache line wide of data

information from the cache can be placed into a buffer, and then



either |ar er or smaller -- of the CPU bus.) It is appreciated that | ar ger ~
mAdtHEKh? 3¥en needed to accommodate | arger . cache | i nesPCEIUS/@4T4unt
-for the Iomer speed of the nmenory bus. Again, depending upon the -
configuration, it is possible to support 1x, 2x or 4x width ratios. It is
al so possible to support larger ratios by adding nore external pins and
slightly nodifying the nultiplexing functions. Note that the smal | er. menory
bus widths, i.e., narrower WD 92/ 22035

PCT/ US92/ 04744 -39- than the CPU bus w38, can be achleved by connecti ng

t he appropriate output lines of cache 13 together on nenory bus 15.
Preferably, the nenory bus interface section of cache nenory 17 supports a
4-bit or 8- bitransfesrediout pfthacbuffer dtra sloweriratec Meanwhile ptisf er r ed
enbodi ment, it is ad%U|red that the nenory bus width be equal to or greatej
than the CPU otheruffers froms either the memorynor the-CRLU side couldbe , al | ows
direct support Qf 32 b|t nennry buys with a 128K byte or 256K byte cache,

a 64-bit nmendt geropumeﬂbyte cache or a 128-bit

gfﬂ‘éliYngﬁir;“LBsaaﬁaranm& “e lf%imﬂégo“% omit Sﬁeem;ysz‘”eg%!;"%éby’
t at { { t

"ol enent " 1apBEFRtohCbARIE AenE ihIERientBIRAF Sonct it GAchE ibedR. <1 o

cache with | WehdGiheSize wut%e%e%&ﬁph&t&t% ﬂwat& path

wi dt h per device.
because the present invention decouples the CPU and memory bus

- - buffers, the memory bus is pérmitted to have a larger line size than-- \J-
the CPU bus. ‘In fact, depending upon the configuration, it is
possible to support a 1x, 2x, 4x, or 8x line ratio (‘baéed: on width
~ options and 4/8 transfers per line). ObviduSI‘y, other ratios are
possible with slight modifications such as use of wider buses or
more transfers 'per line. ' |
Larger bus widths are also supported on the memory side;
that is, the memory bus can be wider than the CPU bus. (Actually,
the memory bus could also be narrower than the CPU bus;’ The
only restriction being that the memory bus must be a power of 2 -- v
either larger or 'smatler -- of the CPU bus.). Itis appreeiate& that
-larger widths are often needed to accommodate -Iarger cache lines,
or to account for the lower speed of the memory bus. Again,
depending upon the configuration, it is possible to support 1x, 2x or |
4x width ratios. It is also-possible to support larger --rﬁ'étios by _
adding more external pins and slightly modifying the multiplexing
functions. Note that the smaller memory bus widths, i.e., narrbwer

Rl



NErmry B | er Interface The nenory bus. controller int ) . :
consi stsu@p%s that are synchronous to the processor cl OW%Q@"Z%
listed below in Table 1. WD 92/ 22035 _
PCT/ US92/ 04744 -40- TABLE 1 FUNCTION . o S| GNAL NAVE

d ock CLK Cycl e Conpl eti on

CRDY# Tr ansf er Conmpl eti an . BRDY#.. Reset

RESET Parity Configuration PAR#] The CLK p| nis used to

i nput the processor clock to the cache 17. he 17 uses this clock as the

basic timng reference for the internal |ogic and external interfaces wth
the exception of the mem)rbdata path mgﬂals Ilsted bel ow in Table 2. The

CRDY# si gnal

by connessing the:

conpl eti on of the cycl a cycl e, nsi st f on nor e dat _
tramsfers). Anitput Line§ pr 173 ﬁ&! &“& Bsi gnal

The EBPRPIO

path 17, The resel ap?irﬁﬂ-'f 3, ”a”Srerfrxitﬁ;éf‘nie Re SS5E0MGHCS aéhinﬁaii
' fon. T
[PAR#] pin is usdf @Ekﬂéﬁg’?ﬁé%%@ ?oﬁﬂ ﬂtﬂspgtﬂ ecro&é‘lri%%r % °" ©

si gnal

t he cache wh

accordance 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 cache, a 64-bit
memory bus with a 256 Kbyte or 512 Kbyte cache, or a 128-bit
memory bus with a 512 Kbyte cache, for the 80486
micfoprocessor. Obviously, other memory bus and cache size
combinations are possible, subject to CPU bus limitations. For
instance, an alternative embodiment might choose to implement a
larger cache memory in the same 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 mem'ory bus contifoller interface consists of signals that
are synchronous to the processor clock. These are listed below in
Table 1.

[ L]
]



nor mal operatlon or for parity node operatlon ThlS pinis only used for
conf i JVPIRI22835 hence the Use of brackets, and is ignored dPCTIUS92004vals
operation. In addition to [PAR#], conflguratlon information is passed to .
the cache fromthe cache controller and fromthe nenory bus data path
control signals, as described bel ow WO 92/ 22035

PCT/ US92/ 04744 -41- Menory Bus Data Path Interface e nenory data path
interface consists of an 8-bit data path and a set of control signals to
efficiently interface the data path to ag4@-de range of menory bus
environments. SpecCifically, clocked or strobed protocols operating
synchronous or asynchronous to the processor clock are supported. Note that
-in sone cases, multiple signals are %mmd ‘on-a conmon. set of pins to
support various nodes of operation. ere a pin supports nultiple signals;
the one indicated in parenthesis is used for: strobed node while the base A
nanme is used for chuuk MN\s previously definegycsN RERr appeari ng
in bracket's are uséa. T configuration. TABLE 2, F _ _
SI GNAL NAMVE Cycle _rol _ MSEL# [ MTR4/ MTR8#] , Transf.er Contro

MBRDY# (M STB), MOSTB) Cycle Attributes Y;;IVD(4/ MX8#] , MFRZ#
[ MEMLDRV] Menory Iplc 01WDATA0|\/DATA7 .
o Transfer Completion . --BRDY#
Panty Conﬁguratron - - [pAR#]
\u

The CLK pm 1s used to mput the processor clock to the cache
17. Cache 17 uses this clock as the bas1c nmmg reference for the
internal loglc and external mterfaces wrth the exceptron of the
| memory data path srgnals Tisted below m Table 2.
- The CRDY# s1gnal is used by the memory bus controller to
| mdtcate the complenon of the cycle (a cycle may consrst of one or
“more data transfers) The BRDY# sxgnal is used by the memory
bus controller to sxgnal the completton of a smgle data transfer to _
the CPU through the cache data path 7. . -
The reset pin is used to force cache 17 into a known state and e
to srgnal the cache when it must sample specrfied pins for
configuratlon The [PAR#] pin is used to conﬁgure the cache for
normal operatron or for parity mode operatlon This pm is only
used for configuration; hence the use of brackets, and is 1gnored
during normal operation. In addition to [PAR#], configuration
information is passed to the cache from the cache controller and
froin the memory bus data path control signals, as described heloW.



Dat & Qut put Enabl e - MDOE# The MCLK signal establishes the tine base for
oper at i onWO'92/22035.che nenory data bus. -The clocked node of operwsmwu
this signal is preferably connected to the nenory clock with all other pins
(except the MDOE# pin) reference to the rising edge. -In the strobed node of
operation, this pinis preferably tied to a high voltage to establish the
strobed node configuration. WO 92/ 22035 _

PCT/ US92/ 04744 -42- The MSEL# and MECCH signals used for cycle control.
These signals performthe sanme function in &4pcked or strobed nodes
operation, although the sanpling rules are slightly different. The NMSEL#
pin is used to indicate when cache 17 has been .sel ected in bused
configurations, and also for Menfory '‘BuseDatal PathoInterfatecycl es. The

MEOCH pin is used to signal the end of a cycle without a requiring a

syneHr oni zation to the]hcquhucpamlimﬂfaoetdmmﬁmﬁbmmm un
very fast back-to-back cycles

he transfer control signals are used to
af fect the exchanamd af set of controbsignals to efficiently mcf%ejthe(datamthmw

consi st of one or nmore transfers). Different.signals _are, multiplexed on .
these signal |i nemdemgemimﬁmm busienyironsaents. oSpecifically.clackedor ¢ he
re defi ned as ,MBRDY#,and MOCLK. Th nal

transfer control RDY# S
i ndi cates the co%&ﬂ’ TEIOGO. mgmﬁﬂsﬁ t*1gr| ve
next data for w !lt’&}} esaE civ%arém n_i smae(kofe h_pa m som E,allnutlgrl out put

data. By connecti¥
signals are multxplexed on a common set of pins to support various

J - - modes of gperation. Where a pin supports multiple signals, the one
indicated in parenthesis is used for strobed mode while the base
name is used for clock mode. As previously defined, signal names
appearing in brackets are used for reset configuration.

Cycle Control MSEL# [MTR4/MTRS8#], MEOC#
Transfer Control - MBRDY# (MISTB), MOCLK (MOSTB)
Cycle Attributes MZBT# [MX4/MX8#], MFRZ#

Nt - . [MEMLDRYV]

Memory Data Bus MDATAO-MDATA7
Data Output Enable MDOE#

The MCLKX signal establishes the time base for operation of
the cache memory data bus. The clocked mode of operation, this
signal is preferably connected to the memory clock with all other
pins (except the MDOE# pin) reference to the rising edge. In the
strobed mode of operation, this pin is preferably tied to a high
voltage to establish the strobed mode configuration.



del ayed version of MCLK to this pin, it is possible to increase the m ninal
dat a WiO.p2/22038 ay to provide additional hold tine on the PORUSIVMEI44US tO
conpensate for signal skews in the system If the MOCLK pin is tied to high
potential, the output data will be referenced to MCLK in the currently
preferred enmbodinent (input 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 coning
fromthe menory bus and during wite cyc4s WD 92/ 22035

PCT/ US92/ 04744 -43- to signal that data has been accepted from cache 17,
thereby all owi ng the next data to be driven Note that two are provided to

support different fi MSEDH ik MBOCHsighal %b%ed'm'?@éébfonﬁﬂl}’ one

signal is needed for the above function. ~urrentl referred

enbodi ment. t HEheseis performthg samfﬁnc&onih%lb%omﬁdﬁﬂz# pi ns are’

used to indi cate_cyc e attributes. The MZBT# pin is used to indicate to

cache 17 to pmcdesnroperation, althoughsthesampling rules are tslightly differemyest

address in the cache line. This_si gnal is enployed to dynami cal | y" support
buses that doTheMSEJp#pmasasedtonsdmwhmeache rhasimen\mecm i s

]lcjztradm(;pewreic ]E ;aiac to E';s‘ ﬁnal cachéfai%P 8§r}%d.h W, tﬁ dat a |nt e:}ga{):c y

g?t ?eiaili (r)]gt go‘gﬁ‘lélﬁé. m% %rln%slilu eattbos?? eaelx{ Sfh t| on lg%mﬁ COI’ISI sts

| a requiring a synchronization to the proe_es_sor clock allowing the .
cache data path to run very fast back-to-back cycles.

