WD 2005/ 101213 PCT/ US2005/ 008373 1 CACHED MEMORY SYSTEM AND CACHE
CONTROLLER FOR EMBEDDED DI A TAL SI GNAL PROCESSOR BACKGROUND 1. Field

[ 0001] The present invention relates generally to electronics, and nore
specifically to a cached nenory system and a cache controller for an
enbedded di gicd@bs/wiygaal processor (DSP). |1. Backgr oundtqIOUR)S/0EPE ar e
speci ali zed m croprocessors that are specifically designed to execute

mat hemat i cal conputations very rapidly.1DSPs are widely used in a variety of
consumner el ectronic devices such as cellular phones, personal digital
assistants (PDAs), and so on. For exanple, a cellular phone typically

i ncludes an application S(@%CCHED WKY%Y?T&MQ C) to perform
an

signal processing for w rél'ess communi cation, i's ASIC may contain an

enbedded ni cropr ocessorANT QACHE-CONIROGEIER FFORnbedded DSP to
perform conput ati Qn- | i [,00Q3]~-M ¢ £S d DSPs both
use nenory to hol Mtﬁﬁﬁﬁ&bﬁﬁT@aﬁQﬁAﬁﬁ :ﬁm is highly
dependent on the characteristics of the nmenory system As m croprocessors
and DSPs scal e upward in clock speed to neet increasing processing demands,
it is necessary to use a cached E’B%GWQMO that (1) nemory accesses
do not beconme a bottleneck and (2) nenory speed does not limt the processor
cl ock speedI.- Thd'igldche nenory systemtypically includes an external main
menory - an or i i o t
remores 1 9080 ohT b P E e R TRleF pe ) o BRAROLES A i Bcsel o

i nstructi ons apgthddtreenuse dylymt dudse cagheocassdles forThe ehdstidedadipital reegmal | es

i nprove processi n?]aélg)eed because the processors can retrieve input data and
store resul EFHELEPT» The main nenory is a large, slower nenory |ocated

of f-chip and stores instructions and data for the cache nenories. [0004] The
use of the cached nenory system can cause several problens for the enbedded
DSP. First,Ilkecdpuckgrovmil hi gh-rate input data is conplicated because of

over head negffs] ' OnSBl S Peitfled MRbrobRSecifid RACH PRifl) Wsiflled I cache

execute mathematical computations very rapidly. DSPs are widely used in a variety of
consumer electronic devices such as cellular phones, personal digital assistants (PDAS),
and so on. For example, a cellular phone typically includes an application specific
integrated circuit (ASIC) to perform signal processing for wireless communication, and
this ASIC may contain an embedded micxoprocessor for general-purpose use and an
embedded DSP to perform computation-intensive tasks.

[0003] Microprocessors and DSPs both use memory to hold instructions and data,
so their performance is highly dependent on the characteristics of the memory system.
As microprocessors and DSPs scale upward in clock speed to meet increasing
processing demands, it is necessary to use a cached memory system so that (1) memory
accesses do not become a bottleneck and (2) memory speed does not limit the processor
clock speed. The cache memory systern typically includes an external main memory
and one or more cache memories, Cache memories are small, fast memories located on-
chip and close to the processors in order to store instructions and data used by these
processors. The fast cache memories improve processing speed because the processors
can refrieve input data and store results faster. The main memory is a large, slower
memory located off-chip and stores instructions and data for the cache memories.

[0004]  The use of the cached memory system can cause several problems for the
embedded DSP. First, reception of high-rate input data is complicated because of

overhead needed to determine whether the data should be stored in the cache memories



WD -2005/-101213 PCTt US2005/ 008373 2 or the external nenory. Second, it may
be difficult to ensure conpletion of real-tinme processing tasks within
specified tine deadlines. This difficulty may result when the instructions
and/ or data needed by the DSP is not in the cache nenories, in which case
the DSP woul d need to wait for the instructions/data to be fetched fromthe
external nefS¥3P05PEE3e two probl ens are exacerbat ed whenPGHESZSMEFE ot her
processors share the external nenory with the DSP, and the DSP is not
guaranteed i nstant access to the externd nenory. [0005] There is therefore
a need in the art for a cached nenory systemthat can address the problens
descri bed above for an enbedded DSP. SUMMARY [0006] A cached nenory system
t hat can handt theldaxghmal ahenorgp Secatall a neaydbeedifiioué to thare eomplatiaddiedtalDBRe can

neet real-tinme constraints is described herein. In an enbodi nent, the
cached nenor 9@59@?\@%5%%@8 sSPea‘mieéLW@? %ﬁ*’r@i"? I gyé[égﬁc@;yog@y e W]?:FP&E%S sor
core, an on- gRyActiPRERhY/oRHath REdBE@XY tY 1985 (¥R IPIhY cha@¥ ShomdRd, iR @kdal
main menory at the top nmenory level. A cache controller handl es pagi ng of

i nst ruct i ons thendSBareuld aesdeonweik éorcthe rsthelirmsifatarid beHetched Ehinpthaeisrp
whenever ca m, s [ t '
controller hang?o&' ﬁﬁ%%?ngﬁ({%?eglﬁraégé’%g%ﬁbﬁa‘g%‘? %‘%enn&ﬁcgggﬁf—ég [ g&rg}%rrgm@@ and

t he external theesxdiyal rhemaetyevitipthe @SPram the S Pais hangeardntec dneartt ecesn@ttheict i ons
and data required by a processor core to be present in the on-chip nenory
wel | in advaREET8t IGMERt he i nstructions and data are actual |y needed by

the processofomaf €. THSCMSERS alf2Rd if iR LPOFCABHEE nehRR) sydidifBhat can

constraints éeven though the DSP is not guaranteed I nstant ‘actess to the
external nepddyss thopOPlenA desnsthed glenve feor] dnembedderd R¥H.ows two processing units
(e.g., the processor core and a direct nenory access (DVA) controller) to
si mul t aneously access two nenories at two different levels in the cached
menory systemis also described her eSUIMIVIARYY enbodi ment, the cache
controller has two sets of input/output (I/0) ports, two address check
units, and ald¥Ghon Aica¢hedssemonyi systami that Eadimedlddigssite pok demiand pesidror ms

address check for a re Iye processing unit to deterni.ne whether a target
menory addr g'éag aflo?mécd%g&rgéé}y%@é@? 6?'111“ t C?ﬂsg@ggsl? ncgesﬂ?ﬁe higeigy L‘e Aty in
the cache nesBbydiment, the cached memory system includes a cache memory located close to a
processor core, an on-chip memory at the next higher memory level, and an external
main memory at the top memory level. A cache controller handles paging of
instructions and data between the cache memory and the on-chip memory whenever
cache misses are encountered. A direct memory exchange (DME) controller handies
user-controlled paging between the on-chip memory and the external memory. A
user/programmer can arrange to have the instructions and data required by a processor
core to be present in the on-chip memory well in advance of when the instructions and
data are actually needed by the processor core. This ensures that the DSP can meet real-
time constraints even though the DSP is not guaranteed instant access to the external
Memory.
[0007] A cache controller that allows two processing units (e.g., the processor core
and a direct memory access (DMA) controller) to simultaneously access two memories
at two different levels in the cached memory system is also described herein. In an
embodiment, the cache controller has two sets of input/output (I/O) ports, two address
check unifs, and a common hit/miss logic unit. Each address check wnit performs
address check for a respective processing unit to determine whether a target memory
address for a memory access by that processing unit is currently in the cache memory.

The hit/miss logic unit decides which processing unit gets access to which memory. If



The hit/m ss logic unit decides which processing unit gets access to which
menory. If 3 the two processing units desire access to two nenories at two
different levels, which is the nost likely scenario for sonme applications,
then the hitimss logi.c unit can accommodate both nenory accesses
si mul taneously. This capability can significantly reduce the |ikelihood of
one processing unit (e.qg., the processor core) being stalled whenever the
ot her processing unit (e.g., the DVA controller) is accessin menory.
100081 | n tegrieo propresins unigndepirpragegpsde B redmotiesiat t\~(0|d@§eremsle‘t9ise‘slémiegie oesipkilsi ng: a
Processor cQ5h BPRh3RbRicitdns, BRS R minEAUaidiRCes sdchimbdat thiiandndtyegialked
processor core; and

circuit; a, cache nmenor erable to store data for fhe ;

an on- chi p! %?Vlyoﬂgﬁém%@%ﬁné%&@“@eﬁ % ?}ﬂfeﬁlé"og&éﬂ’é PHSHEPR MM REr BT n t he
cache mermdcyssdr soré)ibeing elalist! ivherdat the btharmprdedsangoumit (€] the DiiRopyrofl@y is eaeskies M sses,
and mhere%%mkge on-chip nmenory is selectably filled with data from an
ext ernal nenory, independent of cache accesses of the cache nenory, under
user cont rl8f08] [ 00® 9 afnsctaaidteraied §Ee 61E) is afgsenied ¢°§pﬁmsm9@@orcsemw@¥eﬂg: a
first proGRSSArdaARRsaRng o ffidAlem cirfRNe ddhe MhB SO &L &6k NBia fra té he
integrated circuit; second rocesa&*ﬁoperable to per rocessi ng

formdata _ p
for the i AEGFACEE BT FeUTTPaAd P PeT §oig e B b &% e‘éS?‘EYd%QF’ﬁEPFéa B
per f or m t hendatiafillep wik ésstragthe &R dhigméndrg for aiehesseimd whereip & abklép hemst or e
data for t. L COL e - Chi e t a for
the irst 't orRany SREChe Bhehof t SaR R RickenaBR B B e OIS P, ot o
from the wHwEhigereremiolf or cache ni sses, and wherein the on-chip menory is

sel ect abl yodob] | €dinVhdcher Agfe@, anf JOOR pRRen®Y b Bing: B ARY MrocelsBdGRANE &N berRfm Cache
accesses of the first cachg g%rmr%/r, d(L;nde_r user .control; first nmenory
o SEoHEE

and a
~ bus coupl i S AREPF] PLESHY FEWE Gy eqng FroressE,qparhia REIB? ¢2* 100101

