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SUMMARY OF INVENTION

According to the inventive concepts, a cache system is disclosed which compares tag bits of
a virtual address with tag fields of a plurality of soft cache register entries, each entry associated
with an index to a corresponding cache line in a programmable cache memory space. A cache ling
30 size of the cache line is also programmable. When the tag bits of the virtual address match the tag
field of one of the soft cache entries, the index from that entry is selected for generating a physical
address. The physical address is generated using the selected index as an offset to a
corresponding programmable soft cache space in memory address by block address bits from the

virtual address.

35 | Systems and software embodying the principles of the present invention advantageously
allow software caching in systems with limited or no hardware caching support. An example is the
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di scl osed systemon-a-chip enploying an ARM/tdm CPU core, which has
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cl ock gengr Jhe systemof 25 Figure 1; FIGURE 10 is a

e
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FIGURE 5 is a functional block diagram of the DMA engine of the system of FIGURE 1;

FIGURE 6 is a functional block diagram of the external SRAM/Fiash memory controlier
(SMC) of the system of FIGURE 1,

20 FIGURE 7 is a functional block diagram aof the interrupt controller of the system of FIGURE

FIGURE 8 is a functional block diagram of the battery checker/ volume monitor circuitry of
the system of FIGURE 1;

FIGURE 9 is a functional block diagram of the clock generation circuitry of the system of
25 Figure 1;

FIGURE 10 is a functional block diagram of the USB port of the system of FIGURE 1;
FIGURE 11 is diagram of an exemplary DSP debug block;

FIGURE 12 is a functional block diagram of the digital audio input/output port of the system
of FIGURE f1;



100 FIGURE 1 is a high level functional block diagramof a systemon-a-chip
system 100 enbodying the principles of the present invention. System 100
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30 Among the other devices operating directly off main AHB bus 103 are a 4-channel DMA
engine 106, and flash/SRAM interface 107, including an external memory controlier, which maps up
to 512MByte external memory into the microprocessor memory space as an extension of on-chip
memory, a test interface controller (TIC) 108, arbiter 109 and LCD interface 110. Test Interface
Controller (TIC) 108 can take over the bus control from microprocessor 101 and mimic the bus cycle

35 in order to stimulate the blocks connected to AHB/APB buses. Arbiter 109 arbitrates bus requests
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16550 conpati ble and supports various baud rates. It also provides a | egacy
comuni cation channel to an associated PC. 15 BatteryNol une Checker 116 is
an on-chip analog-to-digital convertor (ADC) which takes two analog inputs
and provi degoaz/ehogist al signal with 8-bit precision at up por/asi@®ssz sanpl e
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134 and 133%1a, KPreNad different clocks that are needed by various blocks using a set of user- programmable

dividers. Additionally, built-in self-calibration circuitry allows optimization of the bias currents in

order to overcome changes in the working environment. Clock contro! is implemented through block

122 which is the main "valve" for all on-chip clock sources. It can be conflgured to provide full speed

30 or a fraction of the full speed to each clock domain, as well to gate a clock off for power saving if
certain block is not used in a particular application.

Three freeruning timers 123a,c operate off APB bus 112 in support of microprocessor 101.
RTC block 124 provides real time clock information for the system.



RAM 136 serves the comuni cation buffer between m croprocessor 101 and DSP
102. Al DSP nenories 133 - 135 and the d obal RAMal 36 are mapped into
the m croprocessor address space 20 so that m croprocessor 101 can
initializewhos&smsnori es and pass data to DSP 102. d obabPCREM2/08%6 i s al so
mapped into the DSP Prograni Dat aQ Dat al address space, for DSP access. The

preferred bus fmbg RemBppily 1956810 Ra bHprisSs $8GAEht inBmbiy Aedfing?schéiaddsti t i onal
detail. ock 201) controls the arbitration

Herer, a EocacL H ArblteF‘r (JrB{

bet ween t ATERMEPSHP BLLYEDP WPV YR a Local AHB Sync & Handshake
(AHBI F) master 202, with AHBI F master 202 given the highest 25 priority and
M cr opr ocessor NErertiQeatrqiienj@8 colipgts grinteyuphipsrresPndiieneigjet’§MetP of t he Local
AHB bus 1@croprdckssooitatahder OSPSiOREBSt €rS are requesting access to Local AHB
bus 104, at hen m croprocessor 101 is granted the default access to the bus.