)
o 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 signals 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#slgnal indicates the completi’onj ofadata transfer
(sampled data for read, drive next data for write) The MOCLK

- pinis used as the timing s:gnal for output data By connectmg a

O

delayed version of MCLK to thls pm, it is poss1ble to increase the
minimal data output delay to pro_vxde additional hold time on the
memory data bus to compensate fof signal .sk_':eWS in the system. If
the MOCLK pin is tied to high potential, the output data will be
referenced to. MCLK in the currently preferred embodlment (input
data and control signals are always referenced to MCLK).

In strobed mode, the transfer control f p_l_ns_ are defined as
MISTB and MOSTB. These signals are used for read cycles to
sample data coming from the memory bus and during write cycles



response to a wite fromthe CPU This is handl ed by performn the

origi nal. W92/23038enory: then following with the allocation. RGIHEP/043M4
that this can be handl ed by the present invention is by performng the '
al l'ocation, nerging the wite data and placing the result into the cache in
a nodified state. Using the MFRZ# signal, which freezes wite data in the
menory buffers (based on the valid bits passed fromthe CPU buffer), both
cases are supported by the data path and buffers. The NMDATAO MDATA7 signal s
are used to transfer data to and fromthe cadBe device. These pins perform
the sane function in both clocked and strobed rmdes of operation. For sone
r WD 92/ 22035 PCT/ US92/ 04744 - 44-
configurations onltqmgnaltmtdatahaebeemmepﬁgd fromsathe1hZ, t@peby pi n -
utilized is to enable the output buffers on the MDATA pins during wite
operdtions. This allgwangwﬂwrme tedana.mbmqmen.t MNotgthat twer are pravided 4o

Final 1y, some.of SHEDPB Bkt SHBHE S0t Fead 30 Welte  AebeLogiealy, only
cl ocked of St obee%%hﬂﬁf‘%a%?&ds e, ABRYe ERBHD ot 36 e 'CEC%DEQ_G
20 e 9. ! gt iy e, sindfch! flly B < and S
The MZBT# and MFRZ# pins are used to indicate cycle
- attributes. The MZBT¥ pin is used to indicate to cache 17 to
B U“':_ - perform burst transfers sequentially starting at the lowest address in

the cache line. This signal is employed to dynamically support

- buses that do not supply data in the 80486 burst order. The MFRZ#
pin is used on write cycles to signal cache 17 to hold the write data
internally for more efficient implementations of write allocation.

. Thus, merging of data is optionally supported for allocations.

An allocation cycle consists of reading a cache line in
response to a write from the CPU. This is handled by performing
the original write in memory; then following with the allocation.

Y Another way that this can be handled by the present mvenuon is by

~ performing the allocation, merging the write data and placmg the
result into the cache in a modified state. Using the MFRZ# signal,

- which freezes write data in the memory buffers (based on the valid
bits passed from the CPU buffer), both cases are supported by the

 data path and buffers.

The MDATAO-MDATAY7 signals are used to transfer data to

. and from the cache devn_c_e... These pins -perform the same function

in both clocked and Su'obed modes of operation.  For some



MZBT# [ MX4/ MX8#] i s enployed to select the wwdth of the nenory data

i nt erWEx92/722038 or 8 bits. The MFRZ# [ MEMLDRV] signal is uPE¥/US92704%ad4qur e
the strength of the MDATAO MDATA7 out put buffers. Note that additional

i nformati on and description of the signal and pin designations used in the
currently preferred enbodi ment are provided in the attached Appendi x.
Menory Interface Buffers Specific functions that nenory interface buffers.
40, 41, 45 and 46 performinclude: nenory bus reads (e.g., line fills),
wite- throughs, wite-backs and snoops44lt will be apparent to an Ordinary
practitioner in-the art that the nunber of buffers enployed may differ
anong various alternative enmbodi ments. However, it should be noted that for

a given inpl Qﬁﬁiﬁ%imﬁbm ' subd¥d 6fAhese Pins may be used: Th
PCT/ US92/ 04744 -45- cache cgﬁ?roller thergﬁ?s a restrlctlon on the nunber

of buffers: uthmﬁﬁ#piimssutﬂmdaolmbletﬂm putbaffersohithesMIDATA ar e ma

for concurrent operation (e.g., |oadin the wite-back buffer at the sane
time as perf qinsdnringweite opesationsd) T ignal has no relationship ¢o then cache
13 and cache contsoller 12. O di nary tracklng lQgic is_included for buffers
40, 41, 45 am%ssﬂrdcm theiother memory data path:-conmol signalsappther i at e
menory |nterfa§e- auff I ocat i on for the current nenory bus cycle based on
i nformation 8& (9 he cache ‘control ler*via line 59, CPU

Cont_ rol block 21 %ahy?%on?éoﬁﬂéfgilo%@kswéalsmused during reset
| for configuration. As previously described; MCLK [MSTBM] is
- used to select the clocked or strobed mode of operation, and B
'MOCLK may be used in clock mode as the timing reference for
output data. In addition, MSEL# [MTR4/MTRS#] is used to
configure me:-mgmdﬁry'bus cache line at 4 or‘8 transfers, and
- MZBT# [MX4/MX8#] is employed to select the width of the
- memory data interface at 4 or 8 bits. The MFRZ# [MEMLDRV]
signal is'used to configure the strength of the MDATAO-MDATA?
output buffers. Note that additional information and description of
~ the signal and pin designations used in the currently preferred
embodiment are p,rovidédi in the attached Appendix.© . - o/

N Memory - Interface ‘Buffers
Spbciﬁc~funcﬁons .:-that memory interface buffers 40, '4_1, 45
and 46 pérform'-include: -inemgry’ bus reads (e.g.; line fills), write-
thrd?:ghs,é write-backs and snodps. It will :be .apparent to an
ordinary practitioner. in the art that the number of buffers . -
employed may differ among various alternative embodiments. "
However, it should be noted that for a given impletnentati'on of the



provi des nenory buffer and nmenory nultipl exor select signals to the nmenory
interfacé”ﬂUﬂVéﬂBﬁalong respective lines 52 and 53. This int ePGAVUSIOUT4L)
| ogic is capabl e of supporting fast back-to- back operations on a nenory
bus that is asynchronous to the CPU clock. A burst counter is also included
to optimze data transfers within a cycle, as was -previously described for
the CPU bus interface. Note that for bursts on the nenory bus, the order is
assunmed to a |l ogical extension of the Intel 80486 definition for the
‘currently preferred enbodi nent of the presed4§-invention. A node is al so
avai l able to make all burst cycles on the nmenory bus zero-based. This

all ows support of buses that do not support the extended 80486 burst order.

- Menory buf f er s chichencorittoer, themp lip acréstriction on the hamber of buffersand
menory writes. Each of these buffers are 64-bits = WD 92/22035

PCYUS92/ 04744 - utilizedsi This limitation is based oni assumptions which aresnadeght

menory bus data |/O pins during a frenpry cycl . Cache nenory 17 alternates

use of these -buf fermn@mmnonp@amoadmm@mm-bac fenat the f er.
Is being utifized for a nmene or read, the oth bIe for the next
cycle. This al | o3 ENME @S OFfBINE § THEMQTY reasiﬁ mﬁ the protogel

For one cycl o, alsBAdERR Ghehe. (3 8Pl cache CarbollEs 12704 Using the of her
memory buffer. . Ordinary tracking logic is included for buffers 40, 41, 45 and
o 46 and their associated MUXS to determine the appropriate.
\/ - memory interf'ace_;_buffer location for the current memory bus cycle
based on information received earlier from the cache controller via
line 59, CPU control block 21 and line 58. Control block 48
- provides memory buffer and memory multiplexor select signals to
the memory interface buffers aldng respective lines 52 and 53.
This internal tracking logic is capable of supporting fast back-to-
- back operations on a memory bus that is asynchronous to the CPU
clock. ' | |
A burst counter is also included to optimize data transfers
U ~ within a cycle, as was previously described for the CPU bus
interface. Note-ﬂiét for bursts on the mémory bus, the order is
assumed to a logical extension of the Intel 80486 definition for the
~ currently preferred embodiment of the present invention. A mode
is also available to make all burst cycles on the rn'eniory bus
iero-based. This allows support of buses that do not suppori the
extended 80486 burst order: -
Memory buffers 40 and 41 are. empioyed for line fills, -
allocates, and memory writes. Each of these buffers are 64-bits



~

The si naI MCYC# is used to indicate that the current CPU cycle mnll use
one oWOAY¥2ZAMory buffers 40 or 41. |If the current cycle RCEIUSIMO474dis is
a nennry read. If no MAVEA# is recived before the CRDY# ending the nenory .
read, then the cache line is not cacheable and the buffer is available on
the CRDY#. If an MAWEA# is received, it is a cacheable fill and the buffer

Is not available until the line is witten to the SRAM array. The act ual _
write happens in the clock after the CRDY#. Data is transferred to the CPU
bus via connection bus 26. |If MCYC# is-#6eeived during a CPU wite, then .- ~
this becomes a wite through or posted wite (see'timng diagrans). If the .
menory bus is available at the start of the nmenory bus wite cycle, the

initial |ocawise tor Supportiup to e aicoessneightanemory”bus data CPU bus

14 to nmenory s .15. any event” as th CPU bursts data into cache 17,

this data . r ﬂunsm%a&ﬁrtaemqwocwﬂea maemoryr 17 nlhematesmsauffer -
'rgfgtlo_n (e. %@guf el 40 d)r 41)110%80%3%];1?r1;%%%¥a5fnp _ CF())LrJled ock
B e
o0 o L i R e e+

recei ved bef Byw dﬁléoﬂﬂnﬂér%xﬁﬂiﬂé}’vﬂﬂ > ald for dhedhentory fadd ' Pe

per f or med u5| same nenory-“cycle _ )
bemg written to SRAM array 22 for one cycle, another memory ~

read cycle can be nntxated using the other memory buffer. . i
 The signal MCYCH is used to indicate that the current CPU =~
c_ycle_. will use one of the memory buffers 40 or 41: -If the current
- cycle is a read, this is a memory read If no MAWBA_#.'is received
before the CRDY# ending the -mémory-reads- then the cache line is
not _cachéa_ble and the buffet_is available on the CRDY#. If an
MAWEA#IS received, it is a cacheable fill and 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 connectionbus 26. . -~ . . | A
| If MCYC# 1s received dunng a CPU write, then tlns ‘becomes |
a write through or posted write (see timing diagrams). If the
memory bus is available at the start of the memory bus writé cycle, |
the initial locatlon wntten is dlrected across connection bus 26 from
CPU bus 14 to memory bus 15. , S
In any event, as the CPU bursts data into cache 17, this data may be
transferred into an available memory interface buffer location (e.g.,
buffer 40 or 41). This transfer occurs at the CPU clock rate.. As