In still gnotsiey faspeotegragd wircudtl @8 Sncding raagro@ssbis cqpd egedditeed redorpr heidmg:  an
i nt egr at eg:r&bs'éiﬁ%'aﬁd a bR, PLARES 30k dOES 1R gﬁo%%?o'r Bork:Qn RELfiP LAt
processing, a cacne nenory operapl e to store dat or tne processor- core,

and an extosraRlg to gendaty fophe figtaee msmery oheretditedirst eacha msophis Efddpyitrdprpfrym
wherein  tieorCApNRerPBNRF YacheSmided, lafbwidrdih6l 84-hif OMar} ReseRAaBNiIRI WLy for
cache m sses, and %Qereln.%he On-ﬁyl nenor% 1S se ectabl&pfllled wth data
fromthe eXPIEF™ Y IR ALAHE 2arsSE 4L e TRt EeedugoRs tHFdser cEhe

menory, untés finisemoydng doopling fhOBIsOA] setdnd pecdsersad hoexttembméenived herein a cache
controller ra ; e I -8 y and a
second ne&%@@fatq%§%$§P?%§gkﬁ% Iev% §$%®H§%§g%g§%1%%%%%%'%g%?%ﬁ%?gﬁéycache
cont r ol | ernqlyd@E g@rogeysea o9ip prerabls deipesionn dafpgrdcesging 2 cadie plemery rperdleftp ptare data
processi Ngoiid froRR6t BREMA RN Bxtdrthl ABLAY BlehBle WMIRE B foRthé bi-&lp MBMERY, Whaddr ess

for a firs NDry acces the first processing unit is currently . in the
cache memayE el R ALk ToRdic il PUEOY Bt B D SROGHER GRS ng
unit and apsrahk eldo@bly filled with data from the external memory, independent of cache accesses of the
cache memory, under user confrol.
[0010A]  There is also described herein a cache controller operable to handle memory transactions for
a cache memory and a second memory at two different levels of a cached memory system, the cache
controller inciuding a first address check unit coupled to a first processing unit and operable to determine
whether a first memory address for a first memory access by the first processing unit is currently in the
cache memory, a second address check unit coupled to a second processing unit and operable to
determine whether a second memory address for a second memory access by the second processing unit
is currently in the cache memory, and a logic unit coupled to the first and second address check units and
operable to handle memory transactions for the first and second memory accesses by the first and second
processing units.
[0011] There is also described herein a method for handling memory transactions for a cached

memory system, comprising: determining whether a first memory address



determ ne whether a second nenory address for a second nenory access by the
second processing unit is currently in the cache nenory, and a |l ogic unit
coupled to the first and second address check units and operable to handle
menory transactions for the first and second nenory accesses by the first
and second WEri8ee98ilhg units. (00111 There is al so descrBQIEER2HBO8E3A a net hod
for handling nmenory transactions for a cached nenory system conprising:
determ ning whether a first nenory addrédss WO 2005/ 101213 PCTI US2005/ 008373
4 for a first menory access by a first processing unit is currently in a
cache nmenory; determ ning whether a second nenory address for a second
MeNOry accessalfystamsmoennaccefly B aSihishgrodesisingi witcie cngadtlyyini 0 cidhe mandrg; nenory;
and allowing the first and second processing units to concurrentl ccess

t he cache %FFHPW%H’}‘%}‘%%HH%%‘P / addyess f spepRf yemary P?Féssfl?yr%ﬁecé?‘ﬁcessi ng

uni t encouni&lseife GaENE cibniBNd: HRCRRE ARehdPy; 0meSHoMhg HRI frsCAROMRERI S a
cache m ss, wherern the cacheé nenory and the second nenory are nenories at

two differ emecebng|umiteftot dnacemeitkydaceessothy eyghe arpmoBRIZER DESCRY PRONYOF THE

DRAW NGS [0012].. The .f eatures and nature of th resent .i_nventi .11 becone
mor e appar dAEC RE TR PR RuLoRat ek Eue PR SN s en E
conj unct i onynv dnbotikiers agaNe RESs, Whevdih @it dackenmkember aliche chamdaheaicyiagent i fy
correspondi ngly, t hroughout and _wherein: [0013] FIG 1 shows a conventi onal
2-1 evel cacREWTHSHOFYO dfSraevEl@ He qerkgd meragysstaah ASIC with nultiple
enbedded processors and a single-level cached nenory system [0015] FIG 3
shows the innovative cached nenory system [0016] FIG 4 shows an ASIC with
mul tiple enbedded pr @BIEH PESGRIPITONOFTHE DRAWINGSOry system

[0017] FIG _5 shows a cache controller that can serve two processing units;

[0018] FI GBI howdhafealiue ensknaitre o ithigrrgient Byentiparwilieeeme ormepratghe
controller gl il Qeratied R Hridn! Br 6rf NG awl%ﬁcéaﬁenc %EB@LA&{MC@R@%@ of

al lowing two processing unit's to sinultaneously access two nenories at two
di fferent |d&weingsiim vhieh hkerweipresys tearpcter G020y Fhr@spdsipdyshranghadd rms s
checki ng progcess. per formed by the cache controller
[0013] FIG. 1 shows a conventional 2-level cached memory system;
[0014] FIG. 2 shows an ASIC with multiple embedded processors and a single-level
cached memory system;
[0015] FIG. 3 shows the innovative cached memory system,
[0016] FIG. 4 shows an ASIC with multiple embedded processors and the
imnovative cached memory system;
[0017] FIG. 5 shows a cache controller that can serve two processing units;
[0018] FIG. 6 shows an address checking process performed by the cache controller
in FIG. 5;
[0019] FIG. 7 shows a cache controller capable of allowing two processing units to
simultaneously access two memories at two different levels in the memory system;
[0020] FIG. 8 shows an address checking process performed by the cache controller
i FIG. 7; and

[0021] FIG. 9 shows a wireless device in a wireless communication system.

DETAILED DESCRIPTION
[0022] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any embodiment or design described herein as “exemplary”

is not necessarily to be construed as preferred or advantageous over other embodiments



in FIG 7; and [0021] FIG 9 shows a wireless device in a wireless

conmuni cation system DETAI LED DESCRI PTI ON [ 0022] The word "exenplary" is
used herein to nmean "serving as an exanple, instance, or illustration.” Any
enbodi ment or design described herein as "exenplary” 1is not necessarily to
be construeWOX0pWENdrred or advant ageous over ot her enbRH/GRAMSPOIAT?
20051101213 PCT/ US20051008373 5 or designs. As used herein, "off-chip" and
"external" refer to a unit |ocated outsidde of an integrated circuit (1C),
and "on-chip"” refers to a unit located within an IC. An IC includes one or
nore | C dies encapsulated within an | C package, and all units fabricated on
the 1C di e(d)desigss. cmasajewae@int‘tbfﬁemp’naﬁdn dxterid” udectohenti Reatddaitédde ofn
specifically refer to input data (e.g.,_ operands) for a processar nd can
al so gener |aéldpfeﬁfaﬁeéf%?c%td€§h3ﬁ”dt yﬁﬁh’é’f TERFAC WHBIGRIEE VAR At Q:o%t

whi ch the tﬁélgae%s%ny&exqm %}Rﬁ‘)g@l eﬂa&uléte@@'ﬁ}’l‘ﬁ ) I@lﬁg}kargrg' R AT faBricated
conventi ona evel cac menor system 1 nmory system 100, a

| evel 1 caaiwethrd@oiiafs)14® cossitdred tabé es{chiputAsabﬁﬁd hegyim| ‘Idetat cmamcx@calhd is

| ocat ed cl os to a cessor_c 130. Al | 2 cache . rm 150 is the
next | arger’ %ﬁ%" g:lp%%ag ﬁ%%?@em%?%g‘?r & BFRFRSIST af@ﬁa“ gﬁ? ﬁ%“ﬁ“ﬁ@ '$ ‘%t%?ﬂy al so

sl owest TTETIF b/ cfafaeh, ﬂ@&)ﬂﬁﬂgm|thé’cdtﬁ@@ﬁlﬁdhﬁflfthectbmls u¥edor i es 140 through 160
are typi cal g random access Nenori es (RAMB) and nmay be fabricated with the

same or diPPEHent FHendrafiove enblerl giagem o ag‘é’ﬁéﬁ”}i’lonalaz e @gNsR REPIS y st em
may incl Udesgé’t@% IO@UWP%en?Jrg@?ﬁBhﬁobeé’@vél 1 MEHPHém%PF%% i‘g%erﬁ%&éﬁ%upﬁo menory
si ze increases as one s’up the nenory hierarchy
control | er ssniadigstameindi32 atrhid lepateld| closestotoy a tpreasswae tooon ¢ 38.orA dach@dcachenor y
system 100 to en e t.hat rr data i.s heing acces i mes by
oY ocessor cbraeaagn Tetiiied BRedd pbe Hotont RPATAGSHIAG iha Bl i and
storage of butAkbsIElbORSHEa! andoBttysienlydiotfial ffichi waeﬁmﬂés mrmlrougs 160 the

e

cached nmenory system Level 1 cache controller S respon5| b for

filling | evf tyPi@H¥ ﬁaéld?ghafrcysqm@nml%sr{RW@t%ndél@aydfﬁsﬁma%qaé?drww FEP8F 0D cache
menory 150. };I{b@o t che

l i nes \/\henec\l}g?&?lﬁlg?ig&%&g cagéése mpéeﬁétjaj . Jabﬂédqﬁemw %gﬁ@naf ﬁmﬁ@aﬁ}a

i nstructi orsymlwt af mee@eﬂieb’ylsmi\&mw@pe@bde@reﬂ% hus Immorxpmesemeasen ag agthe
rrrrggw Céﬁ?@oéﬂ%a%eem&%gpy%er%ybe viewed as a two-di nensional array of

[0024]  Cache controllers 142 and 152 handle all memory transactions for cached

memory system 100 to ensure that the correct data is being accessed at all times by
processor core 130. Cache confrollers 142 and 152 also handle retrieval and storage of
instructions/data between different levels of memories in the cached memory system.
Level 1 cache controller 142 is responsible for filling level 1 cache memory 140 with
instructions/data from level 2 cache memory 150. Cache memory 140 is typically filled
with one or more cache lines whenever there is a “cache miss”, which simply means
that the instructions/data needed by processor core 130 is not present in cache memory
140. A cache memory may be viewed as a two-dimensional array of memory cells. A
cache line is one line of data in the cache memory and has a dirnension corresponding to
the width of the cache memory array. A cache line is also commonly referred to as a
block. Level 2 cache controller 152 is responsible for paging instructions/data for level
2 cache memory 150 from main memory 160. Cache memory 150 is typically paged
with multiple blocks of instructions/data whenever the instructions/data needed by
processor core 130 are not present in cache memory 140 or 150.