AHBI £ mast er 282p RS dpeFaE iSAbRGRUIGHWithad DSHPehpRbrdl B0 S27akieRBroddssérr ansact i ons
from Local ' iven master

bus 104 al bus 103 d vice. versa, 30 If
on Loca - RAETURES o) DIk S piawes nekiags By Vi ST 35 maepe s
transact i detween ricropragassasn0bandiDSBAP2 ¥igiBSB Rerirhers! Rus AR andEROUS E121 |y by bl ock
204) the following operations take place: 5 WD 02/079995 (1) The
initiating mastsy n@ubblédkab® whikwslsd dparatea@fiboth BPB b0sH 12R6d DSP eeriphéralbasei ves

B F 202 "5 FBala ¥ Blehfi Wp MRk Xk PR hoof B tnatndNpimae 1R, 2
val 1% t r afamReysem il srampiante comRetie pn efenahARCPAG A F3neroridsdrerbyus 104 and

generating bus request signal to Gobal AHB arbiter (Block 109). Aflag is
al so set i ndi cRulsewgdemodylatpr{P\WM) 130irevides aenalop gudie eriput I MiBRalof

transact i QRed¥ phitfe keigdneéEhdsRsbeivo of B foldBhinekBEbhaTroR(dS addubbleck. a nast er
to the d obal XHB arbiter, in this scenario, arbitrating for d obal bus

103. Aft ' | al ; lts th
er SeCng,?’gner/g?@BIB& 1%3&0%&%?1& Q{d%ﬁiﬁtlr@n : hcgs % [g?P {)u&%?s}-é.% ; Sande

captured transaction data and control sig
15 20 25 (orfhepwosenf SEChanignglSFPUipes- 204 on Q@ obal bus 103 decodes the
transaction data and control signals and indicates conpletion of the
transaction by GEedet13n gterfades AGP 19HBIFaimBis 02, 2Pt sleecAhS LR intedagedhd i n
turn sets gq fidtHe bEP MBMbG aintneGREPtES dnibadiRbntl BEMERGS dsebtididd vith @edicaGadlon- AHB
master. P%-rl;jp H%%rzalmohﬁeSn?o?ry 133 and two blocks Data (Data0 and Data1) Memory 134 and 135 . Global
RAM 136 serves the communication buffer between microprocessor 101 and DSP 102. All DSP
memories 133 - 135 and the Global RAMa136 are mapped into the microprocessor address space
20 so that microprocessor 101 can initialize those memories and pass data to DSP 102. Global RAM

136 is also mapped into the DSP Program/Data0/Datal address space, for DSP access.

The preferred bus structure of system 100 is shown in FIGURE 2 in additional detail. Here,
a Local AHB Arbiter (Block 201) controls the arbitration between the microprocessor 101 master and
a Local AHB Sync & Handshake (AHBIF) master 202, with AHBIF master 202 given the highest
25 priority and microprocessor 101 the lowest priority when granting control of the Local AHB bus 104,
If no other bus masters are requesting access to Local AHB bus 104,athen microprocessor 101 is
granted the default access to the bus.

AHBIF master 202 performs synchronization and handshaking of transactions from Local
bus 104 and Global bus 103 and vice versa.

30 If a given master on Local AHB bus 104 (shown generically by block 203) initiates a
transaction to a slave on a Global AHB bus 103 (shown generically by block 204) the following
operations take place:



| f a master operating from d obal AHB bus 103 (shown generically as bl ock
205) initiates a transaction to a slave on the Local AHB bus 104 (shown
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Looa AHB arbi ber alidhr Hilch 3L Ssd Bihnellity hABZbIYE 104, After securing
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on the Local 6%@2‘7‘6“@99@5?@?‘) 9958y s'%’l?’é‘ 04" and (4) The target
sl ave 206 on Loezalbud it 20 derdetiopins rédoest sipnehtosehial A8 dat a and contr ol

signal s and i ngeat sﬁ!&kqwgmﬁéd.paspiet ﬁd.agt.a@m@wmway setting a flag. In
response, AHBIF rrg) g}%\rygfnpliﬂoggaﬁanﬁq@n bﬁ&?ﬂ-@?g' gg%cat e conpl etion of

transaction t oSt #&adl ock situations can
arite if two masters, neither of which is AHBI F master 202, have 10

C??trolt of Ehe(3§-°ﬁﬂblF%§teﬂﬁ4a&@ﬁsﬁn@ﬁé\r'toiﬂUSI&Q&gB@t{fﬂ&g}_‘ :3 YEly a{ld ar2 82
atte in 0O access a S 0, Lge O mast er
mp 9 ﬁ(sé:ﬁnaﬁlo alrbalFai?q]fn réll IQLPSHQ? Atﬂgr s%%unp?]e

Deadl ocks are B ion transaction initiated
by the Local Amtrm&@etval bist 183, msstqrésrpmﬁgt@ecwrgd enabl es the AHBIF to

becone a nast efaneactibhéatd #aabntoHynEN Sn BB GIas edeaidne transaction initiated
by we G obal AHB master. 15 AHB to DSP Slave interface 111 all ows

m croprocessor 101 to send read and wite requests to the different |ocal
menori es 133 - (4135 B esdalopn slaveod P Bigpal Hﬁrﬂ’??eﬁﬁ“ \ddi tional |y,
interface 111 syneadivrodetaz@s colel signals apd iod@tssaompietn B8Re cl ock donai ns and

performs the neeessaldy semwgﬁé@&mmemaé@rza@a&tb&ydhaﬁ galngf: glrfgfegllééalr ezﬁgnds

to transaction_req uests rromthe c

mast er 203/ 205 FHER 7 gL PERERC Eﬂ%{%‘?g el ﬁg'he '$58sed to GFACE 20 132
and2a he i ndi vi Ad@mastenory sel ection signals, (x_ sel, y sel, p_sel, and
g_sel) decoded fromthe correspondi ng address. AHB to DSP sl ave interface
111 operates between two different clock domains. Preferably, the