[



and” addresses. If a wite c¢creates an allocation of the new line, the nmenory.
buffer usWMO 92203 wite (e.g., 40 or 41) is also used for tRCERISIZNET4.
By .way of exanple, if the signal MFRZ# (see Appendix) is active then a
merge of the data fromthe wite in the allocation in done. The data from
the allocation which goes to |ocations that were witten by the CPU wite
is then ignored (based on valid bits transferred from CPU buffer 20). Data
for the other |ocations conpleting the line is |oaded into the buffer just
as if it were any other allocation or nenorsdZ-ead. Wien the line is
conplete, it is witten to array 22. This permts a wite to the nenory to
be turned into a read for ownership. Thus, both the CPU and nenory bus

interfaces work itheamendery bus dompletes arteansfer, the datal sut from uffer is own
optimal rate while the other side I1s nmultiplexing it at its own optinal

rate/ O course, changedto the hext lgoation. oThisshappensoat theymemory busatlock
t hrough the transparent data path connectigg the CPU and nenory huses. In
the case of reads‘jatQI(log-,rM%ﬁt) independent of the: €P1J side, i(Notethat weritesror y

Bg'sl'/ IUZQIZ/mg?lC?jIéth ?%m&& agﬁgggf&\lsgf iJ%ﬁ&é%%ﬂetﬁ 8he bur st
bur for s 40 and 4 IAWEAL I peretyed Befbts e e o & prripig biis WHlter 0 rermor y
' allocation will be performed using the same memory cycle buffer
_. and addresses. | N
o ' If a write creates an allocation of the new line, the memory _
buffer used for the write (e.g., 40 or 41) is also used for the
allocation. By way of example, if the signal MFRZ# (see
Appendix) is active then a merge of the data from the write in the
allocation in done. The data from the allocation which goes to
locations that were written by the CPU write is then ignored (based
on valid bits transferred from CPU buffer 20). Data for the other
locations completing the line is loaded into the buffer just as if it
| were any other allocation or memory read. When the line is
s complete, it is written to array 22. This permits a write to the ~
memory to be tumed into a read for ownership. :
‘Thus, both the CPU and memory bus interfaces work
- independently allowing one side to collect data at its own optimal
- rate while the other side is multiplexing it at its own optimal rate.
Of course, the key to this operation -is 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 data coming in

from the memory bus is immediately passed to the CPU pins. The



bus transfers (other than the obvious constraint that data nust be
avai WMB2/2203%nory bus controller 11 is responsible for ®OrAISY2re4184 b0t h
interfaces to ensure correct operation. However, it need not synchronize on,
each transfer. That is, there is no need for handshaking with either the
CPU or the external nmenory. This decoupling of transfers allows for the
fastest possible access to first data and the nost efficient possible .
burst. Therefore, independent asynchronous data transfer control on the CPU
and nenory sides decouples the high spdgd CPU bus fromthe rel atively :
sl ower menory bus”™ The CPU side is synchronous to CLK and is controlled by
t he BRDY# and BLAST# signals as preferably defined on the 80486 bus. The
menory int e_memoﬁﬁbwmwawistﬂienahiemfc(nhptaéshbfwm@w hronous to
CLK. Repl acement wite-backs are used to renove nodified ITTnes formthe
cache when -independent of the GRUroperation\through the usef 6Emetfiory provi ded t b/
support these gperations. The nodified data is stored in the wite back
buf fer duri b@}ff%-‘ﬁ@mﬁl@a’d_;that wi || occupy the displaced tag. If the .
menory read turns to be non- cacheabl e {e.qg., no MAVEA#) the.wite-back
i s cancel | ed. SC - bﬂsﬁﬁ‘k&ﬁ!ﬁ--@' @G“Fyl‘!ﬁ?ugw thememeeyt wite--.
back, flushyan e _opepations from SRAM array.22 .t he . 92/ 22035
PCT/ US92/ 04@5%‘%%&@6@?‘? 'i)ﬁqr%\{lggﬁ- o :-'-%%iéﬂt%mw{gem de which
is large enQudiiais@.y10 LNnire nt er_Linesfor any
Lot r0e  eravaflable)° Mefibry bid Eofidtolfer 1Y'ld Répindibl’d” °

coordinating both interfaces to ensure correct operation. However,

it need not synchronize on each transfer. That is, thereisnoneed .

for handshaking with either the CPU or the external memory. This

decoupling of transfers allows for the fastest:possible access to first

data and the most efficient possible burst, - H |
‘Therefore, independent asynchronous data transfer control on

the CPU and memory sides decouples the high speed CPU bus from

~the relatively slower memory bus. The CPU side is synchronous to
 CLK and is controlled by the BRDY# and BLAST# signals as

preferably defined on the 80486 bus. The memory interface is

controlled-':by a set of signals that are asynchronous toCLK . w
Replacement write-backs are used to remove modified lines “

form the 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 back buffer during the memory read that will

occupy.: the displaced taé._ If the memory read turns out to be non-

cacheable (e.g., no MAWEA#) the write-back is cancelled.

- Write-back buffer 46 is employed for _rep;lacemenfwﬁte-'_
back, flush and sync operations from SRAM array 22 to the

[



with one line per sector. In a conflguratlon where there are two |ines per
sect or, tW@%mﬁn of the line in each cache nenory is 32- biRCI/GISIRN4T44 0
that buffer 46 is |arge enough to contain both lines. Ordinarily, the

mul tipl exer logic associated with the menory interface buffers is
responsi bl e for getting the correct nunber of bits. out of buffer 46. If
there are two |ines per .sector, it takes two reads to get both lines. As a
line of data is being | ocaded into wite-back buffer 46, a flag is set to
indicate that either line 0 or line 1 has hd@a | oaded. If there are two

| i nes per sector, two WBWE#' s are needed even though one array read could

| oad both Iines. The second WBWE# is needed to-tell the cache that both

lines need to benyés bas. Weitssbavky boffer 461 is 64-bity avide which iis red
by the CRDY# t hat conp etes the wite back for this line. Details of these

wri ™€ back tim nenough to holdian éentire cache contiollerding figr any.confighratiorent

that_there is a snoop hit to a.nodified line_in the cache, thIS lTne is
read from SRAM awith ane line pemsector., In-a cpnfigurgtionswhere: there: are; svm aced

in snoop buffer 45, this becoq&nathe hi riQrit EB y bus tyc f‘ It
shoul d be unders lﬁaéﬁub

hol di ng a nodi fi mhen a r a snoo could hl&ﬁﬂg

Mol ten back buf 1 PItscOF leshso thas Dafter 25 8 ares kg gontain, e‘éﬁ%%
cache control | er ggggghi %%ﬁubfeiér%g.waweﬁ%‘amﬁé hmidty' e

ghest WO 92

PCT/ US92/ 04744 - jrfdrface buffers is responsible for getting the correct number of

'\-/"' -~ bits-out of buffer 46. If there are two lines per sector, it takes two
reads to get both lines.

-As a line of data is being loaded into write-back buffer 46, a
flag is set to indicate that either line O or line 1 has been loaded. If
there are two lines per sector, two WBWE#’s are needed even
though one array read could load both lines. The second WBWE#
is needed to tell the cache that both lines need to be written to the
memory bus. The line validTﬂ_ag is cleared by the CRDY# that
completes the write back for this line. Details of these write back

Nt timings are provided later in the timing chagrams

| In the event that there is a snoop hit to a modlfied line in the
cache, this line is read from SRAM array 22 and stored in snoop

-buffer 45. Once data is placed in snoop buffer 45, this becomes the
highest priority memory bus cycle. It shqu}d be understood that
since the write-back buffer 46 is potentially holding a modified line
when a snoop occurs, a snoop could hit the write-back buffer 46
rather than a location in the array. In this case, the cache controller
signals SRAM 17 to treat write-back buffer 46 as the highest



-

prlorlty menory bus cycle. Signalling of the snoop buffer and write-back
buf f ewcromraaeass i s perforned over |ine 59 using signals \peruseBiosris and
WBA (see Appendix). For menory cycles other than snoop hits, menory bus .
cycl es happen in the order that the buffers 40 and 41 are utlllzed By way
of exanple, if there is data in wite-back buffer 46 when a nmenory read
starts, the wite-back cycle is perforned prior to the nenory read cycle.
Before a nenory buffer has data init for a wite, when a nmenory read
starts using the other nenory buffer, thg wite is run first. If a menory
read IS in progress using one nmenory bufter and a wite starts usi ng the
other buffer, the menory read and any associated wite backs finish prior

2 1o PO e SR S AR 1,

menory bus -Cygftg.) Rowavép g hSﬁgg Wites A U
I C

Figure 3 |IIustrates detalls of the nmehory data pat rates

anal ogous t osipnals WBWI _-,W&WBAI{W A diﬁ)mry interface
buffers 40, 471, 45 and 46:out-put- data through 8: pburst mul ti pl exer 67, .
confi gurat i on- mul Fogimemorgacycles other thary smoop hitsi memosy bus cy¢leses ont o

the nmenory data bus. Data transfer framthe nepory bus .to the nenory

i nterface bmwmmwmmhmwemﬂam~-~ . utilizede Byrway
mul tipl exers before bei] ceiyed . by the rre i.nt rf ice buffers. Data
flowin eitHaFexamplegif E;_q;g ci/ata n wnte Wffer N a memory

PCT/ US92/ 047ead starts, the ‘write-back cycle is performed: pnor to the memory

“read cycle.. Before a memory buffer has data in it for a write," -
when a me'mory read starts i-lsing_ the other mémory buffer, the
write is run first. If a memory read is in progress using one
‘memory ‘buffer and-' a write starts i'using the other buffer; :the-
memory read and any assoclated write backs finish prior to the

" write. (Note that a cycle is' finished on thie memory bus when
MEQC#: is-low. “When this end of cycle is detected; cache 17

switches to the next memory bus cycle inits qu'eue.)--:

Memory Data Path for Reads and Writes - | W

A Flgure 3 ﬂluslralaes detalls of the memory data path which
operates analogous to the CPU-data path detalled in Flgure 4.
Memory interface buffers 40, 41 45 and 46 output data through 8:1
burst mul-__uplexgr-67,' conﬁgu-ratlon multiplexer 68, 'and-‘ord_mary
output drivers and latches onto the memory data bus. Data transfer
-from the memory bus to the memo_ry interfacé buffers passes:
through a set input'dﬁVefs,_ latches and multiplexers-- before being
received by the memory interface buffers. Data flow in either



-511 d|rect|on I's controlled by the nenDry buf fer select and nmenory

mul ti pl exwiO 92422838 si gnal s generated by nenor'y control unit 49cr}usm“&4
bus. read cycles wites into one of the cache nmenory interface buffers. In

this case, data arrives fromthe nmenory bus interface pins and is |atched
into cache 17. At the point where the data is latched, it is also
multiplexed to a full 8-bit data path |ike that described in connection
with the CPU data path. The 8 bits of data are then.driven into the
appropriate buffers. There are several Ievqu of drivers within block 65
that fan the data out to all possible nmenory buffers. Menory control bl ock
48 then sel ects mhich buffers need to be wwitten hbte that this deci si on

i's based on whic iYeont®IRd ,?eﬁgﬁ? : :
configuration. A nenory bus wite cy Ie re ata from one of the nory

i nterface buf f er nufiepleer seledtusgnals g sisiratiby eftorgreontiol GaitAs.  er s
which is 64-bits wde. Burst and conflguratlon ?TUHI pl exer 67 and 68 (which

are distributed in t heAimefmory bus read cycleswritepintbeone=of thd cdchent )
function to select one of 8 bits, resultlnqln a total -of 8-bits being .
driven to he outpemoty inteeface huffers. oln thisreass; data arrives feomithe case for
t he CPU side, configuration, IVUX 68 p03|t|ons tae agta co rectly t o support
t he nunber of ne@mQﬂtbﬂ-‘pmi& fg HuAtithen.