[0025] In general, “filling” and “paging” are synonymous terms that refer to the
retrieval and storage of instructions/data between different levels of memories in the

cached memory system. The cache controllers perform paging in a manner to maintain
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cache line is one line of data in the cache menory and has a di nension
corresponding to the width of the cache nenory array. A cache line is also
cormonly referred to as a block. Level 2 cache controller 152 is
responsi bl e for paging instructions/data for |level 2 cache nenory 150 from
mai n nmenor e nenory 150 is typically paged i I bl ocks
of instruc??%gg?gg?gpmhenever the instructions/data neggggnﬁyh&ggggessor
core 130 are not present in cache nenory 140 or 150. [0025] In general,
"filling" and "pagi ng" are synonynous terns that refer to the retrieval and
storage of instructions/data between different |evels of nenories in the
cached nemgry,system ,The che controllers rformpaging in a ner to
mai ntai n WEB0SHERTST 3 Bl Hsns woens e Bierwa o apadet Faeda a
integrity) comiage réiersdb fthesy@Rhrdn@abs of thdBfBrehe fovelcafhBem&GRRGLARG Gor ef er s
to the synchronization of the different |evels of nenobries so that no data
is |lost. Ddftaisipss Ranlase ey ocqupriopsemple if PrPcespycoss b30 woke a1sy alet es a
new val ue ]| [ I 0, ' to main
menory 1601$£%%j%?&ca5 eﬂ?%ﬁ%a%%W?ggﬁ%%§£E%%Cgéﬁﬁggﬁﬁgl#ﬁggékﬁggﬁgﬁgry 140
i S repl acedadhy lime cathieingithe new pAI02 5] cablheGneRoghibMds saplatsl By 20&chefiilh nul tipl e

enbedded pr sor. d a singl.e- vel cached nenpry system ASI C. 200

i ncl udes al opr}iggg%‘}"f’ﬁbgsicg W?%Gf“ﬁt@ﬁ&n@ewﬁageﬁ%? HES58 t hat
coupl es t01aR] exhel RRofRERIFBNMNIIC2HD hekatLs mithdceRoPh10A3l 52000,

M croprocessor 210 inplenents a "Harvard" architecture, which uses separate

i nstruct i ofn¢ achered TR PU A8 thalctoeples 49 2p GXPH angin geenisy i26Rdostsd dat a,
respectivel y,. i LHGT | ARy

conf roller Ogtfﬁdt%%grA §§ érzgg'pgﬁéﬁq@@gﬁf@%ﬁag@%ﬁﬁﬁéé %glctl on?gﬁ%&&ge?gm%gck and
forth betwaess sepdrate nstruciemanghe 260 mwddiatackbe Brithotoi stae 2ristactamd a2d ddg,
respectively. [0027], Simlarly, DSP 220 includes separate instr i on cache
Da0n and. AdFREERe AnigErRon eeRron el Ao SR 4 aersconrBln ezt 68Ty An
i nstructi oRespagdite €N aeRgl iBEirZ4idas adD€atad bl and AGNEbOGBET Bttb@kl ﬁéﬁ&gar e

responsi ble for paging instructions and data for cache nenories 240a and
240b, respdb? pydeaghe mempoefdmasad dbHs sespodtyeliecei ves i nstructions from

instructio he } i on: of DSP
core 230 1R Tes TAMRATAEaOT lchel iR Bkl oy Bita Sl Satethte o ¢
ari t hmet i c 2HOyiacstomiingrucaond aswl datd, redpactivebr. f An imsimictieneatche abnictlepZat i on and

3:)23:71 ngr iO(r&:P%e I%Lt?a% %ﬁée Ic::)osnFt)ro%l%IQ '24% P %%(?ﬂ%ﬂ)'l‘@ePocrel:gaglznzgsingtlrfc?io}zsd 5 !i‘c']:tél or

cache memories 240a and 240Db, respectively. A program sequencer 228 receives

instructions from instruction cache 240a and directs the operation of a DSP core 230.
DSP core 230 includes various processing units {e.g., multiply-accumulaie units,
arithmetic logic units, and so on) that perform mathematical computation and other
processing for DSP 220. Program sequencer 228 also identifies upcoming instructions
and sends back this information so that instruction cache controller 242a can check to
see if these instructions are present in instruction cache 240a or need to be retrieved
from external memory 260.

[00285] Whenever DSP 220 makes a memory access for instruction or data, the
appropriate cache controller checks to see if the desired instruction/data is in the cache.
If the answer is ‘yes’, then a “cache hit” has occurred, and DSP 220 uses the
instruction/data stored in the cache and continues processing. Otherwise, if the answer
is ‘no’, then a “cache miss” has occurred, and DSP 220 is stalled while the cache
controller fetches a cache line containing the desired instruction or data from external
memory 260. Once the “cache fill” is completed, DSP 220 resumes processing. For
both microprocessor 210 and DSP 220, the cache controllers maintain cache coherence

between their cache memories and external memory 260.



and sends back this information so that instruction cache controller 242a
can check to see if these instructions are present in instruction cache
240a or need to be retrieved fromexternal nmenory 260. [0028] Whenever DSP
220 makes a nenory access for instruction or data, the appropriate cache
control | er WRE8KL01243 see if the desired instruction/dat PGTESPOME T ache.

If the answer is "yes', then a "cache hit" has occurred, and DSP 220 uses
the instruction/data stored in the cactle and conti nues processi ng.

O herwise, if the answer is "no', then a "cache m ss" has occurred, and DSP
220 is stalled while the cache controller fetches a cache |ine containing

t he desi r ed[002%} r uditis dpsimbleckathavé separask caaha abemariesdoy n2GOproGree 21Remnticache

fill" is co eted, DSP 220 u processing. For bot i croprocessor 210
and DSP 220&{% ¢ 2E 208Nty Eﬁ?'e??%’inﬁfoggn Sg%eﬁg)r%’%%er 8&6@1’36 F\:ﬁé%)ﬁs't hei r
cache nenor HegewrndhRxbbiadonsedit Ynd® 60 .pid \Bn200&Ts 1 hk ke REdd Wf2OfoéRQR373 7
[0029) It is desirable to have separate cache nenories for mcroprocessor

210 and DSEDREP typicallygiare; the sIre memory by bord eHempbresoRaAtk 28flsPhese
PrOCESSOrsS. oLV Y6, 2, Hfifs ?\@céé%@cm%%é&srofg fUS ﬁnd"’]ﬂﬁlP r250 & éan%E foRbd RS, _the

enbedded m croprocessor a typi cal are the sane nory bus 258 and
ext ernal neemiepal26Opogo8 so shown in FIG 2. This forces m croprocessor

210 and DSP to conpete for access to externa ry.260. 30
Processors L‘ﬁ’%ﬁ] a gﬁ%"ﬁ%&“ﬁ@%P§3§V§F§W°r¥ﬁ%ﬁerg’ssulchél??@ﬁ(%%wqWIEL%%Q’TL are
of t en neededftdrond¥eed toPmeR§HSdeBENS RO ré @A e IR tnSanyf moduRY-daP deplicaigns

applications _such as w rel ess commrunication (e. 816 cel l ul ar phone).
However, t h#iCh#8 TEEElERs sRmpuNGaton (R & apc s Rhangr oBPWRCTs B cerhsddnpided DSP

such as (1) sy:268PH %at@?ﬁéﬂl&ﬁﬁ F]cﬁ'ttﬁe einBRiedd8ER s@idad gélri %ggb@%f AinQhte.

real -time processing tasks wthin specified tinme de es, as_descri bed
bel ow. Thesmppt ditheansl &) ecampletioncof ecaltione presessingntasks otithir spenifiaetimer s

share the s -TENMDr Y. SV.St i th the so _that | atenc i.e.. d y) and
bandwi dt h 1 SR P et RO o b Pttty SR reRb @RS cbbafpom Tt gded

DSP for cel prob@sord bidre tiepae aadnh@n Sysidrh evithube DSIH soahht 18R {(.c., delagsmd( DVA)
channels to receive and/or send DVA data strea DVA data is typically
real -ti me hPYRWIh seqypRems eHIRG RS BERRS ot e and ot her processing

g{]lhfi‘? t9§ ;ggm‘.’,ﬂ O tfiferkiRided OYP S ocllIMR pHATPpERYai g QDS b hktGhéRRS OF

access (DMA) channels to receive and/or send DMA data streams. DMA data is
typically real-time high-rate data exchanged between the DSP and other processing
units external to the DSP. However, DMA data may also be instructions or other types
of data. Mulitiple DMA channels may be operated in parallel to allow multiple data
streamns to be processed by the DSP at the same time. The cached memory system
complicates reception of a high-rate DM A data stream via a DMA channel. As the DSP
receives incoming DMA data via the DMA channel, the data cache controller needs to
determine whether a buffer used for storing the DMA data currently resides in the data
cache. If this is the case, then the DSP can simply write the incoming DMA data into
the data cache and proceed onward. However, if the buffer is currently not in the data
cache, then the DSP has two options for storing the incoming DMA data. For the first
option, the data cache controller can execute a cache line fill to bring the buffer from the
external memory into the data cache, and the DSP can then write the incoming DMA
data into the data cache. For the second option, the DSP can write the incoming DMA
data directly to the buffer in the external memory. ‘

[0032]  Typically, the DSP is stalled whenever DMA data is received via the DMA
channels. Furthermore, both of the options described above rely on the DSP obtaining

access to the external memory via the shared memory bus and completing the data write



of data. Multiple DVA channels nmay be operated in parallel to allow nmultiple
data streans to be processed by the DSP at the sane tinme. The cached nenory
system conplicates reception of a high-rate DVA data streamvia a DVA
channel. As the DSP receives incom ng DVA data via the DVA channel, the
data cache ¥Shi%BINBPY needs to deternmine whether a buf fRET/USEEF/MPBIT3 st or i ng
the DVA data currently resides in the data cache. If this is the case, then
the DSP can sinply wite the inconming DMA data into the data cache and
proceed onward. However, if the buffer is currently not in the data cache,
then the DSP has two options for storing the incom ng DVA data. For the

first optigeord May HMA des heiveQnif bk ISP tares ebse@metn&ng s chich bheer fiotd to
bring the buffer fromthe external nenory into the data cache, and the DSP
can the n wrPHher prasessaEe MisRgthoNpST durigally rFtaBI‘(tt gudianteed fpstant §ECesh &0 dhecon d

opti on, S?Blﬁ%alcﬁa@m\ﬁff)’ %&f%géeaﬂoﬂ%?’ﬂlrdwss%a dat, gl {teq% 'tlYe DQPtéaﬁn&?%f\rAfi dat .

the extern nmenory Typi cal SP I's stalled whenever

i s recei vedasdess tblilee Gvinalohemoelis tmﬁuﬂiﬁhé‘lenmommb@MAcﬁata ey bpidstndiich

descri bed abqv rel% Ontﬂt he DSP obtaining access to the external nenory via
t he shared 847 conpl eting the data wite WD 2005/ 101213