[reauency of tpg Bk deafih (AT Ade) 1bﬂ§ﬁ&§( eRbtichly s 8108 206 Iudhés LN CY

of the m croprocessor
al i gned f &ansactien {p aflave opine becgshyiB wsd%(smmeqenerwvtaﬁ Blp¢ipOBL the follewing her ef or e
becones nepestvad ate p&fopricdvent the m croprocessor fromperformng nultiple

25
(1) The given master arbitrates for the Global bus 103 and, once
securing control of the bus, transmits valid transaction data and
control signals;

30 (2) AHBIF 202 acts as a slave to Global AHB arbiter 109,
capturing the valid transaction data and control signals from Global
bus 103 and generating a bus request signal to Local AHB arbiter
201. AHBIF master 202 also sets a flag to indicate entry into a
wait state for the completion of fransaction by the Global AHB

35 master 205;

(3) AHBIF 202 acts as a master to the Local AHB arbiter and
arbitrates for the Local bus 104. After securing control of the bus, it
transmits the captured transaction data and control on the Local

6



menory accesses during its cycle when DSP domain is based on a faster
clock. Preferably, a signal is taken fromthe clock generator which
indicates to Interface 111 the | ast DSP cycl e before the next

m cr opr ocessmo2/@b®sk domain rising edge. Fromthis, a n cPOpPUSRA8ISOr nmenory
access can be restricted to only on first cycle, if there is no DSP
conflict, or tgystibe apgecond cycle if a DSP conflict 30 occurs. Al other
cycles are locked to the DSP. GFACE 132 interfaces the mcroprocessor 101
and DSP 102 to both the global and DSP specific nmenory spaces. In

particul ar, GHACE 1T taigah algvec?08 Py Logaldws d4depedes iese nenory spaces,

resol ves conf| trapkaction dutcand serdrof signams bineindiERsandplétioe ofmi cr opr ocessor when t hey
ari g and seryplliothy Bahds i mip%ﬁrs%em.enraamhea@g mermory from the DSP.

Generally, contlicts are resolved xteng e | ow cl ock phase of
t he DSP when t??@‘%ﬂ@?%?%@ggkﬁ“'%(ﬁ tipfsie REN S he same nenory

nodul e. For pumpoes@8s.of di scussion, nenory spaces are: X menory, y nenory,
program (p) menory, and gl obal (g) menory. 7 WO 02/079995 PCT/ US02/ 08557 5
When DSP 102 and m'croprocessor 101 attenpt to access the same nenory bl ock

at the same t#)%agl?c ons ?aﬁ ap%ré{_g&r n%st&rhehe th% L%cﬂ%%@% @Lét&@& hg\;]e) I n t he

first systemc tes,
wri 1@ i nf eentreltof tha Leasl 'Wlsﬂﬁ"l e GledeHRuAD? esﬂeﬁt"’?'h @ndage gttempting ta geress 4 figve GFACE
132 retri gyvds opgositecbieds ARBIFISSIR0Y. Beudiockstans ekeh b fording acomplation ohté

regi st e{M’ t %rﬁlcﬂ&‘rﬁn@h@&hﬂ@é‘&% Als rMyt:er Eﬁ: a @‘r?@%oo‘n?e oMt endlRd e ArBiE thts 10

| | GFACE 132
O cen bymaEreshe psb 5P A2 e e S 3 b

M croproceastet 101 request, GFACE 132 conpletes DSP reads by accessing the
information in the read 15 registers, and returns the DSP clock to its
usugd duty cychgs obsH galintdrfacd119\elGHRMiEEIryResdr IR0 &hd readndnielteqlad® whi ch

allows th uest m ng. Wen
he DSP aBdaR Vo cEa BRp kgt 1950 BoRY By Ryt b SoEP AR T 19 T
that cycl @teﬁmsl@ﬁfomqsé'twefgpfb‘@ﬁwFW@W%H@“W"EP@I@I@S the necessidre is a
20 ConLl [ E&ndb@kmem phrt€uIdPSerriasl 11 1hespoh O pinestias@tyests fremahdrerrertly need f or ha
stretc eca u In the
illustrat 8§nt3%%°%°b9$%41%59§20%r gﬁéegén%%ﬁ%dorﬁsﬁﬁtggdeg%n%g &e?‘ﬁeﬁ%y busses
des?Ynat ed3dendyhe ipdiidug! mw%@aé&gaﬁ'w 561,56 b0 FAEGrge) Jocoded fam