Actually, in the cyrrent | epent.ati 0 thls unct i nls onbi Lh the
burst mul tipl exePGRY “&F@F% hﬂfg‘&ﬂ &J\sﬂlﬁg tt@rafﬁ-ﬁgs\l%\‘fers.
The configurati Orha'tg pa {1 B b sRYibelSn connection with the CPU data path.

- V'l _ The 8 bits of data are then driven_into the appropriate buffers,

There are several levels of drivers within block 65 that fan the data

out to all possible me'mbry buffers. Memory control block 48 then

selects which buffers need to be written. Note that this decision is

based on which buffer was selected, the current address, and the

configuration. | | |

A memory bus write cycle reads data from one of the

memory interface buffers. For this situation, data begins in one of

the buffers which is 64-bits wide. Burst and configuration

Y ‘multiplexer 67 and 68 (which are distributed in the buffers in the

' -curfently preferred embodirent) function to select one of 8 btts,
resulting in a total of 8-bits being driven to the output drivers
‘coupled to the memory bus. As was the case for the CPU side,
configuration MUX 68 positions the data correctly to support the
number of memory data pins being used in the given configuration.
Actually, in the current implementation, this function is combined

" with the burst multiplexer:and distributed through out the memory

interface buffers. 'l'he'bbnf'iguration is comprehended by the



) 92/ 22035 PCT/ US92/ 04744 52-*
memor YWOSRF2B51 ogi ¢ whi ch generate the buf fer and nul t pl PCH/USIRLO4T44
signals. Timng D agrans For a better understanding of the operation of the
present invention, the timng diagrans of Figures -37 are presented. These
wavef or ms exerrplify t he operation of the currently preferred enbodi nent of
the present invention.- Figure 5 illustrates non-pipelined CPU read hit
cycles of length 4 with MRU hit, length 1 with MRU hit and length 1 with
MRU miss. At the start of “the cycle no e%er cycles are active so that the
CPU address | atches 49 and the CPU MJUX/Buffer 20 are open and the data
output is tri-stated. In clock period 1, ADS# is sanpled active and WR# is
sanpl ed | ow. BIEMO mm:;dh@cqugenmm thecbuffer and-multipléxérs active.
At the end of cl ock 1, 'the addresses are latched in the CPU address | atches,
49, and the c;clesusmlss closed in the mddle of clock 2. After this,

cache 17 can performany other cycle that uses the SRAM array in p_aral | el
with the read taking place across the CPU bus:. ‘BRDY# ts issued in clock 2
indicating that the data is valld%lnd teldd ng the cache burst multiplexer
to nmove on to the next data.. The KIS nt i |- BLAST# and BRDY# are

Sstcresggﬁbfﬁg',%éﬂﬁ%"%ﬁ?ﬁ%&%@@ B9 6 %y fidn Bt 3hE sl D0 H ASTs
has meani ng. oftivenitior: T tiring dibyriris Jf Filfares 5237 iafE presented. |

These waveforms exemplify the operation.of the currently :

preferred embodiment of the present invention.. ' U
~ Figure 5 ﬂlustrates non-pxpclmed CPU read hlt cycles of
length_4 with MRU hit, length 1 wul_); MRU hit and length 1 with
* MRU miss. At the start of the cycle no other cycles are active so
 that the CPU address latches 49 and the CPU MUX/Buffer 20 are
open and the data output is tri-stated. In clock_pje'__ri'oﬂ 1, ADS# is
sampled active and 'W/R# is samp_lc,d_low._.BE#- is always latched on
the clock edge where ADS# is active. | |
At the end of clock 1, the addresses are latched in the CPU _
- address latches 49, and the CPU buffer is closed in the mlddle of U
clock 2. After this, cache 17 can perform any other cycle that uses
the SRAM array in paralle] with the read taking place across the
CPU bus. BRDY# is issued in clock 2 indicating that the data is
valid and telling __the._ ._cache burst multipchc_r_to'mqvc-l on to the next
 data.. The burst continues until BLAST# and BRDY# are both
sampled low indicating the end of the cycle. If there is no pipelined
cycle pending, then the o'utput_ is tri-stated at this time. Note that _
BLAST# has meaning only if BRDY# is activate at the same time.



WD 92/ 22

th;‘mAY:ﬁﬁiﬁgzﬂgF the nost recently used, the cache Egﬁiygﬁﬁégﬁéﬁéﬂbﬁégﬁtf

a WRARR# in T2 (as shown in clock 9) and the first BRDY# is delayed to the
next cl ock. When WRARR# is sanpled | ow durng a CPU read,
changed to point to the WAY indicated by the WAY input.

data to the other WAY and. the new data is output as.shown in clock 10. The

BRDY# is then issued. If this was a burst e cycle, the remaining

transfers woul d

after WRARR# was sanpl ed | ow,

to a new val ue.

have continued as before. F#2the one-half clock period
the MRU bit (in array 22) is also be witten

o NRUTB e SVASK i s Rt i Ttioss pepently Sied, the cache oci vAY

controlled by the M

of oyt 6 enabl e daeRTSHer il I a”%ﬁ%ﬁﬂméﬁ G, ShoWm I Flock 9) ahdS oy ¢
wih a CPU addr clte P&f@@?ﬁfﬁ@?@b&ﬂéﬁ%@%%&ﬁﬁ@@# e
clock 1 wnen Apcsaitled Tof AifeE T CPURRR, LR WAY it 47 Welfdl iR,
acoopt data fronPPRLY e WAY iidicaieog g WAT inphit) Thig ShahgBpithe o), ' ©

buffers for bothdigyfo the btifer’WAY and the news datc

@s.
at the beginning of clock 3. This indicates that the cache controller has

shown in Figure

clock 10. The BRDY# is then issued. If this was a burst mode
cycle,-the remainin_g transfers would have continued as before. In
the one-half clock period after WRARR# was sampled low, the
MRU bit (in array 22) is also be written to a new value. Once the
MRU bit is written, the WAY mux can return to be controlled by
the MRU bit since the MRU bit now points to the correct WAY.
Note that BE# has no affect on any CPU read cycle, regardiess of
the state of byte enable data put onto the bus.

Three non-pipelined write cycles are shown'in Figure 6.
The cycle starts out the same as in the case for a read, with a CPU
address latch and CPU buffer open in the output tri-stated. The
addresses are latched into the CPU address latches 49 at the

‘beginning of clock 1 when ADS# is sampled active. Simultaneous

- with this event, W/R# is high so that the outputs remain tri-stated

and CPU buffer 20 is switched to accept data from the I/O pins. On

~ each BRDY# data is placed into the CPU buffers for both ways in

the burst address is incremented. WRARR# is active at the
- beginning of clock 3. This indicates that the cache controller has .
determined that this is a cache write hit and that the data should be

the WAY nux 43 is
Thi s changes the

Is active



determ ned that this is a cache wite hit and that the data should be WD
92/ 2 MQ.92/22035 . PCT/ USBCTUSI2A04744-
witten is always |atched on the clock CLK where WRARR# is acive. The wite:
to array 22 shown in Figure 6, occurs -at the beginning of clock 6 where '
BLAST# and; BRDY# are sanpled active. The data is witten into the WAY

I ndi cat ed by the WAY value latched earlier. The wite to the array takes
place in the first half of clock 6. The MRUis witten at the sane tine. If
BE# for the cycle being run is inactived4no data is witten (but the MRUis
still witten) when the cache sees WRARR#. Cache nmenory 17 starts out all
reads assuming that the data is resident within SRAMarray 22. If the read

is a niss, twwrittendoSRAM array22 at theendofrthedcycle. \The WAY toberg r ead
fromthe array to CPU Buffer 20. Wien the cache control I_er detects that the

read i s a ni veritten is always datchedon thei clack 1K 5 AR# 157 to o/

initiate a nemgry read as shown in Figure 7. In clock_ 2, t he MCYC# si gnal
transitions B6W¥€Then,  at the beginning of clock 3, the.cache detects this

o o Sl 52 30 W e 'élatr&?-rs”em”"tb (& sour ce
bus | & avai f%&gﬂlﬁs&f PR G Whie BLASTH 4 BRRYY '
bCE]EJf 2‘;3 45*‘;0&8{1&“@1@6’%%5& WrindiP Fﬂt@’ﬂie’WAWﬁf‘dl 4
value latched earlier. The write to the array takes place in the first .
half of clock 6. The MRU is written at the same time. If BE# for - \J
 the cycle being run is inactive, no data is written (but the MRU is
still written) when the cache sees WRARR# | |
Cache memory 17 starts out all reads assummg that the data
is resident within SRAM array 22. If the.re-_ad- is a miss, the read
will start out like the read hit with data being read from the array
to CPU Buffer 20.. When the cache. controller detects that the read
is a miss, it issues the BUS# and MCYC# SIgnals tocache 17 to
initiate a memory read as shown -in:Figﬂre?i-. In clock 2, the
~ MCYC# signal transitions low. Then, at the beginning of clock 3, o
the cache_-.-d#tecﬁts this transition and latches the addresses and the “
WAY in the memory cycle address latch. In clock 3, the low. BUS#
signal switches the data source from array . 22 to one of the memory

~cycle buffers 40 or 41. When the memory bus i is avallable there is
a direct connection from the memory bus to the CPU bus through
the appropriate memory interface buffer (i.e., either buffer 40 or
41). . RN

[l
]



41)° WO 92/ 22035 e
PCT/ US92/WA¥92/2263 Data is fetched in the burst order starti rRCINUS92r04744
initial location requested by the CPU. The first data‘returned goes into
one of the nenory interface buffers, then to CPU buffer 20, and finally
onto the CPU bus. The slices of data are returned to the nenory interface
buffer, its burst counter increnments, and the next piece of nenory data
goes into the next location. In clock 5 the first data is valid on the CPU
bus and a BRDY# is issued. This increnents i§8 CPU burst MJX 33 to the next
| ocation. When the next data field is valid on the CPU bus, another BRDY#
Is issued and this continues until the |ast data field when BRDY# and