PCT/ US2005/ EIQBS]73 Theketipdemaavwylykesalla males iadiffidult foheheDSEP s gumstéche
menory bus with one or npre other processors, then the DSP typical lﬁ' cannot
be guar ant ¢eefpleaem of fé@c‘é@% RYECASHBE tesk oY SPsAbieg 1ee adredlitgsor fhaFhe

processor nﬁﬁénﬁ?ﬁeﬁ zhﬁg%fgt use &)n'%llﬁg oS nﬁﬁ‘@n %hlcgmagﬁanﬁ%? ?ﬁtﬁletltgrﬂeanﬁxda%{ n al

menory in tine, DVA dat & may i's highly
undesi r abl eare[mﬁﬂ]tchfﬁérmﬁﬂeditmmbmw@ys&l@mtm:s @rermmexeti tdlbiafmusmng f or the

DSP to guargnte L eti of I-t| roc asks thin specified
e desdri SR BRabr e fb e Baceef oty nbetS TR EnerbiT birdk o vakleh reans
t hat i nstr ugichothe PSR willt Be salied amtiy tHeet:ahtaa fneaory ft%c@iiésalfﬂ&a|anﬂecfmr be when
they are discovered to be mssing i the cache nenories. If t %xternal
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stalled Unt*}éﬂ’&rﬁ'ﬁc 1&5 cegfé%@éﬂ réﬁﬁﬁﬁi@‘ﬁﬁmﬁ HR5 8¢ ?ﬁ@hé’@zmt@&ctﬁé spdmy the

DSP to co ete Its cac Thus, the DSP nmay not be ab
perform co nmemoey mbf@eglslfwg a@d/or 3Itha pvechendh pust ddar assdm@tedom(mperfdﬁmlm t for

(ne o e el 4, AR kol ), RRECSHOBR B S0

cache m ss. tPue-td €t tﬁee@etxm lcmsm{myi dd€anids @fd minimize the likelihood of a cache
miss. However, these techniques are often only partially effective because the cache
controllers normally cannot see very far in advance.
[0034]  FIG. 3 shows a block diagram of an innovative cached memory system 300
that can handle high-rate DMA data and ensure that the DSP can meet real-time
constraints. Memory system 300 includes (1) a cache memory 340 Iocated closest to a
processor core 330, (2) an on-chip memory 350 at the next higher memory level above
cache memory 340, and (3) an external main memory 360 at the next higher memory
level above on-chip memory 350. A cache controller 342 handles paging of instructions
and data between cache memory 340 and on-chip memory 350 for cache misses, similar
to the cache memory system described for FIG. 1. A DME controller 352 handles user-
controlled paging between on-chip memory 350 and external memory 360, Thus, a
human user/programmer takes care of paging instructions and data between external
memory 360 and on-chip memory 350 via DME controller 352.
[0035] Cached memory system 300 utilizes a different type of memory level in the
memory hierarchy than cached memory system 100. This is because on-chip memory
350 is different from a conventional level 2 cache memory. One advantage of cached

memory system 300 is that the user/programmer can arrange to have the instructions



totry to fetch the next cache line in advance and mnim ze the |ikelihood
of a cache m ss. However, these techniques are often only partially

ef fective because the cache <controllers normally cannot see very far in
advance. [0034] FIG 3 shows a block diagram of an innovative cached nenory
syst em 300 WOREES/18B43 handl e hi gh-rate DVA data and ensurRETUH0S0PESTDSP can
neet real-tine constraints. Menory system 300 includes (1) a cache nenory
340 | ocated closest to a processor cor& 330, (2) an on-chip nenory 350 at
t he next higher nenory | evel above cache nenory 340, and (3) an external
main nmenory 360 at the next higher nenory |evel above on-chip nenory 350. A
cache contrahd @ita 34Rirb@bellpesepagcag 360 10 bs preseiti MNen-cap thaddra 3b@twmiien cache
menory 340 and on-chip nenmory 350 for aCEe m sses, simlar to the_ cache
menory syst éﬁlﬁaa%fs%frwfnf@dh@y(ﬁm Pacrteﬂnnees&d%w CHIRETSSPT 9re 35ConKsTIond Jened 2.

control | ed pagh @&tﬂﬁfe&“%ﬂld%iﬁb‘td?x xﬁﬁ{ﬂéﬁé(ns%%@ dAROiTONH SRR hdEID hYedd@ @y Thus

a human user/programmer takes care of paging Instructions "and data B’etvveen
ext er nal nﬁmpryca&@ e} and- ki grogessno ropre3B50stilleal Drhﬂedbmmamubmnsaﬁm ae0035]

ey e IRy o Btettll b B8, Tolhdd SEH 5 Y%, o ARt flac ki, 1

menory 350DS® dzlh fnfeat @al-tifhe oonstrameoven tioagiait thay abt hve gohenteedmicyss dme
advant age of cached nenory system 300 is that the user/progranmer can
arrange to RHFEVIdHE pHempBeMINSOND 2005/ 101213 PCT/ US2005/ 008373 9 and
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in advance of when they are actual nee the processor core.
convent i onakadhey elemRry svstshre3@bnd rQMIA@Onm&ﬁr 64@ negeifestindeming tiata gid @Wsoran d

data i f and_whe e ded .b roc sSSQr ,core, an essor
Coro 1 ¢ ot artPRG DR el RECEF R nt Phal AHFE ol ohbinod Sud BroPEREer el
menory. Cacheehone BB0.ydepysdiggnon Gﬁhe@ca lthet buffer gaistheedithas chh&tlﬁlﬁ?ate@.n ’Irneet

real -time constrai nts even th@ggj rrg not have guarant eﬁg access and
bandwi dt h t SR ¢a4 psrRt reeh . by %@ Jfo EXiggnak mgTagyy héveids dage of
hi gh-rate %@ﬁ&%%%&?%x%@%éﬁ?or tﬂN/Iﬂ ccﬁ%ﬁ@de@E%ByO Va?és%l?’@@chep\ DVA

controller 344 receives incomng data via one or nore channel s and can
store the daemroller @¢2 Her meiaire cagheneoperdCe, drt ghisck pot ﬁhcrmrynﬁG 3dépendi ng
on where th
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below.
[0037]  FIG. 4 shows an ASIC 400 with multiple embedded processors and the
cached memory system shown in FIG. 3. ASIC 400 includes a microprocessor 410, a
DSP 420, an on-chip instruction/data memory 450, and a shared memory bus 458 that
couples to an external main memory 460. Microprocessor 410 may implement the
Harvard architecture for its cache memories, as described above for microprocessor 210
in FIG. 2.
[0038] For the embodiment shown in FIG. 4, DSP 420 includes an instruction cache
440a that stores instructions and N data caches 440b through 440x that store data for the
DSP. In general, N may be any integer one or greater {e.g., N =2 or 3). An instruction
cache controller 442a is responsible for paging instructions back and forth between on-
chip memory 450 and instruction cache 440a, and a data cache controller 442b is
responsible for paging data between on-chip memory 450 and data caches 440b through
440x. DSP 420 aiso includes a program sequencer 428 and a DSP core 430 that operate
as described above for FIG. 2.
[0039]  The cached memory system for DSP 420 is composed of (1) instruction and
data caches 440 for level 1 cache memories, (2) on-chip memory 450 for the next higher

level memory, and (3) external memory 460 for the topmost level memory. (The



cache controller 342 to nmaintain cache coherence, but this is not shown in
FIG 3 for sinplicity. An exenplary ASIC design using cached nenory system
300 is described below [0037] FIG 4 shows an ASIC 400 with nmultiple .

enbedded p and the cached nenory system shownj ASI C 400
i ncl udes a%%@%’%drlglgessor 410, a DSP 420, an on-chip iﬁg?lpgi{]&/%%nlaata

menory 450, and a shared nenory bus 45? that couples to an external main
menory 460. M croprocessor 410 may inp cémsnt the Harvard architecture for
its cache nenories, as described above for mcroprocessor 210 in FIG 2.
[0038] For the enbadiment shown in FIG 4, DSP 420 includes an instruction
cache 4408medt 449 oras HfRE I gt P EN A SEmRIngHeR O Abhescarben 4407 BErHEh440x

that storey@at @ﬁeﬂ&igéh& t§r§% ntbft GERRLR! it ;N EBY) PARRY 44 GACHIQN G
greater (e.g., = 2%or 3). Aninstruction cache controller 442a is
r esponsi bliestfetiopagtandram ohrohipt mensrbhdslk swddord-cip méetryedd) onfillehiythmenory

450 and instructi cache 440a, .and a da cache.control |l er,h 442b i
responsi bl 8% loﬁ%{angﬁaﬁlt &x%@?%@ﬁngm chp n@ﬁiﬁh? 4883 ‘b@t énaé'aizﬁes 440b
through  4d¥emdd®R 24 20R AN Br 400ed dtH@ Sy ﬁrlﬁgﬁ@fmzm?%lggﬁ@m&?asamymda@ core

430 that operate _as described above for FIG 2. 9] The cached nenory
syst em f orbepspany sige padcbmprssen JafanEmbodiysant. parehin memery 449 & dmendencdso f or
l evel 1 c i - Ghi . r next .hi | evel

rorory. ant L it e Sk Rk PRIBF A Sl Ol MShon: 2 Vo
2005/ 101218067y uSROOEhRAEE 48 cith€r mmuerebealded htdiore Gre. riebrecattdomthe ame, any

nbi nat i . f h 40a th .440x, dependi th t ext
T Wbt ch 1€ 98 b B3t 4200 SRR A8 Y Pharichieon § FRERGIP S EABSEf om
on- chi p mequony Ohddip @RE@H-450i dan FRIFD inktrdSibnks Snflidatae@r WhdHes 4405E{cigideoNns/ dat a

from external rrermrai/ﬁs%o. On-chip nmenory 450 may be inplenented as a RAM or
sone ot heringtsEogsfd n’ﬁﬂy‘?Xt@mﬂchPlﬁOW ynder,gs giing@er santeal, aysteicze and
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to on-chip memory 450. Memory bus 448 facilitates paging of instructions and data
between on-chip memory 450 and caches 440. Memory bus 448 further facilitates

| storage of DMAL data from DMA controller 444 to on-chip memory 450. Memory bus

448 may be desi gned as a high-capacity bus to provide high bandwidth for data transfers
and to ensure easy accessibility of on-chip memory 450. In an embodiment, memory
bus 448 is implemented with a width that is equal to a cache line for caches 440.
However, other memory bus widths may also be used. A bus arbiter 446 arbitrates the
use of memory bus 448 among the DMA and cache controllers.
[6041]  Cache controllers 442a and 442b can page caches 440 froxn on-chip memory
450 with little overhead. For example, if on-chip memory 450, meinory bus 448, and
the buses for cache controllers 442a and 442b have widths of one cache line, then a
cache line fill for instruction cache 440a or any one of data caches 440b through 440x
may be performed in as little as ope clock cycle. The latency for a cache fill is thus
bounded and not dependent on accessibility of the shared memory bus 458 and external
mernory 460.
[0042] DMA controller 444 couples to cache controllers 442a and 442b and internal
memory bus 448. DMA controller 444 has L. DMA channels that can receive high-rate
DMA data from. other processing units external or internal to ASIC 400. In general, L

can be any inte ger one or greater. DMA controller 444 handles the storage of DMA