Not wi t hst aerebispndinghedosss. Menory 136, has only one port. Therefore, in the
event that nore than one of these busses attenpts to 25 access the gl obal

msrrl?lr y ?t the agg® 63%%% 121433péfl€tb§ bebideh 8dd difdrdnhi@ock AErHSHSs Bretetbbl?/yoi d t
conflicts, ten ile i
perforns £ reﬂ‘feeegysgﬁ'\ﬁ? sPHo °ma' %"inc'ﬁtg ésrg@"@ Q%ﬁﬁ @Jquﬁgowm' B'%gesw

conpl et i ngloel domm@eéwesdgeepm dPB’E'"Eéfﬁﬁl'%‘?%@' ?VI%Y m'W‘i?é?PbF'?"kéi%‘F'és and

ret pg ns t kand¥lge Ch Petefotdbechriestitiabargid iyevent eenicrodrocabsar fogm petfessimy muifple
requests af agffa%geisets%uﬁ@qts A RHen BEFBEMaiP R BSed IHE tdRr Lk Sprbe/6iF Ssignhine  DSP

i s backed 6T
is taken from the clock generator which indicates to Interface 111 the last DSP cycle before the next

microprocessor clock domain rising edge. From this, a microprocessor memory access can be
restricted to only on first cycle, if there is no DSP conflict, or to the second cycle if a DSP conflict
30 occurs. All other cycles are locked to the DSP.

GFACE 132 interfaces the microprocessor 101 and DSP 102 to both the global and DSP
specific memory spaces. In particular, GFACE 132 manages all accesses to these memory spaces,
resolves conflicting accesses from the DSP and the microprocessor when they arise, and serializes
parallel accesses to the global memory from the DSP.  Generally, conflicts are resolved by

35 extending the low clock phase of the DSP when the microprocessor and DSP both access the same
memory module. For purposes of discussion, memory spaces are: x memory, y memaory, program
(p) memory, and global (g) memory.



30 additional clock cycle for the m croprocessor access. In the preferred
enbodi nent, GFACE 132 does not include coherency hardware and therefore,
coherency is maintained in the software programm ng. AHB/ APB Bridge 113
spans mai n W@bxiyedsy bus 103 and APB bus 112. \When any AHBPOUIESO20835Ter want s
to access the address space | ocated on APB bus, the bridge translates the
signal s 35 frophdisspNdB al;,@mrcrbgroé?seorh@f %pt 850068 the 8ind RerbdryBsckialtie Si gnal s

when main bus I's _ope h- speed cl ock) rate higher than
that of tFRM me,gﬁ(gqéﬁ%agofw8‘8;20"2\1521?5(”6“@*V\D 02/ 079995 PCT/ US02/ 08557

M croprocessor 101 operates in conjunction wth dedicated on-chip nenory
subsystem 137, )Wmlﬁﬁe'T%@éﬂ@@%lo%cy&K)‘lﬁe?DM@@dsﬁerﬁd@ﬂlﬁ ROM connected to

the Jocal AHB %S’f‘ﬁsq ewr%ARﬁo%paerﬂ%%ﬁ@en tg'rgg‘rnc?rgnln%i rcta&r m byte, half-word and

wor @ access to wr apper 138 mekes the RAM
and ROM AHB cofffapatie GHAREC 3 elfierasdhe dafafrom PP s ef erred ROM space is
16-bit w de ondtyres brem aliceroprepaessor 101 perforns a word-read, w apper
138 i ssues two consecutive reads to the ROM and concatenates the two read
results into a 32-bit word, which is returned to Mcroprocessor 101. In
order to enhan@® t HEredighphase of thg OSR Hogkdzfxiandedia hisoduct i on testing time, a
weatg Wi t e t eShiormal iwidtl Durinb3tds tirse, imuhd decond siydtem ERIWIcgacond t 0 accel erate the
RAM r et enti on e Bolqtlsvbsled into two equal size
banks whi ch ca%pﬁéeE %?gﬁlﬁgﬂﬁ%a '\%/I‘@JI%'LSQ Pm%g i ndependently, so that when
one bank is in test node and the other one can be used as scratch pad for
the testing pbgr afier EN@inb0® Migpprosesser detragugstngFARE M2cr opr ocessor 101, and

acts as an AHBbJ&\b%tmb%ad%ySbceislﬁgtﬂahrg&maﬁonmfthafehay The TIC bus

conpections are sho GURE 3. Wien 15 system
debugging is alef"S\?vr@dand "Qur%? ﬁepgpglg%kg%%gﬁdwcﬁhode the TIC drivers allow

access of all address-mapped registers and/or menory in the entire system
for debuggi ng purpose. Wien TIC node is enabled, TIC uses 32 pins of the
ext ernal nenor X sigmd Bipfosided Betwann BBPHD2 aryli GFANCEL82 whichadllodathe DSBtese@@dta An

external g¢lo &egm%&behﬁ Hﬁﬁg Wﬂerpthé’ﬁgP Qﬁbr‘?s tﬁi?@gﬁﬁ#%né—@r@wde@ﬁh%bk as for