BLAST# are i ssued. . BecEyatg it ferchiedoin/tiy Blrsttorder statinigewittntheRiitialr st

counter are incremented independently, the data rates on the nenory bus and
CPU-Bus are i ndefjocdtion réquested by theyCPU. @he firstcdatd-retuined goes o t he
CPU can receive it, the nenory cycle burst noves onto anot her location
while the CPU i s oné of theanemony interface buffess, thenito SPLbbiffer20,@and he
other hand, i-f the CPU-can receive datg faster than the nenory bus fetches

it, the CPU si npifjnallytontoghe: GPU busdaFhe slices of \data are setimed torkhecache-

controller knows that the lipe is chgable, it issyes an MAWEA# signal to
cache menory 17 (BEMQAY.HETace: buffes, Its Purkt cowntes dngrements, andthe next

array when the piece of memory data goes into the next location. In clock S, the
, first data is valid on the CPU bus and a BRDY# is issued. This
o increments the CPU burst MUX 33 to the next location. When the
' next data field is valid on the CPU bus, another BRDY# is issued
and this continues until the last data field when BRDY# and
BLAST# are issued. SR
o 'Because the memory cycle burst counter and CPU burst
counter are incremented independently, the data rates on the
memory bus and CPU bus are independent. If the memory bus can
fetch data faster than the CPU can receive it, the memory cycle _
| burst moves onto another location while the CPU is still 'ré,ceiving'
\ ~ data from the previous location. On the other hand, if the CPU can
| . receive data faster than the memory bus fetches it, the CPU simply
waits for the new data to arrive. S
~ As soon as the cache controller knows that the line is -
cééheable', it issues an MAWEA# signal to cache memory 17 to _
indicate that this line should be written to SRAM 22 array when the
cache receives the CRDY# signal. CRDY# is issue‘d in clock 10 in -
Figure 7. The line is then written in the next cycle. The write

‘starts in phase 2 (PH2) of the next cycle (i.e., clock 11) and



cache receives the CRDY# srgnal CRDY# is issued in clock 10 in - F| gure 7.
‘The |'WMQ92/2203%n witten in the next cycle. The wite staRCGI/ISIRI0ATE4 2

(PH2) of the next cycle (i.e., clock 11) and WO 92/ 22035 i
PCT/ US92/ 04744 -56- continues through phase 1 (PHl) of the follow ng cycle
(i.e., clock 12). If the CPU issues an ADS# in the next clock, the response

to this is delayed one clock while the array is occupied perform ng t he
" array wite. If the line had been non-cacheabl e the cycle woul d be the sane
except for the fact that no MAVEA# i s i<Sbed. The CRDY# signal is still
i ssued at the end of the nenory read, but no-array wite is perfornmed. The
rati o of the cache controller line size to-the CPU I|ne si ze can be one,

two or four. Fhaseale(d’}rlh)aoﬁnherfp §eyciel (i.f 1ength one
Thi s nmeans that for rraBy cyc es,the cycle is fini shed on the CPU bus bef

it has been ol mnpsmAES#mmmm clock, the 9, cache
detects the end of t he CPY The bu fer_is swtched back to the -
array and di MQﬁﬁéﬂﬂuﬁo‘ﬁtdﬂi@Yﬁ@

Gata has ﬁeeﬁg@éﬁ%‘?‘ﬁ‘fﬂ%@w%*%ﬁ? the G 50 DASRARSEC L0 °
read miss congggu mrekmf#eghamsﬁn%wéhwme cud of the memory

read, but no array’ wnte is performed DT e
L

The ratio of the cache controller hne size to the CPU line size NS

can be one-,.two.or; four.- The re:_ad,that- initiated the memory read is
only of length one. This means that for many cycles, the cycle-is
finished on the CPU bus before it has been completed on the

memory bus'.-.'_'For-_exampl_e, in clock 9, cache 17 detects the end of
the CPU cycle.  The CPU buffer is switched back .t'ri:j the array and
disConnected-from the memory section at this. tlme Any other CPU

- read or write cycle can then be run followmg thrs (except for
another read miss). - _ :

Flgure 8 ﬂlustrates a read miss consecutnve In a normal )
‘memory read cycle, t_h_e,da_ta reques_ted_by .the.CPU;.r-s__retumed first.
After this data has been sent to the CPU, the CPU is allowed to run
other cycles. A read miss consecutive refers to the sifnation in
which the next cyc_le is to the same line as the previous.rea_d--and the
memory read has not been completed to the SR;\M-, arrayIn this
situation, the first BRDY# for this read is delayed until the memory
bus read data has been written to the SRAM array.

e:theiarray ds escupied ot her CPU |

read ‘or vvrlte c cIe ca then be LUn | o exce r. .anpt her read
mss). Figurd ni@b‘ecﬁﬂgww QQF'M &Ermry |

ry



whisch t he next cycle Is to the sane line as the previous read and the
menory r WO 922208% been conpl et'ed to the SRAM array. In thi s ROE/LIS02/04744
the first BRDY# for this read is del ayed until the nenory bus read data has
been written to the SRAM array. WD 92/ 22035 o

PCT/ US92/ 04744 -57- Initially, the read m ss waveforns proceed as before
(see Figure 8). In clock 6, however, another ADS# is issued and the cache
~controller detects that this is to the line being fetched. In the clock
foll owi ng CRDY#, the data for the nmenory budZead is witten to the SRAM
array. In the clock following this event, the data is read into the CPU
buffer. The cycle then proceeds just as in the case of a read hit. As

di scussed earlier, a Vinitiallyathe read missrwaveforsiproceedoas boforeafsee back

‘to external nenory. The present invention perforns two types of

wri\te- backs: VBT ¥igure 8)\rIn‘elock 6, howasverpanothersAlDSH is issuedoand the s and

will make the wite-back the highest priority nenory hus cycle. V\BTYP =0
i s used when a | icachescontroljer dptects this i§ %ﬂ&rbﬂ@b@ngou the | f

the cache controller re ei ves it |t vvr | instrugt the cache
menory to put the&loek ﬁwm&@ﬁ&%ﬁttﬂs NENPTY; fBer 45,

EPSufquenEﬁr?Lgevems o thie SECARE Bty cTn the & T?ﬁﬁf?@ot 8 thid Ve, i °" '
_controller | Ssue%ﬁa%\ﬁgﬁdqﬂ&) W Epba ﬂl.lfféxt YHe cycle thelt prooeeds;ust as in

__ the case of a read hit.

v : As dlscussed earlier, a wnte-back is a transfer of data from
the cache back to external memory. The present invention
performs two types of write-backs: WBTYP = 1 AND WBTYP =
0. WBTYP =1 is used for snoop hits and will make the
write-back the highest priority memory bus cycle. WBTYP =0 is
used when a line is being replaced or if the cache is being flushed.
If the cache controller receives a snoop hit, it will instruct the cache
memory to put the modified data onto the memory bus via snoop
buffer 45. The secjﬁence of events which a'cc_:omplishes is shown in
the timing diagram of Figure 9. .

. Dunng clock 1, a CPU read cycle is running and the cache

. controller issues a WBWE# and WBTYP=1. If WBA =1 then
this indicates a snoop hit to the SRAM array and data is loaded into
snoop buffer 45. (WBA = 0 indicates a hit to write-back buffer
46.) In the middlé of clock 3, the cache reads data from the array
into the snoop buffer utilizing the addresses on the input pins and on
the WAY input. The snoop access to the SRAM array starts in the
middle of the clock following WBWE# being active. It finishes in



this indicates a snoop hit to the SRAMarray and data is |oaded into snoop

buf f ewi92/2288%7 =0 indicates a hit to wite-back buffer 4@(}"[;591;)@743 ddl e
of clock 3, the cache reads data fromthe array into the snoop buffer -

utilizing the addresses on the input pins and on the WAY input. The snoop
access to the SRAM array starts in the mddle of the clock foll ow ng VWBWE# -
being active. It finishes in PCT/ US92/ 04744 -58- the m ddl e of the next
cl ock. The addresses and WAY input nust remain valid until this operation
is conplete. As a result, 64 bits are plgged into the snoop buffer

I ndependent of confion. At the end of cl'ock 3, the buffer for this line is
mar ked as full and becones the hlghest prlorlty menory bus cycle. In the

fgsgeoire?gggl i'n snoop %Pﬁ ﬁtje% s’ 1S s e{#appenl ng ﬁir%ﬁ# ocC may need

and 8. The sirghiain-Vdhlf rateoH fig bom DG sxeénﬂtmeb:w' te baé‘(
Note that WBTYP iIs hlgh Wnen VBWE# 1s sanpl e acti ve, |nd|cat|ng that this

s a"snoop. \drerplabedrine the smoopbiffer independeritcoficonfigurations Apen t he

hi ghest priority cycle. The wite-back Jhappens. before any posted wite or
menory read.. the endof clockf3,\the buffenfor this lme:smaﬂcedtassﬁﬂlandop hit to a

wite-back buffer. (Under these circunstances,..tthe A4 address is used to

deterni ne t hdegomes the highestpriority mnomllmseqycle tdndhercasef as t he next
data to be tr anSf %21:: ‘ Ot?'lteopf'l?ne,arg'e cache uE‘.I’)U 10, modified data may need
to be merged in snoop buffer 45. This is shown happening in
clocks S5, 6,7 and 8. The slgnal HITM# is used to 1dent1fy a CPU
bus cycle as a write-back. .
‘Note that WBTYP is high when WBWE# is sampled active,
mdxcatmg that this is a snoop. When the memory bus cycles starts,
- the write-back is then the higheSt:pridrity' cycle. The write-back
‘happens before any posted write or memory read. In clock 1, if
WBA is low then this indicates a snoop hit to a write-back buffer.
(Under these circumstances, the A4 address is used to determine the
 write-back buffer hit. This buffer is then marked as the next data
to be transferred onto the memory bus.) - EEETEEE R W
| When the new line for a memory read:is directed into a cache ‘
location that has modified data, éreplace’ment must be performed as
is shown in Figure 10. The old data is put i_hto the write-back
buffer and the new data into the SRAM array. The memory read is
p;rformed befo're the wn’te-b‘aék- to send the new data to the CPU as
. soomras possible. If a flush of the cache is done, the write-back
. . buffers is alsa employed (again, WBTYP = 0). |



Wien the new line for a menory read is dlrected into a cache | ocation that
has nodi fW9ARS5 a repl acenent nust be perforned as i s showlPGTAUBHZ/G#244
10., The old data is put into the wite-bacck buffer and the new data into

t he SRAM array. The nmenory read is perforned before the wite-back to send
the new data to the CPU as soon as possible. If a flush of the cache is
done, the wite-back buffers is also enployed (again, WBTYP= 0). - WO

92/ 22035 ) PCT/ US92/ 04744 -59- Wth
reference to Figure 10, during clock period59-a nenory read is running.
While the new data is being | oaded into one of the nenory cycle buffers and
being sent to the CPU bus, the old data is placed into wite-back buffer
46. If two lines per sWithreferenceectd Figmteofﬂ -dueingoelacke periodeh ot h are

pl aced into the wite-back buffer. This reqwres two c] ocks with V\BWE#
active as i s shounemonynread iscunningoWhileathe newrdata: iscbeingdoadeddntoot be

meor y cyol e 33%&3&@%&%@%% {anéa B0 3001 10496 4o BLLbus e o
0 i R s B B A R ek old”
?3??_ 'Sod oS b “ﬁm%%ﬁ@f?&f&ﬁenr B8H°E lack o e EA&EA# s
ot L Tor R B, THE OIS Ok ISR i i
| is shown during clock periods 1 and 2. The two clocks need not be
W, consecutive. Except for A5, the address source for the write-back
is the memory cycle address latch for the fill that caused the
replacement period. During clock 1, WBA is low indicating that
AS = 0 should be used for the read. In clock 2, WBA is high
indicating that AS = 1 should be used. As each load is completed,
the write-back buffer for each line is marked as full. The WAY
used is latched when the memory read is started. If MAWEA# is
not issued for the memory read, then the write-back is cancelled
and the write-back buffers are marked as empty. Again, in the case
U ‘of a write-back to the primary cache in CPU 10, modified data may
” need to be merged in write-back buffer 46, as shown occuring in
- clocks 7 - 10.