420). On-chip rnenory 450 can store instructions and data for caches 440,
exchange instructions/data with external nenory 460 under user/programmer
control, and store high-rate DVA data, as described bel ow. [0040] DSP 420
further includes an internal nenory bus 448 that couples instruction cache
control | er WAPHOS/WAYA cache controller 442b, and a DVA cREAFPBE08T34 to
on-chi p nenory 450. Menory bus 448 facilitates paging of instructions and
data between on-chip nenory 450 and cathes 440. Menory bus 448 further
facilitates storage of DVA data from DVA controller 444 to on-chip nenory
450. Menory bus 448 may be designed as a high-capacity bus to provide high
bandwi dt h fdata fadiged viangfeeDMA aoheniels ®N&itice cedry 440Cc@sSei-thip inigrmoiy 9F6.chi p
menory 450._1n an enbadi nent, menory bus_448 is jnplenented with i dt h

that is equihenc¥eraa dihe sprple fo5ra gHReY RYBY samplisl & recsivRb M A BMA bus
w dt hs ma S I ol ry bus
y dﬁéﬁwdé&ltr&lguﬁﬁﬁgﬁtﬁﬁs %[@tggﬂ 514]6 %gﬁclﬁé(s)t BRuldiBe QbrelBROrY

448 anong t cache controllers. he ‘control l ers 442a and
442b can paggructeheshd4ei0ar anorenefcthe platmetaohas 44050thwiugh 440x.t degeroningshibad. For

le, if on-chi bus 448 and . th for_cach
cont ol | er SP3% R F300R oA PR b o e ice B P o SR eRe ne

fill for i natHetdhir6ilerC @it chditcortroReti40neaitthing atcaciash RAM 4R stidreotgh 440X
may be perfonned in as little as one clock cycle. The latency for a cache

fill is thdie pgaigeel athdngoel Jepimasmonoty O eeady srraddy thercaghiamemerdd
menory bus - nﬁpﬁg}{ : r:Ql upl es
to cache coﬁ%ﬁ%@?gﬁgér&%g}ﬁ g_r?%:] 442 déraléltgpaldﬁ% %ﬁgle%nﬁ%ﬁséﬁghﬁ%éﬁé%m@q
control | er t44e e dactDNine beingetesssethay LBGA coricaler d4hisghirentlein ke 44.a from
ot her proc i ng _uni.ts extern r_inter t Q.ASI | n ral , L can
be. any "1 nt bRl BALOD R DriecnBhiS- Otk ey e fars s PRERIE B or D
WO 2005/ 1013430IRCHHLIS208H/(REb3 RS tHelsadPplets) 196 @hiR0140l Dtheie/idoMF wbammel s to

ei ther caches 440 or on-chip nmenory 450. Wienever a DVA sanple (or a group
of DMA sanpitedringsaceessed veaoyincaghpiil), thandaMier contiopler dart provides tha PMA

ascertains uhsfs Qiatiﬂt%n&ﬁfﬂ?érﬁtgr?)bu§@4§"fogst9&)%§hp&ﬁ%f &enid?f%fed!di on cache 440a

or one of the dafta caches 440b”t hr ough 440 det erm nes menory address
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RAM 450 rather than external memory 460, which is shared with microprocessor 410.
On-chip RAM 450 has guaranteed bandwidth and bounded latency. The process of
checking the cache tag RAM for each DMA transfer ensures cache coherency between
caches 440 and on-chip RAM 450.

[0044] A DME controller 452 handles paging of instructions and data between on-
chip memory 450 and extermal memory 460. For the embodiment shown in FIG. 4,
DME controller 452 couples to shared memory bus 458 and to one DMA channel of
DMA controller 444. DME controller 452 may be programmed by the user/
programmer to page blocks of instructions/data between on-chip memory 450 and
external memory 460. Each DME transfer passes through DMA controller 444, which
performs the cache tag checking process to ensure cache coherence between on-chip
memory 450 and caches 440 for the DME transfer.

[0045] With on-chip memory 450 and DME controller 452, DSP 420 can meet real-
time constraints sinice latency for cache fills can be bounded. Unlike a conventional
level 2 cache memory that is under the (automatic) control of a level 2 cache controller,
which pages instiuction/data on-demand for cache misses, DME controller 452 can be
controlled and scheeduled by the user/programmer to bring blocks of instructions/data

from external memory 460 into on-chip memory 450 well in advance of when they are



| ine addresses of all lines of on-chip nmenory 450 currently stored in the
cache nenory/ nenories under its control. The queried cache controller 442
checks its cache tag RAM to see if the cache line being accessed by DVA

controller 444 is currently in cache 440. |If the answer is "yes', then DVA
control | er MA29p/482es t he DVA sanpl e(s) to cache cont PETIUER0HAB373whi ch
then wites the sanple(s) into cache 440. O herwise, if the cache Iine

bei ng accessed is not in cache 440, thet DVA controller 444 provides the DVA
sanple(s) via internal nenory bus 448 for storage in on-chip nenory 450.
[0043] On-chip nmenory 450 ensures that DVA transfers are not stalled and DVA
data i s notndeost. . HM@thbSlSérﬂﬁdgrsmnﬂSﬁtlhﬁﬁn@aﬂc@étWCw tdrﬂoﬂbtemmﬁ\tldmt ainto
on-chip RAM 450 rat her 4térﬁar) exterg menory 460, J@%h is shared wi.th

mi cr opr oces®srevgh b caches 4649Vl RKAYA 54 hhe IWéFFfé‘PﬁS e et Brn-HBRinded
latency. The.RQCERS Ble welRELsE Medchof ﬁQ:Q@hetfﬁg oA feQk1 Eashe VB id iapster

ensures cache coherency between caches 440 and on-'chi p RAM 450. [0044] A
DVE cont r ol fssgrmisa U}'anhdltlessfpta’@twgeﬂdfn ¢ligtrensery 38 aad dhaledche B0 wed s wh- chi p

menory 450 For hown i , DME
controller %@EHC%B {tglg af’%n}? %%/ %grrréeflm fﬁ/mé)r&gwgggg ﬁtém% rzlgﬁgnnel of
DVA cont rol lige oﬂt—hééach@l‘ﬁﬁ cltirankfeebetwideh omyhip enepicd g i aimEDaiycativetddsan /
programer (o page bl ocks of |nstrﬁct| ons/ data bet vveeq on-chi p, menory 450

r

and  ext er n& TiisnBtty 2 eECrited AborR/EDY PENEFIEE th WeBkCaNIBiSHY PNRISABHIFDI | er
444, which ypegd: @Eé@%aﬁﬁ@r&%%ﬁn& rey ﬁ@?ﬁ@%ﬁée@?&?%n&%ﬁﬂ%@ cache

coherence bet wee menory 450 and caches 440 for the DME transfer.
[ 0045] W t hI08d6lchi EI(ﬁre‘hmpyesam aaﬂpdﬂlmnmmemmtﬂoe rof 459 cadb@P WERpry spstereet

real - tine nstr Si fen he fills nd Unli ke
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of a | evel Rrivacheantient mathl ety numiheerjf pﬁ@%meﬁﬁ)hésl(fbi inudaic&xsﬁdatademngd for
cache m sses, . DMVE cont%ol |l.er 452 controll ed and schedul ed by .t he
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wor st - case enc &2 1 cache 440 is then
[0047] FIG 5 shows an embodiment of a cache controller 442x, which may be used

for instruction cache controller 442a or data cache controller 442b in FIG. 4. For this
embodiment, cache controller 442x includes a multiplexer 510, a cache arbiter 512, and
a control vnit 520. Multiplexer 510 couples to DSP core 430 and DMA controller 444
and facilitates memory transactions for these two units. Cache arbiter 512 receives
memory access requests from DSP core 430 and DMA controller 444, controls access to
cache controller 442x, and decides whether DSP core 430 or DMA controller 444 can
obtain access to cache controller 442x if there is contention. For simplicity, FIG. 4
shows DSP core 430 being coupled directly to data caches 440b though 440x. In
actuality, DSP core 430 couples to data caches 440 via data cache controller 442b.

[0048] Control unit 520 performs address checking for all memory accesses of
cache memory 440 to ensure that the correct data is being accessed at all times. Within
control unit 520, a cache tag RAM 524 keeps track of which lines in the on-chip
memory are currently stored in cache memory 440. Cache tag RAM 524 stores a table
that contains a tag for each of the cache line in cache memory 440, The tag for each
cache line indicates the specific line in the on-chip memory being stored in cache

memory 440 for that cache line.



determ ned by the transfer between on-chip nenory 450 and the cache 440 and
is not dependent on the availability of shared nenory bus 458 and external
menory 460 at the time of the cache fill. The transfer between on-chip
menory 450 and any cache 440 can be quite fast, as described above. By
boundi ng the WS}¢9¥WaZ8 | atency in this manner, the user/PeHYHIAMMRIBITEan
ensure that the DSP can neet real-tinme constraints. [0046] FIG 4 represents
a specific inplenentation of the cached &8nory system shown in FIG 3. In
general, this cached nenory system nmay be inplenented in various manners,

wi th any nunber of cache nenories for instructions/data, using various

types and coniopdmt i onige Sife 6DALEDE nSory ddysitalBnmudiD E@sike thant the st dthes and
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control unit 'Biracke Hag nEox ayMRARY 58 £s306iB38 C@‘Pl&cﬂ%wéwrwﬁa%fhhﬂ‘? Hethe) gp-ghig
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typically nucfhesiabéie imdndta addi€sspiszRrehtly §€ cache memory 440. One processing unit
(either DSP core 430 or DMA controller 444) is selected for access by cache arbiter 512
(block 610). A target memory address is received from the selected processing unit by
cache controller 442x (block 612) and parsed to obtain a target tag and a cache line
address (block 614). For the example described above with the direct mapped cache
structure, an 18-bit target memory address can be parsed into (1) a 6-bit target tag
formed by the 6 most significant bits of the target memory address and (2) a 9-bit cache
line address formed by the 9 next most significant bits of the target memory address.
The tag stored in cache tag RAM 524 for the cache line address is retrieved (block 616).
The stored tag is then compared against the target tag (block 618). If the two tags are
equal (i.e., the answer is “yes’ for block 620}, then a cache hit is declared (block 622).
Otherwise, a cache miss is declared (block 624). Multiple tags may be retrieved from
cache tag RAM 524 and compared against the target tag for the M-way set associate
cache structure.
[0051]  Referring back to FIG. 5, cache tag RAM 524 stores the tag for each cache
line in cache memory 440 and is continually updated whenever any cache line in cache
memory 440 is replaced. An address parser 522 receives the target memory address

from DSP core 430 or DMA controller 444 for a memory access, parses the target



on-chip nmenory. Consequently, there are many possible lines in the on-chip
menory that may be mapped to each line in the cache nenory. As an exanpl e,
the on-chip nenory may be 256k words in size, and the cache menmory may be
4k words in size. A full address for the on-chip nenory would then contain
18 bits. |fWEALH/18REhe Iine contains 8 words, then the PETAERINS/0RSTOry woul d
contain 215 | ines and the cache nenory would contain 29 or 512 |lines. Each
line in the cache nenory can be identil#ed by a 9-bit cache |ine address.
For a direct mapped cache structure, each line in the on- chip nenory can be
mapped to only one line in the cache nenory, and each line in the cache
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memory 450 and cache tag RAM 524 is updated to reflect the new line in cache
memory 440.