synchroni zin t an ter nal TIC
control | e calicts %&aéﬁycﬁc%’é"@ ‘@ﬁé‘f%ﬁb%ﬂé‘* ﬁg@ a%ch&w “f8St er
t hr paugh t benfiitl tetvien thie DSPfaet the MErap@@esser, thargdg eol neeldyor@»tretcmaecatﬁmﬂWR/er

sof twar e, Wilkg altsRbticaRdafidd B Lled al | the Mcroprocessor 101 devices through
TIC directl y vm t hout ‘requiring intervention by M croprocessor 101

processor. nth lllus{;%tftf ;rgb%glm%;l‘toDél‘-r’.'de%ggrgt n%m B@B E&a%ﬂgé%ergaptﬁsgéé er which

supports an | n
parti cul aIdES'QE‘?@i’ én’{ f%péﬁﬁwrbﬁq"%"y@\' F\?O("Sﬁ'ﬁé’FE'f’mi"g?”é'EFtN@'ﬁﬁtq'%'% MY spl ay
panel s whi18d) hincansy ohé pora Thaneforeg i thaf everd thal mora ¢hah ersesof freveebussdsatiersitsfol ar acti ve

TFT ¥ane| %ccess th@&lb&pn_rhgrﬂfﬂ Lidhd EmeTiMa! GFACR! 138 witsbrtiiteFe HRISI & avEHr pose | nput
appl i cati G?f‘ Qﬁv%ﬁ%@é&%ﬁ%x%wad@%ghtp%g“&?g‘ﬁID% ‘%&@I"ﬁ?%gﬁ?rﬁﬁﬁe "?)cgfs\?gen t he
| ow end ( otravenotazressisspblaliebinernord Yien chmpjéting altiacCepsesn BFAGE i2q9malpiesthai t h a
320?240 ébﬁggeh%%& Ldids, 8% retd@s lﬁb@dﬁ%mtéktb&s @susuwogfcywadm.ab&ed@sf& a@r amt of t L he

referre con n e
d splay | v one e e QOB et SRR s bt he, g s Sa G PGS

additional clock cycle for the microprocessor access.

In the preferred embodiment, GFACE 132 does not include coherency hardware and
therefore, coherency is maintained in the software programming.

AHB/APB Bridge 113 spans main (global) bus 103 and APB bus 112. When any AHB bus
master wants to access the address space located on APB bus, the bridge translates the signals
35 from the AHB to the APB format, as well as re-times the signals when main bus is operating at a
HCLK (high-speed clock) rate higher than that of the peripheral bus clock (PCLK).



sl ave 402 operating off main AHB bus 103. C ock generation bl ock 403
generates the internal pixel clock (iPixdKk) by dividing down the AHBCIk
frombus 103 by a prescale factor selected as a function of the franme
refresh ratwooifdTo®s35 cl ock drives the majority of the di BOI/E§0266857r ol | er

| ogic and represents a single pixel or subpixel. The clock iCL2 is

ge Per ?t ed by V\?) M\g}f%g&sstqmgo;sd?aesph ¥dlunétlod Gin ébt‘éiicateé bilgHig PEmEy sugis)dtehm 1af, t ge_
interface 9 r evice, and is
used i nt e™i5} |"§’/—”%8F" g@@ﬁ R@@Brng? ?%@@?ﬁﬁ%‘ﬁ&?‘%ﬁ%@ bgﬁoéi/vs mul tiple
dots to bMiadpoaskesar Hd cerseertorebipa haf-wardangayord.areess to tothgb R endRAMi s the LCD
Dot O ock sedubaC iwighpaiet38aRaResINER A ndEROW AHB QbrSplipe slave/devieed. ISimoeitl t he

exXt oLl Bl Bloch 16 e b i o R g DRSS

gener at ed 1BY/issygs wespnsaputive rpagdsity g ROMaRYFoncriRIae thep &red feskitsAt® 2 PEPit one CL2
cl ogk pelr iv\mdih\afrigr{ih&tw;ed(tjﬂf/licmprdbﬁmra?.:c :c ne ]gas ijn_di cat edhbyd!_as]t Dot ) . dCLl is
used to latc ines of dots into a buffer for driving the display an
increnents theldddr RARRAncE PW/tes@bility Bd reduch the PrjdadtibRsting tifie Reveak-@rite st next