With reference now to Figure 11, a timing diagram for a
memory bus write is shown. A Write to the memory bus can be
posted in the memory cycle buffer or run not posted. If BLAST#
and BRDY# are received ending the CPU write cycle before the -
CRDY# is received, the memory buffer is closed and the write-is



of a wite-back to the prlmary cache in CPU 10, rmdlfled data may need to~
be meW{282/2803%5 i t e- back buffer 46, as shown occuring in cPEIVESI2/04244 W th
reference now to Figure 11, a timng di agram for a nenory bus wite is
shown. A Wite to the nmenory bus can be posted in the nenory cycle buffer
or run not posted. |f BLAST# and BRDY# are received ending the CPU wite
cycle before the - CRDY# is received, the nenory buffer is closed and the
wite is WD 92/ 22035

PCT/ US92/ 04744 -60- posted. |f the CRD¥B0sones before or at the sane tine
as the BLAST# and BRDY# then the wite was not posted. |If the menmory bus is
avai l abl e when the wite starts the cache acts like a transceiver. That is,

dat a fromthepmdbllﬁtlw@RDY#cmesbefdmmmmﬁmewmhe menmory
buffers (i.e., buffers 40 -and 41) and also into the CPU buffer for a - U
possi bl e wri {BLAST#%andBRD Y# shencthe) write was not postede cache control | er

i sSsues an MCYC# cycle to indicate , that,_this is the cycle that will involve

the menory bus. 1f ithe memary busissavailablesw aVile starts,ithet he array, a
T L 2 Sachi WlEs e HAReSeRE. SR B, o B 166 0 DS Ehes . 1 asri
e bSO R b rhéﬁp%%@é’&%&%ﬁ%&% Gfgure 12
'Ilustrates %\Efé?&% 4hd% 'ahd"aléb Yhid flié EPY Bhffer for a possible write-
to the array. During clock period 2, the cache controller issues an
. MCYC# cycle to indicate that thls is the cycle that wﬂl involve the .
memory bus. If this data is also supposed to:be wntten to the array,
a WRARR# is also issued. In the event that a CRDY# signal is
received in clock period 6, then this write was not posted since this
is before BLAST¥. If the CRDY# does not arrive until clock 10,
__ _then the wnte was posted when the BLAST# and the BRDY# were
active at the end of clock 7. g _
. Figure 12 illustrates a ummg dlagram for a write-through
| w1th allocation. Whenever there is a write .mx-ss-,_. the cache.
controllef can -allocate a new line in th'e-caché for this location. To w
do thls, it fmlshes the current write and starts. a memory read. If a
lme is to be allocated sometime after MCYC# i is issued, yet before
or coincident with CRDY#, an MAWEA# .w_lll be issued. This
marks the memory buffer used for the write to be _-e_mp_lbyed for the
allocation. -'ﬁ:xe allocation then proceeds .like-the'memory read
dlscussed in conjunction with Figure 7. T
. Figure 13 shows a clocked memory burst read cycle. When
a clocked memory bus is used, MBRDY#, MSEL#, MZBT#,



with allocation. Wienever there is a wite niss, the cache controller can ,
al | ocat e WOre2/22038e in the cache for this location. To do thi PCIVUSI2/0844cs
the current wite and starts a nenory read. If-a line is to be allocated
sonetine after MCYC# is issued, yet before or coincident with CRDY#, an
MAVEA# wi |l be issued. This marks the nenory buffer used for the wite to
be enpl oyed for the allocation. The allocation then proceeds |ike_the
menory read discussed in conjunction with Figure 7. Figure 13 shows a

cl ocked nenory burst read cycle. Wen a clggked nmenory bus is used, NMBRDY#,
MBEL#, MZBT#, WD 92/ 22035 ) '
PCT/ US92/ 04744 -61- MEOCH, MFRZ# and MDATAO7 are all sanpled on the rising

edge of MCLK YO & MDATR : @mﬂ% [ : OEH
i s high thereby Eeeg%'t e output tri -E?gzggﬁ/ns&# s dextlg?téeg Igw t he
endhof clock 2. SRMOLKWMDOE# isasynchrohous 26 the lock. iIa ¢loelty to accept
the first data. Each tinme MBRDY# is sanpled | ow by MCLK, a slice of the
latch is closed periodnt, MIDOE# dsihigh therebynkeepingRthre outputitriitstatedar t  at
t-he burst location requested by the CPU. If MBT# is active (sanpled |ow,
on the |ast NCLKMEEI} ctesk low at tthe endsefiplack 2i gThisdsavhenithe st art s

at burst location 0, regardl|ess the | ocation requested hy the CPU., The

cycl e conti nues HQMErY mte(r@mebo 85 iy ready: 1o accept st data, & fime
asynchronously eﬂﬁkﬁ#c fjsrsra%llt)leﬁelgowrr %y%LK, a slice of the latch is closed
L and the burst counter increments. Reads normally start at the burst
o location requested by the CPU. If MZBT¥ is active (sampled low),
on the last MCLK where MSEL# was inactive (sampled high), the
cycle starts at burst 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 the next meniory bus cycle. If there
is another memory bus read waitihg to execute, it begins on the next
clock after MEOCH.
W .- Figures 14-37 illustrate additional timing relationships for
both clocked and strobed conditions on the memory bus. The
. operation of the present invention for the various cycles shown will
be appreciated by ordinary practitioners in the art when viewed in
conjunction with the foregoing description apd with the signal

descriptions provided in the Appendix.



cycle and the cache switches to the next nenory bus cycle. If thereis .
anot__w% bus read waiting to execute, it begins on pcfrs0sioahs ck
after . Figures 14-37 illustrate additional timng relationships for~*
bot h cl ocked and strobed conditions on the nenory bus. The operation of the’
present invention for the various cycles shown will be appreciated by
ordinary practitioners in the art when viewed in conjunction with the
foregoi ng description and with the signal descriptions provided in the
Appendi x. WD 92/ 22035 £9- _ ” :
PCT/ US92/ 04744 -62- APPENDI X Thi s apper?&x defines the specfic functions of
each pin in accordance with the cuently preferred enbodi nent of the present
i nvention. CLK _ ThiypHi 2! avi des t he .fundanental tim ng
for the cache nenory. 1ts frequencirirt ernal operation frequency @

the menory 17. This signal is.connected to the CPU cl ock. RESET
The RESET pin is used to reset the internal state of the cache._ RESET will

reset the i_nt'ernal-la_ [%a 2dSdéfi gﬁgﬂww fic filittiors cPedélppimin on. VWAY .
The WAY pin is use M%Zte the correct WAY to be used gu_ri ng nor mal
operation. accordance with the currently preferred embodiment of the present

invention.
CLK ~ 'This signal provides the fundamental timing for ;
| . the cache memory. Its frequeney is the internal -
operation frequency of the memory 17. This
signal is connected to the CPU clock.
RESET -~ The RESET pin is used to reset the internal
state of the cache. RESET will reset the
internal memory bus trackmg logic and I/O
configuration. o .
- 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 buffer loads 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.



Durtng CPU wite cycles, lines fills, and wite back buffer |oads WAY is
used to | WD 922303%e way to be accessed. Wien WRARRY i s actlvd'mﬂsglwﬂu
read the MRU bit is witten to the value on the WAY pin. WAY is sanpl ed
when WRARR# MCYCH or VWBWE# are active. WD 92/ 22035

PCT/ US92/ 04744 -63- WRARR# This pin is used to control wites
to the array fromthe CPU bus section. Wen active (LON in a CPU read
cycle it indicates that the MRU bit should be witten to the val ue

i ndicated by the WAY pin. Wien activé in a g3J wite cycle it indicates
that the CPU buffer should be witten to the WAY indicated in the clock

fol | ow ng BLAST#. BRDYx#. MAVEA# When active (LOWN during a

merory read it | WRARR#hat the caclfhispinlid uved © control Wrikstorthecarmay
the menory buffer (e.g., buffer 30 or31) i'nto the SRAMarray in the clock

fol%eWw ng the CRDY# active. Wen acti fromuher@PY bustsectionouWhen active (LOW)
that the cache should start an allocate at the sane address as the wite.
MAVEA# is sanpl ed from the ADS# t o CRinya. CPU read cycle it indicates that the MRU bit
- . .should be written to the value 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
U _ _ . - - BLAST#.BRDYXxi.

MAWEA# When active (LOW) during a memory read it
indicates that the cache should write the line
contained in the memory buffer (e.g., buffer 30
or:31) into the SRAM array in the clock
following the CRDY# active. When active
during a write through it indicates that the cache
should start an allocate at the same address as the

\_ | o | write. MAWEA# is sampled from the ADS#
o | to CRDY#.



WO 92/ 22035 | © PCT/ US92/ 04744 - 64-

BUS#. w0 92722035 . . This pin cont rol s sel ection of CPU MPERUse2/049484 2
during read operations. Wien this pin is sanpled LONthe cache will set its

internal MJX so that CPU read data conmes fromthe nmenory bus instead of the
array. The internal nmux wll stay in this condition until BRDY# and BLAST#.
MCYC# 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 (LON then the cyggge becones a menmory bus read. |f
the current CPU cycle is a wite then an active MCYC# indicates that this
iIs a nmenory wite cycle. If the CPU wite cycle ends before the CRDY# is

e, BURR, h S e oty OO
SO DO o s Ve k@i opernons. When s pin
' . - . . sampled LOW the cache will set its internal

S - -MUX-sotﬁatCPUreaddatacomesﬁ-omtﬁe.
- memory bus instead of the array. The mtemal
_'mux will stay in this condition until BRDY#
and BLAST#.