[0053] Cache controller 442x maintairis coherence between cache memory 440 (a
level 1 cache memory) and on-chip memory 450 (the next higher level memory). Cache
controller 442x uses its cache tag RAM 524 to mark which lines are resident in cache
memory 440 at any given moment and which lines need to be written back to on-chip
memory 450 for a cache fill. Having bothh DSP core 430 and DMA controller 444 go
through the same cache controller 442x ensures cache coherency. However, since cache
controller 442x can serve only one processing unit at a time, DSP core 430 is stalled
whenever DMA controller 444 accesses cache memory 440 or on-chip memory 450.

[0054] Cache hit rates for DSP core 430 are typically on the order of 99%, so it is
very likely that the DSP core desires access to cache memory 440. DMA data storage is
iypically handled using double buffers, which means that the incoming DMA data is
written to one buffer (the “current” buffer) and the DMA data stored in another buffer (a
“filled” buffer) is processed by the DSP. Thus, DSP core 430 should not be accessing

the same buffer that DMA controller <144 is writing to (due to synchronization



WD 20051101213 PCT1US20051005373 14 nenory address to obtain the target tag
and the cache |ine address, provides the cache line address to cache tag
RAM 524, and provides the target tag to a conparator 526. Cache tag RAM 524
provi des the stored tag for the cache |ine address. Conparator 526 conpares
the stored MHY2AHHIIASt the target tag and indicates a cab@BUBIPS/B3Bhe t ags
are equal and a cache mss if they are different. Cache tag RAM 524 may be
accessed nultiple tines if the cached ¥enory systeminpl enents the M way
set associate cache structure. In any case, cache tag RAM 524- is accessed
for every nenory transaction in the cached nenory system [0052] Hit/mss
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cache memory 440. Similarly, address check unit 720b performs address check for
DMA controller 444 to determine whether a target memiory address for a memory
access by the DMA controller is currently in cache memory 440.
[0056] Each address check unit 720 includes an address parser 722, a cache tag
RAM 724, and a comparator 726. For each address check unit 720, address parser 722
receives and parses the target memory address from the associated processing unit
(either DSP core 430 or DMA controller 444} into the target tag and the cache line
address. Cache tag RAM 724 provides the stored tag for the cache line address.
Comparator 726 compares the stored tag against the target tag and provides the
comparison result to hit/miss logic unit 728.
[0057] Hit/miss logic unit 728 includes a cache arbiter that decides which
processing unit gets access to which memory. For the most common scenario, DSP
core 430 desires access to cache memory 440 and DMA controller 444 desires access to
on-chip memory 450. This event is indicated by DSP core 430 encountering a cache hit
and DMA controller 444 encountering a cache miss for the same access cycle. In this
case, hit/miss logic unit 728 can accommodate both memory accesses simultaneously,

so that DSP core 430 can access cache memory 440 and DMA controller 444 can access



witten to one buffer (the "current” buffer) and the DVA data stored in

anot her buffer (a "filled" buffer) is processed by the DSP. Thus, DSP core
430 shoul d not be accessing the sanme buffer that DVA controller 444 is
witing to (due to synchroni zati on WD 2005/ 101213 PCT/ US2005/ 008373 15
difficulti eO2EYt¥Hérmore, it is very likely that the cREFERNIGBIEr is not
resident in cache nenory 440 and that DVA controller 444 desires access to
on-chip menory 450. Since the nost coRfron case is for DSP core 430 to
access cache nenory 440 and for DMA controller 444 to access on-chip nenory
450, a cache controller my be designed to allow both accesses to occur

si mul t aneousi-ahif ememony AHX én sHeadaliengcleh erHDSEapabil &y foan sigiificampaeducackesses.
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may stall both processing units in order to fill cache memory 440 and update cache tag

RAMs 724a and 724b.

[0060] FIG. 8 shows a flow diagram of a process 800 performed by cache
controller 442y for concurrent memory accesses by DSP core 430 and DMA controller
444. In process 800, blocks 810a and 810b are perforrmed by address check units 720a
and 720D, respectively, and block 820 is performed by hit/miss logic unit 728. For each
of blocks 810a and 810b, a target memory address is received from the associated
processing unit (block 812) and parsed to obtain a target tag and a cache line address
(block 814). The tag stored in the cache tag RAM for the cache line address is retrieved
(block 816) and compared against the target tag {block 818). The results of the
comparison for both blocks 810a and 810b are provided to hit/miss logic unit 728.
[0061] For block 820, if a cache hit is declared for one processing unit (e.g., the
DSP core) and a cache miss is declared for the other processing unit (e.g., the DMA
controller) (i.e., the answer is “yes’ for block 822), then one unit is allowed to access the
cache memory and the other unit is allowed to access the on-chip memory (block 824).
Otherwise, if cache hits are declared for both processinig units (i.e., the answer is ‘yes’
for block 826), then one processing unit is selected to aaccess the cache memory and the

other processing unit is stalled. Otherwise, if cache misses are declared for both



core 430 desires access to cache nenory 440 and DVA control |l er 444 desires
access to on-chip nenory 450. This event is indicated by DSP core 430
encountering a cache hit and DVA controller 444 encountering a cache m ss
for the sane access cycle. In this case, hit/mss logic unit 728 can
accommodat e both nenory accesses sinultaneously, so that ASP core 430 can
access cacheYWBHBYYIX40 and DVA control l er 444 can accessPSHVEOGHP4G1213
PCT/ US2005/ 008373 16 on-chip nmenory 450 in the same cycle. This capability
can significantly reduce the frequency/lVi kel i hood of the DSP core stalling
due to DVA nenory accesses. [0058] Hit/mss logic unit 728 al so handl es
contention between DSP core 430 and DVA controller 444. For exanple, if
bot h DSP corpoct3dngmumatsiMA, deranswtl iernad 4dr blads 260, ther esber () tohe psamssingenor y,

i then hit/mss.l.ogic unit 728 m l | ow one t rocessi.ng unjt.s.to
access the ribigs S SeaRt ROk HRABPEEa) b arRESSFE SulR gl 5
desi res accegsioh a ¢ahd GRS dchdBeRbly (BREEBIY)Er s a cache mss, then
hit/mss logic unit 728 may stall one or both processing units. These two
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and 2 memories. A large portion of the overhead for the DSP c ore can thus be avoided.
[0063] The innovative cached memory system and cache controller descri_bed herein
may be used for various applications including wireless communication, computing,
networking, personal electronics, and so on. An exemplary use for wireless
communication is described below.
[0064] FIG. 9 shows a block diagram of a wircless device 900 in a wireless
communication system. Wireless device 900 may be a cellular phone, a handset, a
terminal, a mobile station, or some other devices or designs. The wireless
communication system may be a Code Division Multiple Access (CDMA) system, a
Global System for Mobile Communications (GSM) system, a multiple-input multiple-
output (MIMO) system, an orthogonal frequency divisiora multiplexing (OFDM)
system, an orthogonal frequency division multiple access (OFIDMA) system, and so on.
Wireless device 900 is capable of providing bi-directional comxmunication via a receive
path and a transmit path.
[0065]  For the receive path, signals transmitted by base stations in the system are
received by an antenna 912, routed through a duplexer (D) 914, and provided to a
receiver unit (RCVR) 216. Receiver unit 916 conditions (e.g., filters, amplifies, and

frequency downconverts) the received signal, digitizes the conditioned signal, and



conparison for both bl ocks 810a and 810b are provided to hit/mss logic unit
728. [0061] For block 820, if a cache hit is declared for one processing
unit (e.g., the DSP core) and a cache mss is declared for the other
processi ng unit geﬁa., the DVA controller) (i.e., the answer is "yes' for

bl ock 822), WO 83 unit is allowed to access the cacRCHERMSPOEAY t he
other unit is allowed to access the on-chip nenory (block 824). herw se,
if cache hits are declared for both préessing units (i.e., the answer is
"yes' for block 826), then one processing unit is selected to access the
cache nmenory and the other processing unit is stalled. Qtherwise, if cache
m sses ar e meddcardatt fapwpldsapmn\ESIRDOY) i Fetir RERELISE) 05400837 smit7patn,ocessi ng
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di agram of a wireless device in awreléss comunication system

Wrel ess deXZZcadJOSP P8¢ with atheelunith #xtephibrie ACh%dds dtternal controller 930

controls the operation of various processors within ASIC 920.

{00671 Controller 950 controls the operation of ASIC 920 and other units within
wireless device 900 (not shown in FIG. 9 for simplicity). Memory umnit 952 stores
program code and data used by controller 950.

[0068] FIG. 9 shows an exemplary design of a wireless device in which the
innovative cached memory system and cache controller described herein may be used.
The cached memory system and cache controller may also be used in other electronic
devices.

[0069]  The innovative cached memory system and cache controller described herein
may be implemented in various hardware units. For example, the cached memory
systemn and cache controller may be implemented in an ASIC, a digital signal processing
device (DSPD), a programmable logic device (PLD), a field programimable gate array
(FPGA), a controller, a processor, and other electronic units.