Fr ane. SynEREBATAPLR YRaly et 1 e oA uchdeh o A8 FERER oyl - 0.
10 1& usediviggd nledwarasplisizg bpuawhich eanibe pitinte weakoyita mere indepaRgently spéwkr at ed
after receqinyi 6ia vank iERdesPinodd @BThe ofietishalcart bedu¥eBasschidipad fo Bia testiglK i s used
to msurep; h,atmthe di splay driver voltage frequency does not fall to DC
DATA path #82™ ncl udes a FI FO 406 which is kept filled with data from main
bus 103 by Bus_ Master 401 (in the AHB cl ock donmin) as function of the
progr ammabl e t AICORSYRROS YRAoINg BY Mlcﬁ@Pﬁ?sé‘H.‘ObefPﬁa?t%gsraéé’ﬁ'%fbr“Bma?tﬂé”qﬁ FO in
t he pi xel trel higbkst domigi. ThaFICdus canoedtions age showeintherbinsk diagram pt .FGURRB. here|

r qu& red g%rterﬁ h‘&;ué‘g’ﬂg@él' Aidkedth S_msﬁdf nBRERLrity thbdd, Batr’T dridrs hiRwedeeks el F SS [ iS
used to address a palette which supports gray .s i al so
per f or ns 58@'?53@?5’3%‘10'3%@?{3 Sgaosz_}r”bewgryr"‘g{a%e"m %ﬁ‘ﬁé{?rﬁg‘%“g@gﬁ ’?z\é)“?ote?ga'%wg@/ bl ue
swaps. Fr aode jsenabledpTiGluagsi 33mins of the extarmahmemery indesfacess a3emit bicdipgtieea! Pt s t o
ga;giege EI'E)IQSS §d218m | RPRODSR (@)’tmxzfs utcs”fgtao blbﬂu'réih Mgalztsaba,ta@ wpIr ags'orcei gray
mul ti pi e ﬂ’é‘fﬂ%’g zin mm%ﬂ% ﬁ:ﬁgg@f i on%{fls;ségggjj;g nﬁ&é{%@%&%‘ }ogﬁkagg%%gk 106
i ncRUdes 2cepspihe meie us g UsIRElehRPUgEDe X ' ®da

shar ed AHBylBusmarerss @RveraOtvare) fid usersbastietiafiB therMigbmbcessos | Bl\evieBShrolgach DVA
channel SGis fqf itE&fEF‘éinﬁrE; iri&é@b@%%lérﬁﬂb'&%o?101T;1P€ce£s%ﬂueSt s are issued

from system resources suc S port 114. Each DMA channel can be used 25
i ndependently or dedicated to an est signal. AHB b 1 .S .based on
pi pe-1ined addP&848Y '&}?Eia‘zaéﬁl%'”&}’%’ﬁ%‘e Lfgﬁgl’@ay ?Wgrf’lgef e WIA? F ?iﬁge}d & §n§/

oper at i onngefreauabénef beDdisntaysaly pRYlaseystenyhedcas 4| ST, (SyrseTwstetNenmaiR
chapgel 5@%@93?]19@%5@&5 Réive trfadidlagé Brabquiriaglleesiowshtha sirgiRngdtiad BT panelsAHB buis
request. e e.r e - ignals
are rout e%ﬁgg% n(t)rﬂlﬁeﬁ%taZetrs R!’Q wg{ t\?\fg?ggerr%?;p E?S%g@%ggfndgﬁ% ‘Eoétqsw@I g@% gggjatgg channel
begi ns t hd-CPrcgnimfiasof syster 19hbe genlipatien adyeniaaen sy ieges de dispiay el dhn 83 bus

duri ng t heefMeevind s end @haracyraispiaysDerdi thechighl dnd (graphis$ disigys )t Wit ai3aeki2¢0 giesl

channel a§§s%[ui§h an internal channel |ock signal to lock DMA arbiter 503 to
the current channel so that the active DVA channel can conplete the

;[ 236/ ;S Ir OnWI ;2%\'&;@5? B:Wrr]v%tﬁaéﬂ 5{3&&9?96%:: %%uptre%r%rd ?CH?n?e(?'fa;[:e(?d%\allé)J cgnt?orﬂgr
1110. In this embodiment, the display interface includes both an AHB bus master 401 and an AHB

slave 402 operating off main AHB bus 103.

Clock generation block 403 generates the internal pixel clock (iPixClk) by dividing down the
AHBCIk from bus 103 by a prescale factor selected as a function of the frame refresh rate. This
35 clock drives the majority of the display controller logic and represents a single pixel or subpixel.
The clock iCL2 is generated by dividing down the pixel clock as a function of width of the interface
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masters to assunme control of AHB bus 103. 35 Source and destination
addressing for each DVA channel can be i ndependently programmed to

i ncrenent, decrenent, or stay at the sanme value. Generally, 32-bit source
and 10 WO Go07oe8s PCT/ US02/ 05557 destinati on address popot/es®/o8ss7r egi st er
define the DVA transfer configuration and are increnmented or decrenented