MCYC# This pin is used to tell the cache that the current
“CPU éy’c-_:I_e- will use memory buffers 40 and 41.
 If the current cycle is a read and MCYC# goes -
active (L-OW) then the cycle becomes a memory
bus read. If the current CPU cycle is a write
then an active MCYCH# indicates that thisisa
.memory-m'it.e cycle. If 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. -



- 652 V\BWE# - The wite-back wite enable pin is used W|th t he
WBA and \\W¢¥@2782085t 0 10ad the wite-back buffer 28 and snoop bet/ 92784744
Wien the pin is sanpled active (LOW, the cache 13 will |oad the addressed
line in the proper wite-back buffer or snoop buffer. WAY is sanpled on the
clock after WBWE# is active. During RESET this pin is used to indicate the
ratio of the cache controller line to the CPU line. WBA

The write-back address pin is used to indicate which line is to be witten
into-write-back buffer 46. This pin is . only Bg_r_rpl ed when" WBWE# i s acti ve.
Wien VBA is HIGH it means the |ine addressed By A5=1 will be | oaded. Wen
VBA is LONVit nmeans the |line addressed with the. A5=0 is | oaded. If the

S by WP L il VI e 6 S e
gET%%SQ?BZ?BZS g%cl \?\BTYP V0 921122035 WI?&“%W“EYE l{ypempllcﬁd %eW’(QCk
indicates that the wite-back is a Snosﬂffemnaﬁ@éhbhp%ufferm When the pin is
" sampled active (LOW), the cache 13 will load
 the addressed line in the proper write-back
buffer or snoop buffer. WAY is sampled on the
clock after WBWE/# is active. During RESET
this pin is used to indicate the ratio of the cache
controller line to the CPU line. |

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 when
WBWE# is active. When WBA is HIGH it

. means the line addressed by A5=1 will be
loaded. When WBA is LOW it means the line
— o 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.



‘indicates that wite-back is a repl acenent, or an epr|C|t (flush or

synchwiroaepeas i t e- back. This pin is sanpl ed wn VBE# s agoTVessesr s
RESET this pin is used to indicate the ratio of the cache controller line s

to the CPU line. AO Al5 These inputs are used to provide -
address information to cache 17. These signals are connected to the CPU
addresses. CDATAO CDATA7 These pins are the eight CPU data pins. Wth a 2X
CPU bus configuration only pins CDATAO and CDATAl are used. In a 4X CPU bus
confi guration CDATAO DCATA3 are used. T_E the parity configuration, CDATA4
CDATA7 are used as bit enabl es (BTEO#- §E3# respectively). The b|t

enabl es operate |ike the BE# bel ow, except. that they control a single bit

rat her than +t e device. TKP
PCT/ US92/ omﬂmﬁﬁalz# RS ‘gﬂ‘gf’%éﬁéﬁ" pé“a & mlG{H indicats g
determine if the cache shoul d. par bEEE
according to which byte of the CP at akﬁﬁs t cache | connectmg to. H\NF\%#
The Wite/ Read pin indicates V\hetijﬂﬁcaeylthaﬁuﬁ{ jclefs
perforrred on the CPU bus. .
o explicit (flush or synchronous) write-back. Thls
pin is sampled when WBWE# is active. During
" RESET this pin is used to indicate the ratio of
the cache controller line to the CPU line.

A0-A15 | S These;inpuis afe used to provide address
information to cache 17. These signals are
connected to the CPU addresses.

CDATAO-CDATA? These pins are the eight CPU data pins. With a
- - 2X CPU bus configuration only pins CDATAG .
and CDATAL are used. In a 4X CPU bus
configuration CDATAO-DCATAS are used. |
In the parity configuration, CDATA4- <
CDATA7 are used as bit enables (BTEO#-_ |
| BT-E3#, respectively). The bit enables operate
like the BE# below, except that they control a
single bit rather than the enti_re__ device.



Wien HHGH it indicates a wrlte cycle, when LOWis indicates a read cycle.
ADSH ‘W092/22035 This pin indicates the start of a CPU bupcqygsgzm‘im
signal is connected to the CPU address strobe. BRDY#, BRDYC# 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 nmenory bus controller 11. BRDYCH is driven by cache

controller 12. BLAST# This pinis a qualifier for the BRDY#
and BRDYC# pins.” Wien active (LOW this pingmndicates that a BRDYx# is the
| ast transfer of a CPU bus cycle. WO 92/ 52035

PCT/ US92/ 04744 -68- MCLK In cl ocked nenory bus node this

Gl Gnbl & and momoMERs dat a are- sampl ACCRYFhELAPE P 18 i5H i dRtetmiil if the

cl oeked nenory bus wite, data is dr i ¥gché Qg;&
upon the configuration). In strobed mem)rygg dn%?d&é%es pinis th |1§p the

data strobe and every toggle 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.
. A . ' 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.

BRDY#, BRDYC# These pins are used to indicate the completion of
| one transfer portion of a CPU bus cycle. Either
-/ . o pin actxve (LOW) this pin indicates the
| ' completlon of the transfer. BRDY# is driven
by memory bus controller 11. BRDYC# is

driven by cache controller 12.

BLAST# | | This pin is a qualiﬁer for the BRDY# and
BRDYC# pins. When active (LOW) this pin
indicates that a BRDYx# is the last transfer of a
CPU bus cycle.



cause data to be |l atched. MOCLK Data is output on the rising

edge wb 92722038/ ock pin if a rising edge is detected on 'tl'éﬂﬂ@m has -
gone inactive. MOCLK is a del ayed version of MCLK. Only wite data is %

effected by MCLK. It nmay be used to increase the m nimum output tinme of -
VMDATA relative to MOCLK. This pin may be needed to overcone input hold tine
probl ens created by nenory clock skew. In strobed bus node, this pin is_the
data out put strobe. Every toggle of this pin causes new data to be out put
WO 92/ 22035 _ PCT/ US92/ 04744 - 69--
MZBT# When this pinis a%%ive(HGH) It indicates that the
menory bus cycle should start with burst |ocation 0 independent of the
first location requested by the CPU. This pin is used to determne the
nunber. of 1/0 p| ns used for the menmbry bus. Wien HIGH it indicates that 4’ N

%gufl grsida'[ he ugkrg\{]?g :_(r?f/\(ljlr tra!t Pgln are ugﬁ%hogy#‘&er m neﬂ{lﬁﬁi’%‘%ﬁ?g for

the CPU bus. MBRDY# = thd Mémdi{ bifs ¢loeR. | Th elotkedmdde, fgle to
| ndicate ' other memory bus slgnals and memory bus data
are sampled on the nsmg edge of MCLK. Ina
clocked memory bus write, data is driven off of .
"MCLK (or MOCLK depending upon the
: c'onﬁ'guration). In strobed memory bus mode,
~ this pin is the input data strobe and every toggle
cause data to be latched.

- MOCLK S Data is output on the rising edge of this clock
~ pin if a rising edge is detected on it after RESET
has gone inactive. MOCLK is a delayed version
- of MCLK. Only write data is effected by
- MCLK. It may be used to increase the __
minimum output time of MDATA relative to ™/
MOCLK. This pin may be needed to overcome
~ input hold 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.



the~end of a transfer. Wen active (LOWN it indicates that the cache 13

shoul d i nw@eRmRE3s e burst counter and either output the next PETAISY/087 14
ready to accept the next data. If it is LOWthe nmenory bus will be strobed
operation. If it is HIGH the nenory bus will be clocked. MEOCH

This pin is used to indicate the end of a nemory bus cycle. Wen active
(LOW the cache will end the current nenory bus cycle and start the next
one. MEOCH# is asynchronous to CLK. WO 92/ 22035

PCT/ US92/ 04744 -70- NMDATAO- MDATA7 These pingggyr e the 8 nenorydata pins.

a 4X nmenory bus configuration MATAO. MDATA3 are used. |In clocked nenory
bus node, these pins are sanpled with the rising edge of MCLK together with

MBRDY# acti ve. | s driven out |
VBLK or MOOLK 1 odNEBPE D renv act%gh*‘ﬁffgﬂiw“*‘mmﬁ'ﬂﬁﬁg?g%

Ls used as a device sel ect signal. V\hQHetxﬂeﬁldi?fbusscyéléthdiﬂd
urst control for the nenory bus cycle is initTalized. Wien this pinis
active (LON the burst control advancelgcmmlil()\/ﬁidépendbﬁ{bi(thé first dodetion
ey " requested by the CPU. This pin is used to
- determine the number of 1/O pins used for the
memory bus. When HIGH it indicates that 4 JJO
pins are used. When LOW it indicates that 8 1/O
N\ o - ' - pins are used. This input and the bus ratio
information are used to determine the I/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 should increment the
burst counter and either output the next data or
get ready to accept the next data. If it is LOW

W : . ~ the memory bus will be strobed operation. If it
" " js HIGH the memory bus will 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 one. MEOCH# is asynchronous to CLK.



| bus nmode, this pin is sanpled with the rising edge of MOLK. This pinis

: 'asynmgnmnaso CLK. When RESET is active this pinis useucrwsn]Mmre t he
cache for '8 or 4 transfers on the nenmory bus. Wien this pin.is H GH during

reset it neans that there are 4 transfers on the nenory bus for each CACHE
line. When this pinis LONduring reset it means there are 8 transfers on
the menory bus for each CACHE line. -~ WD 92/22035 o

PCT/ US92/ 04744 -71- NDOE# The menory bus output enable is
used to control the driving of data ongg.the nenory bus. Wen. this pinis
inactive (HHGH) then the - MDATA[0:7] pins are tri-stated. Wien this pinis
active (LON then the MDATA[O: 7] pins are actively driving data. The

Thi's pin i « MORRARMDAETRT: Thisr iok o st 8 ﬁ‘éﬁﬂm*‘%m o

pinis active (HGH) data for an,ﬁé BN cbfifi jromtheu.
wite that caused the allocation. BItS fromthe fill that .go to t he sane

location as the CPU wite are "MDATA3 are used. In clocked memorybus
" “ mode, -th_ese pms_axe sampled with the rising
edge of MCLK together with MBRDY# active.
New data is dnven out (m_a these pins with the -
rising edge of MCLK or MOCLK together - .
with MRBBY#- active. - I

MSEL# - Thls pm ls used as a device select signal. When -
this pin is inactive (HIGH) the burst control for
the memory bus cycle is initialized. When this
pin is active (LOW) the burst control advances
with MCLK or MOCLK. In clocked memory
bus mode, this pin is sampled with the rising
edge of MCLK. This pin is asynéhrono’us o
CLK. ‘When RESET is active this pin is used to u

| conﬁgure the cache for 8 or 4 transfers onthe
memory bus. When this pin is HIGH during
reset it .m:eans that there are 4 transfers on the .
mém_ory _bus for each CACHE line. When this
pin is LOW during reset it means there are 8
transfers on the memory bus for each CACHE-

line.