[0070]  The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the present invemtion. Various
modifications to these embodiments will be readily apparent to those skilled in the art,

and the generic principles defined herein may be applied to other embodiments without



termnal, a nobile station, or sonme other devices or designs. The wrel ess
communi cati on system may be a Code Division Miultiple Access (CDVA) system a
G obal System for Mbile Conmunications (GSM system a multiple-input

mul ti ple- output (M M) system an orthogonal frequency division

mul ti pl exi nYOENNY213 system an ort hogonal frequency di BGHVERFHDBIDI e
access (OFDVA) system and so on. Wreless device 900 is capabl e of

provi di ng bi-directional communicationl%ia a receive path and a transnit
path. [0065] For the receive path, signals transmtted by base stations in
the systemare received by an antenna 912, routed through a dupl exer (D)
914, and prepartiiedfrtin the spisted scepe uhiht ifVRENAR). Th, tHeameseerinvaniibn %l ot
conditions.(e.g.,, filters, |ifies nd .frequency .downconverts) the
Foce ved st tapepfibl BBk SRn refeGHER it WBoTBH I oS

PCT/ USZQO5/3&%§331%ist&§ withQivd ?%ipﬂé&taﬂd A6V FRRIrdsUiRMosdPhé&redg0 for further
processing. For the transmt path, data to be transmtted fromwreless
device 900 is provided by ASIC 920 to a transmitter unit (TMIR) 918.
Transmi tt er ! M%fﬂ jons (e.g., filters, anplifies, and frequency
upconverts)WFtﬁleItI a gAgn giegr'ler ates a nodul ated signal, which is routed

t hrough dupl exer 914 and transmtted via antenna 912 to the base stations.
[ 0066] ASIC 920 includes various units such as, for exanple, a

m croprocessor 922, a DSP 924, an on-chip nmenory 926, a shared nenory bus
928, and an internal controller 930. M croprocessor 922 may be used for
gener al - pur pose processing. DSP 924 may perform data processing for the
transmt path (e.g., encoding, interleaving, nodulation, code '
channel i zati on, spectral spreading, filtering, and so on). DSP 924 nmy al so
perform data processing for the receive path (e.g., filtering, despreading,
channel i zati on, denodul ati ng, deinterleaving, decoding, and so on). These
various operations are known in the art. The specific processing to be
performed by DSP 924 is dependent on the comuni cation system On-chip
menory 926 provides data for the cache nenories within DSP 924. Shared
menory bus 928 interfaces m croprocessor 922 and DSP 924 with other units
external to ASIC 920. Internal controller 930 controls the operation of
vari ous processors within ASIC 920. [0067] Controller 950 controls the
operation of ASIC 920 and other units wthin wreless device 900 (not shown
in FIG 9 for sinplicity). Menory unit 952 stores



program code and data used by controller 950. [0068] FIG 9 shows an

exenpl ary design of a wireless device in which the innovative cached nenory
system and cache control |l er described herein nay be used. The cached nenory
system and cache controller may al so be used in other electronic devices.

[ 0069] The innovative cached nenory sglstem and cache controller described
herein may be inplemented in various?hardware units. For exanple, the
cached nenory system and cache controller may be inplenmented in an ASIC, a
digital signal processing device @g@s a programrabl e | ogi c device (PLD),
a field progranmabl e gate array , a controller, a processor, and
other electronic units. [0070] The previous description of the disclosed
enbodi ments i s;proyy I .person skilled in the art to nake or
use the pr esen%' inv}{erﬁlﬁﬁ%%gd%‘faamﬁ?cwné&? ‘cations to these enbodi nents wl |
be readily appapreetssa eore hpaeblskipeifert daf prévessagtfor thametgtated cgarer i ¢ pri nci pl es
defined herein i ot her. embodi nent s _w thout WO 2005/101213
PCTI US2005/ 0083551 @%“‘?&'@%ﬁ‘%f?@%%%¥°ﬁ%%%fﬁfefh%BﬁO?“iSf‘”S?msﬂélSpe of the invention.
Thus, the presanin-¢hivmempryropersblaat stork dite figteleh dacheheerhary wieekid e tivhe

W th the grone SUERh g br' b by see et b MRRT S"OLAl MED 1S
20 CLAI Mship.mofwory ivtselgetatile fillal wittuddta {rdian extemali isénngy, iddepémie$ 0iche Or €
operable to performdata processin f(%r the integrated circuit; a cache
memory opél caegﬁe%oﬁhe%af er%e“goﬂ’é’ma%r”se?ﬁ%“rﬁ}'ocessor core; and an on-chip menory
operable to store data for the cache nenory, wherein the cache nenory is
filled with data from.the op-chip. nenor or cache m sses, and wherein the
on- chip msrmr%/ is @Ell%%ﬁrﬁﬁq%}mf"itﬁqcéﬁmnaﬁ %{’FFL?HP‘EPIFSF% an external nenory,

i ndependent of a cRBh@ntrolleg 6pa4tte ©haldkemedah eadBdtdhYfor thod&he e@brycont rol . 2.
The integrated circuit of claiml, further conprising: a cache controller
operable to handl e nenory transactions for the cache nenory. 3. The

integrated cirguit b ift@itéd dicuit b dHAR, GORRICLHEpMGg:
a direct memory exchange (DME) controller operable to handle data transfers

between the on-chip memory and the external memory.

4, The integrated circuit of claim 3, wherein the DME controller further

operates with the cache controller to maintain data integrity for the cache memory.

5. The integrated circuit of claim 2, further comprising;

a direct memory access (DMA) controller operable to handle storage of DMA data
received via at least one DMA channel to the cache memory or the on-chip memory,
wherein the DMA controller further operates with the cache controller to maintain data

integrity for the cache memory.

6. The integrated circuit of claim 5, further comprising:
a direct memory exchange (DME) controller operable to handle data transfers
between the on-chip memory and the external memory, wherein the DME controller

couples to the DMA controller via at least one DMA channel.

7. The integrated circuit of claim 5, further comprising:




a direct menory exchange (DVE) controller operable to handle data transfers
bet ween the on-chip nenory and the external nenory. 4. The integrated
circuit of claim3, wherein the DME controller further operates with the
cache controller to maintain data integrity for the cache nenory. 5. The
integrated circuit of claim2, further conprising: a direct nenory access
(DMA) controller operable to handl e sforage of DVA data received via at

| east one DMA channel to the cache nefiory or the on-chip nenory, wherein
the DVA controller further operates with the cache controller to nmaintain

data integritah fnal MEMEFHAE cPIRY He o chif ARmbRL BRAlRomIdiEULLd @F claim 5,
further c rising. a direct_nenﬂry exchapge (| L controller operable to
handl e da %F%ﬂ§$%&§mmﬁ@ﬂmkﬁﬁﬁp @“@WyéﬁfgmﬁéWHWV3%hﬁ“ﬂﬁéoé%W%PHQ? menory,
wher ei n t RechPemegntrol ler couples to the DVA controller via at |east one

DVMA channel. 7. The integrated circuit of claim5, further conprising: 21
an internal nenory bus coupling the on-chip nenory, the cache controller,

and the DVA cogt r ol'fhglintegpid Qichit bi@ailnnl &hétein thEXBHYmdtty BaShdobdg h that is
equal to a line in the cache nenory, 8. The integrated circuit of claim 1,

wher ei n t REemoscHe fabdraidpngpmae tfrgrasd cptlitglic. nenory are fabricated on same
integrated circuit die. 9. The integrated circuit of claim1l1, wherein the

cache menory agd t NGe et Poircl® OPLYimA, ShéBRMMLALRIm G i LI GE 60Ln;h Nt egr at ed
circuit dies encapsulated wwthin an IC packagp for the'integrated circuit.
eat

10. A wi r éreawsy aysplabrieatpsl e Wifforast rgfegrated cireitite aerpiilatesty pithinngl IGi ng a

processor ga&g,@pﬁgﬂggﬁééﬁ&mﬁforn1data processing, a cache nenory operable
to store éﬁta for the processor core, and an on-chip nenory operable to

store data for the cache nenory; and an external nmenory operable to store
data for the ol chifpwirelessapparatkscromprisithe cache nenory is filled with data

fromthe on-ch g&gﬁ . far. -he m sses, and wherein the on-chip nenory is
sel ectably fil%gg tﬁxﬁéﬁgpégg t he external nenory, independent of cache

accesses of the caateoossmoroys opgratilerto psform datm proodssing,
a cache memory operable to store data for the processor core, and
an on-chip memory operable to store data for the cache memory; and
an external memory operable to store data for the on-chip memory, wherein the
cache memory is filled with data from the on-chip memory for cache misses, and wherein
the on~-chip memory is selectably filled with data from the external memory, independent of

cache accesses of the cache memory, under user control.

11.  The wireless apparatus of claim 10, wherein the integrated circuit further
includes a direct memory access (DMA) controller operable to handle storage of DMA data

received via at Ieast one DMA channel to the cache memory or the on-chip memory.

12.  An integrated circuit comprising:

a first processor operable to perform general-purpose processing for the integrated
circuit;

a second processor operable to perform data processing for the integrated circuit and
including

a processor core operable to perform the data processing, and

a first cache memory operable to store data for the processor core,

an on-chip memory operable to store data for the first cache memory, wherein the

first cache memory is filled with data from the on-chip memory for cache misses, and




11. The wirel ess apparatus of claim 10, wherein the integrated circuit
further includes a direct nenory access (DMA) controller operable to handle
storage of DVA data received via at |east one DVA channel to the cache
menory or the on-chip nenory. 12. An integrated circuit conprising: a first
processor operable to perform general - purpose processing for the integrated
circuit; a second processor operable Fo perform data processing for the
integrated circuit and including a processor core operable to performthe
data procemsleOthe WAkhf sty £ACRELNGRIEY WRCHAY R 9n SkRES! Q\%{g@wf or the
processor core; an on-chip rrermr%[ operable to store data for the'first cache
menory, wiEERshACH plecack) acegsses gtthe livbeppiraymenzory.jungles gsapceriirolland from t he on-chip
menory for cachfdthSs&s budtning the &l obdiGr §s81t§:§cpthg% ol héinotge! €Ct abl y
filled wwth data froman external nmenory, independent of cache "accesses of
the first cache nmenory, under user control; and a first nmenory bus coupling
the first and Fecorde grtegraied girenit of ¢l & twhrered theeseoengd. prode8sor Targhei nt egr at ed
Cirouit Ofineilodd Mebong HORS Fliflork PReraRE B Gor HBERASAY rof Helissol A, UfiS @ second
cache nmenory operable to stor nstructions for e processor core, and

wher ei n t hdiesachnttcodchehe mempry isiagtomaticoHmfillelakithyinftivctied fwint the omettiy uct i ons
fromthe - chi for cache msses. 14. The integrated circuit of
claim13, %{\%ﬁ(eéwel h Igrﬁere];g{ss“éé{ecsz'ond processor further includes a first cache
controll er operable to handl e nmenory transactions for the first cache
menory, a secohd cdbbdntegrakd oirbwtr ofopleimalbl, ewlicoeitn alrdiceomieprocegsat fetisact i ons f or
t he seconcllncuéasche menory, a direct nmenory access (DMA) controller operable
to handl e s%orage of DVA data received via at | east one DVA channel to the
first cache nenfirsycachd eoeiengeable he hamtimmenory erandabigone dercthe firstresvbe y, and a
di rect menory exchange (DME) controller operable to handl e data transfers
bet ween t BETORZ chi p nmenory and the external nenory. 15. The integrated
circuit of cl aisactdd cashecaiiollérheeladd t¢ Gmidleonkory arulsdctiens DvEthe second

cache memory,

a direct memory access (DMA) controller operable to handle storage of DMA data
received via at least one DMA channel to the first cache memory, the second cache
memory, or the on-chip memory, and

a direct memory exchange (DME) controller operable to handle data transfers

between the on-chip memory and the external memory.