?ﬁs ed on tbb@to?l%rhtx{eﬂrlal dRvite, 6RUNE u&unraérhéw;osarch bperatieel dsldata riuking A8 Bllo%agne' I f
e incre n re he s e
SIERL a0t Slecrenent L sy ahe (LN 2aE, vab Usur L e 5 3RRLAL

address r ransfers to/from
| / O port s clov¥rarbefweer enersing gight dmertcv% 'foe@h the e)@?ffsarbeaﬁer prd i simin it iGL2. o

transfer GRHBsad\ifleRerid fotBrafistiopoieldclesss.t han 64K transfers is also set in
regi ster. Unsynchroni zed transfers are initiated by software configuration

of reggister bi tcﬁ;c@é‘ﬂ 6 the M\é%ﬁﬂs’ﬁ&% b@h\@f"!@ﬁ%bl 'v§rtr&H @-ﬂV? D@(:ess to

i©
t he bus. Synchroni ved trans requests

from vari gaReratgr4gy fopene CL2glogk %&0%%6'1%?@ Efr?a?ﬁ’?EV Im[e (ﬁﬁrg‘ﬁi‘faﬁeddﬁ ?sg%‘&
buf fers. 16edAn latchénesDOBote intb ladufier fohdrivilyBik displey grddnaremsntsithe Lfilepanelrdve bus

gc]gfess pter Ere? ﬁrp%a%&ﬂo génefid :ﬁmmrﬁraw& ARGy, esmaﬁr@ga@etor mued by
| eren

ere are four
AVBA bus. ARTPAIRG (LT Eme e e apbenshac XEb e o8 Sate g Fliglepa
hi gh@st t ds usheby thewdistiaysnd! tol reashie rovrlm)a11an®syer§ratf(d29ﬂercmsemr\9>anﬁme #@e 110;
(3) DVA CQpyhsl@bin@hs MBGsr 46N OMCI( udeataihdubdahat R plap treel alage 8Guendyaobxt er nal
SRAM Fl ash {}I{e‘ﬂo Controller (SMC) 107 supports eight external nenory
bl ocks, ed@h®havi hg an address space up to 6M Byt es In the preferred

enbodi nment of %ystem 100, d ea b 1% F/L
addr ess space, PATHRYN 44 "PF'LtS’ﬁ%a B'fBé‘Qa Btf'cr\'—'f;ﬁgf—f"'%)\’)l'h A ’°§H8W1 Y51 0%
Each Bank Meater 401in therAHBodvck gamedr) oafunaligh sftteer predrantmakie thiasholdsgnainmmer s can

Conf ?rgu[)e F{l(ﬁtﬁ'g?ﬁnbatﬁg r&égﬁﬁﬁeﬁﬂF@ F\Qﬁd dileFecideX Iaéi'riégf a?s-cé«b%’tiiﬁ&f tr{ﬁfi\mﬁbéf &% Bit g| ﬁlJRE
e banks comprise 16 bit ernal n e

bank desi GRS 'eﬁiﬂﬁli’(%’ %8 P disPlaxPane!; % g Exrernal 2 Eﬁ\g nt err upt
cont r ol | erpalefbwhich supposPEay ScRlinge Petgineth 404 aisroberferms @pdratigny ugh B/ramed@Bpr ocessor
tlgl Dsél | n}(id?!@lalirdﬂtﬁfzrzﬂé@h&ehlﬁlu& E\ﬁaﬁﬁfﬁrﬂne Mtaincdaurarog is| AW E@igBENDH by LD idn;:I yfli gg

e in etaile
tunct i onal o RioUR oG a8 Sk gt umb B e BB Epipc SATEe ol Sraed 36 L6 E1 1 2
bas@d on @Ptmfﬁwrdf’wéwq qﬁfr@rpeptxe'e@ﬁwanréw"'v'eiram%e size of the

interrupt request space (IRXize) is 32 in the illustrated inplenentation.
The | ower 17 i Asehawnrtadditerataesailin FIGLUREP.RMA PRk 10Mincides & sepasatd PMAr e

Ef ng amm%néﬂ%@%é%)so@rae way 2eHiteros srqae@i\gbl Sﬁ&ﬁ’és%@@@sﬁ’r{d dldddred ARBT € fst no
ar dwar e I‘I o or [ a sortware
R ?fls 8%’ %Ogaggchﬁqje\ﬁ rgr(_a)nr%r gbq? rg%erves 4- Lﬁ?\ﬁA ra\(hugsts hf%e? ues%

i nterrupt ’rﬁi urce r gr eroprocassor 101 and
30 priori tigspediramhwystam sesoyreas sueitasiiSBod 114THRacFPMA ciEnne can tr‘PtLéPdr upt Request)

i s ggner atidpsRBAY of RliattIkny requsst sighalal so mapped to the M croprocessor 101
space only. q’he DIRQ (interrupt request sources for the DSP) are mapped to

the higher Is 'Aﬁg?u fialis bafs&?o e-r.hsaa%wek@éra dgerarcnecdﬁen%aro%brhwuaerer ware f

M cropr ocessor sett Its |0 rea [{s gM%ﬂ B ﬁ% i ndi vidual |y
gated of f aPeratione oepe b@f?ﬁ?&%gs lgfows oW fenetie f*ﬁ@'vrfh 8% Bleeggioms pg 35
mask regi shdmerid RBqoestweisdenetates én AhtBbirms régeedDSPhdnthasreudstiggranted, B8P i n nask
regi ster 7fddopriate DMA channel signals are routed based on Internal 2-way arbiter 503 and the selected
30 channel begins the transfer with the source location address driven on the bus during the previous

data cycle. During all transfers, the individual channel asserts an internal channel lock signal to lock

DMA arbiter 503 to the current channel so that the active DMA channsl can complete the transfer

without been interrupted. Timeouts are used to avoid any starvation, and to allow higher priority

masters to assume control of AHB bus 103.