[ ]



i grored. M-RZ us sanpl ed during NEOC# of wite. H TM# .. _This
pinis us‘é@ﬂﬂ?‘!ﬁ?nhfy a cache consistency cycle on the CPU REI/USI/04344
When ADS# is asserted with H TM# active, the cache data slice will nerge
the CPU bus data with the data in the snoop or wite-back buffers prior to
responding to a nenory bus snoop. WO 92/ 22035
PCT/ US92/ 04744 -72- BUFF# This pin is used to abort.- CPU bus
cycles in the case of deadl ock - durng snoop operations. Specifically, if the
CPU bus is blocked waiting for the nmenory BJd- and the nenory bus is
bl ocked waiting to service a snoop for which nodified data exists in the
primary cache, BOFF# is used to abort the CPU bus cycle so - that the snoop
can be serviced MDOE£ L M S TheRfieméi32bas oaputénable is@sed 0 control
3 0 JUN 1993 -73- _
TR . the driving of data onto the memory bus. When.
' B . this pin is inactive (HIGH) then the
- | - MDATA[O0:7] pins are tri-stated. When this
pin is active (LOW) then the MDATA[0:7]
pins are actively driving data. The function of ~
| | this pin is the same for strobed or locked
] _ B - - .memory bus operation. This pin is

asynchronous to CLK and MCLK.

MFRZi# - When this pin is active (HIGH) data for an
allocation is merged with data from the write
that caused the allocation. Bits from the fill that
go to the same location as the CPU write are
ignored. MFRZ us sampled during MEOC# of

write.

HITM# ‘This pin is used to identify a cache- .consistency
- eycle on the CPU bus interface. When ADS# is
asserted with HITM# active, the cache data slice
will merge the CPU bus data with the data in the
snoop or write-back buffers prior to responding

to a memory bus snoop.



CLAIM5S W Caim 1. A mi croprocessor-based conputer systemincluding a =
cent r WO@®2/22035i ng unit (CPU) and a cache subsystem provi d I@Sﬂ?ﬁ#&”s and
a nmenory bus, said CPU bus operating synchronous to a CPU cloc -
subsystem conprising a cache nenory, a nenory bus controller neans for
adapting said subsystemto a prescribed protocol: of said nenory bus, and a
cache controller neans for controlling data accesses fromsaid CPU to said
cache nmenory and al so for coordinating with said bus controller neans
accesses to said nEnory bus, wherein sa|7§ cache ‘nenory is an integrated
circuit conprising: a read/vvrlte storage“array; a CPU bus interface for
controlling data transfer -at an opti num data transfer rate between said CPU

bus. and said genory,. said Cﬂ# ¥ sroRt 1 M zi.ng,.t he data
transfer rate by transferring a f éj@ac#lhﬁ&g& ‘Uara E’Hs gi‘hgﬂ% wf"
access of said array; a nmenory bugadepf ClEEﬁﬂn ity of \&
latches for supporting nmenory bus reads wrlte~ rog%#d&vﬁp?é s and
snoops; and a data path neans cou§j éﬂicﬂl @p{g aelsgﬁ sai d
menory bus interface neans, for al T owi ng. transfe Ibgist fﬁ Wt@
PCT/US 92/ 04744 - - forthememory bus, andthememory bus is

blocked waiting to service a snoop for which
modified data exlsts in the pnma.ry cache,
BOFF# is used to abort the CPU bus cycle so
. _ that the snoop can be serviced.



03 =Rec' d PCT/ PTO 30 JUN 1993 -74- fromsaid nenory bus
transparent to said read/wite storage array. 2. The systemm“mmll
whegrein said CPU bus interface means and said cache nenory o

synchronous to said CPU clock, while activities between said nmenory bus

I nterface nmeans and said nenory bus operate asynchro

3. The systemof Claim1l wherein transfer of data m&zwlﬁfldf
said CPU bus across said data path nmeans occur, sai L4
clock. 4. The systemof Craim 1 wherein sai magéﬁf(ftmp.m?chess &PBUN 1933

i ncl udes at |east one nenory cycle buffer-78er storing data during nenory

reads/wites. 5. The systemof Claim1l wherein said plurality of |atches
i ncl udes menor b, s conprising a first and a second nmenory huffer, for
stor| ng data d nory reads/wites, said cache nenory alternating use

of 'said pair such that when said first nmenory buffer is being accessed by
sai- d___st orage array, said second nmenory buffer is available for access by
said nenory bus, th3Wel@laifmi:m tting back-to-back nenory bus cycles. 6.
The system of Cai-m5 wherein said plurality of |atches further conprises a
write-back buffer for storing data
1. A microprocessor-based computer system including a
central processing unit (CPU) and a cache subsystem providing a
_ CPU bus and a memory bus, said CPU bus operating synchronous to
- . aCPU clock, said subsystem comprising a cache memory, a memory
bus controller means for adapting said subsystem to a prescribed .
protocol of said memory bus, and a cache controller means for
controlling data accesses from said CPU to said cache memory and
also for coordinating with said bus controller means accesses to said
memory bué, wherein said cache memory is an integrated circuit
~comprising:
- a read/write storage array;
a CPU bus interface for controlling data transfer at an
\~ .. optimum data transfer rate between said CPU bus and said cache
memory, said CPU bus interface means optimizing the data transfer
rate by transferring a full cache line of data during a single access of
said array; |
- a memory bus interface means havmg a plurality of latches for
supporting memory bus reads, write-throughs, write-backs and
snoops; and | | _.
a data path means coupling saxd CPU bus interface means to

said memory bus interface means, for allowing transfer of data



- PCT/ US 92/ 04744 Rec'd PCT/.PTIQ 30_JUN ’IQ93 transf erred from sai d
‘fead/wite storage array to said menory bus for replacenent and flush

el s s snoop wurer § ﬂlllllmlllﬂlﬂ{fﬂﬂlﬂlﬂl of data road Tromsaid momry,

bus whenever there is a.sndop‘hit td a’ nodified | t
8. The systemof Caim5 wherein said read/ wi tﬁ&fd%ﬁfyﬁaﬂva&‘ '
aim

Qe

- .organi zed as a multiple-way set associ atlve cache 9 The s ste)r,noogHN 1993 '
8 wherein said read/ wite storage array |n g(b‘f)ﬁp ecent} u
(MRU) bits for predicting whi ch way wi lJ, be accesse on r'ggd cycle hits

10. The systemof Claim5 wherein sait 4rrem)ry buffers are each a cache
line wide. 11. The systemof. aim8 wherein said CPU bus interface neans
conpri ses afromrsaidimemerycbusto said €PU busi transparent to saidiread/writePU r eads ™
and wites, and a way nultiplexor for selecting a way during CPU read V
oper ati ons. SMQMYM em of Claim 11 wherein said CPU bus int erface means
further conprises control logic for tracking CPU PCT/ US 92/04744 'd

- ~PCT/PTO 3 0 JUN 1993 bus cycl es and perforning array accesses in

anticipation of & cachpy, o system of Claim 1 wherein said CPU bus interface
means and said cache memory operate synchronous to said CPU

clock, while actlvmes between satd memory bus interface means and

said memory bus operate asynchronous to sa1d CPU clock. \
3. The system of Clarml :urher:ein transfer of data 'fro'm .
said memory bus to said CPU bus across said data path means occurs

asynchronous to sald CPU clock

4. The systern of Claim I wherein said plurality of latches
-includes at least one memory cycle buffer for stonng data during

memory reads/wntes.

5. The s'ys.t_em of Claim 1 wherein said plurality of latches
includes memory buffers comprising a first and a second memory
buffer, for storing data during_ memory reads/writes, said cache -
memory altemaﬁng_ use of said pair such that when said first memory
 buffer is being accessed by said storage array, said second memory
__bufferis available for access by said mcmory bu's, thereby permitting

back-to-back memory bus cycles.



ht, said control |ogire—atse—suppl ying burst éd,d_r esses to said CPU buffer
apd said way nul tipl ;@mﬂduri -ng burst transfers. 13. The systemof Caim12
Jlg)g

wherein said nmenory m’ "' ﬁl)lmﬂns conprises |ogic nmeans for
det erm ni ng an order. LA id first and second nenory qof_said
pair of menory buffers during a rmenmdry bus re@ef ng f aimil
~ wherein data is accessed fromsaid read/wite's : fmlpo‘zeh'c#) .
clock period. 15. The systemof Caim 12 \wen ép ' rol 1RQofc K
comruni cates hit/mss information to saidr R \i\ﬁrmgge ar3a9 V,MN é_gg"
that data is being returned to said CPU. 16. The systemof Caim9 wherein
said MRU bits in said read/wite storage“g®ay function in | ock-step with
MRU information within said cache control | er -means whi ch determ nes whet her

way predictions ar bmadeTbersystemyof ClaimrSewbeminsasd phurality of latches n said
control |ogic sugports a CPU def| n%% Elgsftf order oy a,zero-based burst
order on a dyrﬁﬁa{érmnpnsesawnte- ck buffer for storing data

F
.
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transferred from sald read/wnte storage array to said memory bus for V "
replacement and ﬂush cycles. EEE T _ 3
7.

The system of Claim 6 wherein said plurality of latches
includes a snoop buffer for storing a line of data read from said

memory bus whenev_er there is a snoop hit to a modified line in said
storage array.

8.

The system of Claim 5 wherein said read/write storage
array is organized as a multiple-way set associative cache

9.  The system of Claim 8 wherein said read/write storage

array incorporates most recently used (MRU) bits for predicting
-which way will be accessed on read cycle hits

10. The system of Claim 5 wherein said memory buffers are
each a cache line wide.

11.  The system of Claim 8 wherein said CPU bus interface

means comprises a cache line wide CPU buffer utilized to store data

for CPU reads and writes, and a way multiplexor for selecting a way
during CPU read operations.

12. The system of Claim 11 wherein said CPU bus interface
means further comprises control logic for tracking CPU

L)

) ew



ety

(LT
-  peTIS 927047 b &
: : 'd PCT/PTO 30 JUN 1993
TI.

bus cycles and performing array accesses in anticipation of a cache

hit, said control logic also supplying burst addresses to said CPU
buffer and said way multiplexor during burst transfers.

13. The system of Claim 12 wherein said memeory bus
interface means comprises logic means for determining an order for
utilizing said first and second memory of said pair of memory buffers

during a memory bus read.

14,  The system of Claim 1 wherein data is accessed from
said read/write storage array in one CPU clock period.

15. The system of Claim 12 wherein said control logic

communicates hit/miss information to said read/write storage array

while that data is being returned to said CPU.

16. The system of Claim 9 wherein said MRU bits in said-
read/write storage array function in lock-step with MRU information
within said cache controller means which determines whether way

predictions are made correctly.

17. The system of Claim 12 wherein said control logic
supports a CPU defined burst order or a zero-based burst order on a

dynamic basis.