15.  The integrated circuit of claim 14, wherein the DMA controller and the DME
controller further operate with the first and second cache controilers to maintain data

integrity for the first and second cache memories.

16.  The integrated circuit of claim 14, wherein the second processor further
includes a second memory bus coupling the on-chip memory, the first and second cache
controllers, and the DMA controller, and wherein the DME controller couples to the DMA

controller via at least one DMA channel.

17.  The integrated circuit of claim 3, wherein the DME controller is selectably
programmable by the user to fill the on-chip memory with data from the external memory

independent of the cache misses, to thereby provide the user control.

18.  The integrated circuit of claim 17, further comprising:




controller further operate with the first and second cache controllers to
mai ntain data integrity for the first and second cache nenories. 16. The
integrated circuit of claim 14, wherein the second processor further

i ncl udes a second nenory bus coupling the on-chip nenory, the first and
second cache controllers, and the DVA controller, and wherein the DMVE
controller couples to the DVA controfi er via at | east one DVA channel . 17.
The integrated circuit of claim3, wherein the DVE controller is selectably
progranmabl e by & M&REry it bhdnbcd 'R RO DR PoriBIRT ha Wi &tqueﬁ %eHo&[;“ the
external nmenory independent of the cache m sses, to thereby provide the
user contr®fl. 18. The int egrated circuit of claim17, further conprising: 23
a shared nenor C t e D%/P a erpal menory;
and a direct n%n%’résé/t g‘%gggs&?%ﬁ/l&?wcpgn% ro feg%@{élggdp:togli % %@ﬁ]g&g@i&% al(;:lont roller,
an i nt er AAPMAMeAgY Pus, and aid shirdd stemondbusewberginraid, DMAesairolles diasla DVA
controller raki ] | S .t n i hji,gh~rate DVA
dara by whitapy B SRk B SRCENENIS e AR SRS REF oY Pt @0215' e

i nt egr at ednesiarbistor Hie igerailmet®ry wserei n the DVE control l er couples to at

| east one of the plurality of DVA channels, and said DVE controller is

sel ectably - pr e8r anﬁﬂﬁ%tg Stg%{;ll'c!uLt o&"aﬁhnoﬂf %%r@ TRB0: o ttrrllegg‘t ale]; ﬁoﬁar‘p the
external nmenory by pagin OCKS of I nstructions or data. ~28. e

i nt egr at edeasi poiof thef plukaditynoB8 DM eshennzlst laed BVE RN coiltdoBer issseleethidgt abl y
programabl e b u Q schedule the fillding.of on-chi nory. Wi th data
fromthe pé%mén?{rﬁ% ¢ fQrérjgfl:rlrl%)Erhf/’ .On'fil}l.p e r‘ﬁltggdP %tfjfao ElﬁereéﬁﬂafglflggﬁyalyrﬁagngMer ein

t he DMVE cdhdckodfimstruttionsed dact abl y programmabl e by the user to control the
filling of the on-chip menory with data blocks fromthe external nenory
such that the er functions as.a nti.ci pat.or he caontrol]ler. 22. The

i ntegrated ci rz it "B'F’ IEtF%fP}??ﬁ{m\}\t,{«Pgrcgi"ﬂ 3 erm@yecﬁ r%’ﬂfépﬁ isgseleglpbit t apl y

pr ogr ammelpr@rdymitie by sarset © dchddulet the fitlbrg CdTi da-oNBNBEY oM Fith d@th d&rofy N t he
external nenor wel | in advance of need by the processor core and w thout
pagi ng- on-AEMBHY™ Y% The integrated circuit of claimil, wherein said
integrated circuit is operable in a wireless device, said wirel ess device
conpri sing: 21.  The integrated circuit of claim 3, wherein the DME controller is selectably

programmable by the user to control the filling of the on-chip memory with data blocks

from the external memory such that the user functions as an anticipatory cache controller.

22.  The integrated circuit of claim 3, wherein the DME controller is selectably
programmable by the user to fill the on-chip memory with data from the external memory

well in advance of need by the processor core and without paging-on-demand.

23.  The integrated circvit of claim 1, wherein said integrated circuit is operable
in a wireless device, said wireless device comprising;

an antenna to wirelessly communicate signals with a remote base station;

a receiver unit operably connected to said antenna and said integrated circuit to
communicate a received signal from said antenna to said integrated circuit; and

a transmitter unit operably connected to said antenna and said integrated circuit to

communicate data from said integrated circuit to said antenna as a transmission signal.

24,  The integrated circuit of claim 1, wherein said integrated circuit is operable

in a wireless device, said wireless device comprising:




an antenna to wirelessly communi cate signals with a renote base station; a
receiver unit operably connected to said antenna and said integrated circuit
to conmunicate a received signal fromsaid antenna to said integrated
circuit; and a transmtter unit operably connected to said antenna and said
integrated circuit to communicate data fromsaid integrated circuit to said
antenna as a transm ssion signal. 24. Yfhe integrated circuit of claiml,
wherein said integrated circuit is operable in a wreless device, said

Wi reless devi Cemg@Eméd &nfhilinicating dRRABSwER! saROMILRIE Rt H0afdied RS MBEN sai d
integrated circuit and a renote base station. 25. The integrated circuit of
claim1, fdRifer conprising: neans for handling data transfers between the
on-chip nenory and the external nenory, said nmeans being sel ectably

pr ogr ammabl e by a user to fill the on-chip nenory wth data fromthe
external menor y23- ndepe ket dsircrinef e efufhes semprisig:  The integrated circuit
of claim 25, whgrg rroﬁﬁanem{ge@a?as trhri Y QIHARTRO LR chif m aPld BRKSteal

i nstructions and/or data between the on-chip nmenory an t e external
menory. 27 Memeg, istifl agpes keipeaeleetably proRragingble Y5 usﬂh@rf@l the oaichiprresutnsy i s

prOQramblv@thtdgtaﬁ%ﬁﬂﬁgéﬂt&nzfﬁfemfow ihddpehdRt of € o glfhesa menory with data from

the external nenory e wrel s appar at us claim 10, further
conprising: a direct menory exchange (DVE) controller operable to handle
data transfers bbtmééﬁIMhEMmbﬁHmhmﬁChﬁmﬁiymaﬁml&mbnemﬁésnmgmnmmbhyo 29. The

W rel ess a?ygfer ﬁﬁ)n’:i%l\?gf msﬁ u@ﬁ l:lag?k); ldétg I%%ﬂweg@ LY J)rF +hn19 meﬁm@hg E 913 n&ggll{ a bus

connect ed contr the externa rect
menory accessioftDMA) controller coupled to a cache controller, an internal
menory bus, and said shared nmenory bus, wherein said DVA controller has a

plurality of RG] Blef O o 5L GOt Ak, DA fRbfeby pov of the

shared nenory bus or nenofy par at us of
clai m 28, wileddt the $itling oDVE og-ohip meoer widodapd fesn the extatnal reasdry.one of a
plurality of DVA channels, and said DVE controller is selectably

E;Ogggmbl et OZE{ H y\}v?ref%ss appar%us%nX 1qurrﬂ1e99c)trr%)rifs{ng:m the external menory
a direct memory exchange (DME) controller operable to handle data transfers between the

on-chip memory and the external memory.

29.  The wireless apparatus of claim 10, further comprising:

a shared memory bus connected to the DME controller and the external memory;
and

a direct memory access {DMA) controller coupled to a cache controller, an internal
memory bus, and said shared memory bus, wherein said DMA controller has a plurality of
DMA charnnels that can receive high-rate DMA data by way of the shared memory bus or

the internal memory bus.

30.  The wireless apparatus of claim 28, wherein said DME controller couples to
at least one of a plurality of DMA channels, and said DME controller is selectably
programmable to fill the on-chip memory with data from the external memory by paging

blocks of instructions or data.

31.  The wireless apparatus of ¢laim 10, wherein the DME controller is selectably
programmable by a user to schedule the filling of on-chip memory with data from the

external memory.



bl ocks of instructions or data. 31. The w rel ess apparatus of claim 10,
wherein the DVE controller is selectably progranmable by a user to schedul e
the filling of on-chip nmenory with data fromthe external nenory. 25 32.
The wirel ess apparatus of claim 10, further conprising: an antenna to

w relessly communicate signals with a renote base station; a receiver unit
operably connected to said antenna and3said integrated circuit to

comuni cate a received signal fromsaid antenna to said integrated circuit;
and a transm ey umhl \QBELABLYGORIRAL 6 dcSdldragtenna and said |
integrated circurt to conmuhicate data rromsaid integrated circuit to said
antenna as a t ranstenssh grireisphaimm@Rate Figealyviteh sswtdppastaions of cl ai m 10,
further conprisjpg.. ns f C i,cat . ata_ he en. sai.d.integrated
circuit and a rzielr:lreg “e/gﬁ%g{e()pe%%’ gt‘?’gﬁg.é {},gj%‘ salﬁg‘n@mn?ae?ngsésm a‘ﬁ‘g‘* rag ducsfrc%l% %(C:,I aim 10,
further conpnigiicaty a medved sfgoal flvarnclidiangnoiad said mgspsikedregclietmken t he on-chip

menory and the external _.renor sai ans bein el.ect abl r ogr ammabl e by
a user to fill %ﬁgsgﬁgéﬂ?lg&?%abyr?m%getdﬁga%@ 3"??”8%“? ﬁ@gé%z?%?‘t%daﬁmﬁgﬁ%r y

i ndependentomfiuiitue: declien midmegrated dirculiite sal sredn@s 8s BpgpanBiioissigial.cl ai m 34,
wherein said neans is progranmable to page bl ocks of instructions and/or
data between the on-chip nenory and the external nenory. 36. The w rel ess

apparatus of clz. m Jfe wirbiessepparaad of cHBADG firthePioa@risingabl e to schedul e the
filling of the on-chip menory with data fromthe gxter_nal menory.
means for communicating data between said integrated circuit and a remote’ base

station.

34.  The wireless apparatus of claim 10, further comprising:
means for handling data transfers between the on-chip memory and the external
memory, said means being selectably programmable by a user to fill the on-chip memory

with data from the external memory independent of the cache misses.

35.  The wireless apparatus of claim 34, wherein said means is programmable to
page blocks of instructions and/or data between the on-chip memory and the external

memory.

36.  The wireless apparatus of claim 34, wherein said means is programmable to

schedule the filling of the on-chip memory with data from the external memory.