35 Source and destination addressing for each DMA channel can be independently
programmed to increment, decrement, or stay at the same value. Generally, 32-bit source and
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cl ock gengrf@tlon schene is illustrated in FIGURE 9. Both PLLs 121 a, b use

t he on- Chlp °%». 768KHz oscillator 120 as reference clock. Each PLL 15
121a,b includes a calibration circuit 901 which can set the bias current to
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cl ock, PCLK (peripheral clock) and DSPCLK display clock. The second PLL
(PLk®) is usedEkierngSRaMERh MemotySBntadl@¢EMaNd7 audpartkaight biAddial memogk. PLL2 is
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20 designated BANK 0-3 comprise 16-bit external g s and the ba 3 deS|gnate 4 comprises

8-bit wide external Flash RAMSs.

Interrupt controller 126 is an APB 112 peripheral and is configured by Microprocessor 101.
All the interrupts in the chip, which are level sensitive, including the DSP interrupts, pass through
this block. FIGURE 7 is a more detailed functional block diagram of interrupt Controller 126 block,
25 which is based on an ARM specified interrupt controller 701.

The size of the interrupt request space (IRQsize) is 32 in the illustrated implementation.
The lower 17 interrupt sources (including IRQ1 which is a software programmed interrupt) are
dedicated to a Microprocessor 101. There is no hardware priority for the Microprocessor 101 IRQs
and therefore a software interrupt handler reads the source register in the Microprocessor 101 and
30 prioritizes the asserted interrupts. The FIQ (First interrupt Request) is generated separately fIRQs,
and Is also mapped to the Microprocessor 101 space only.

The DIRQs (interrupt request sources for the DSP) are mapped to the higher is IRQs. All
the DSP interrupts can be generated by software f Microprocessor 101 by setting bits in register.
DIRQs can be individually gated off to the Microprocessor 101 by setting the Microprocessor - DS
35 mask register 702 and masked off from the DSP by setting the DSP in mask register 702.
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Battery checker/ volume monitor is preferably a Dual-Slope Integrating Analog to Digital
converter(ADC) with a resolution of 8 bits and a nominal sampling rate of 100Hz. A block diagram is
provided as FIGURE 8. The input to the ADC comes from a 2-1 analog mux 801 selecting either the
battery voltage or the volume input voltage, under microprocessor control The output data register

5 802 is a 32-bit register which shows the value of the current sample in counter 807, with the higher
24 bits set to zero. Output register 802 is updated at each sample period and an interrupt to the
microprocessor is generated when the data is ready. Dual-Slope integration and A/D conversion is
based on a conventional integrator 805 and comparator 804. Enablement, configuration and status
data are implemented by configuration/ status register 803 within the Microprocessor 101 space

10 under control of [ogic 808.

System 100 has two identical PLLs 121a,b on-chip which generate all needed clock
frequencies for operating the processors, setting the audio sample rate and clocking the peripherals.
A block diagram of the system clock generation scheme is iliustrated in FIGURE 9.

Both PLLs 121a,b use the on-chip 32.768KHz oscillator 120 as reference clock. Each PLL
15 121a,b includes a calibration circuit 801 which can set tha bias current to the corresponding VCO
902a,b to account changes in working environment such as temperature and supply voltage.

Preferably, the first PLL (PLL1) is used to generate the oversampled audio frequency

(512F8S), the system clock SYSCLK, and the UART clock using dividers 903a,c set with divisors D1,
H1, and G1. SYSCLK is further divided down by system clock dividers 904 to generate the base

20 clocks HCLK (high-speed bus clock), MCLK display clock, PCLK (peripheral clock) and DSPCLK
display clock. The second PLL (PLL2) is used to generate the USB clock and a backup UART
clock. PLL2 is assoclated with dividers 905a,b which generate these clocks by dividing-down by the
PLL outputs by factors G2 and D2. Prescalers 906a,b dsupport division of the reference clock by
the values M1 and M2 prior to the inputs of PLLs 121a,b, respectively.

25 The following tables show the supporting frequencies and corresponding configurations of
these two PLLs.
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MCLK/HCLK/PCLK/DSPCLK frequencies MCLK/HCLK/PCLK/DSPCLK frequencies
Divider Vaiue Frequency (MHz)
f_SYSCLK (MHz) (MCLKDIV/HCLKDIV/ (f_MCLK/f_HCLK/
PCLKDIV/DSPCLKDIV) f PCLK/f DSPCLK)

73.728 1 73.728

73.728 1.5 49.152

73.728 2 36.864

73.728 3 24.576

73.728 4 18.432

73.728 5 14.745

73.728 6 12.288

73.728 7 10.533

73.728 8 9.216

79.037 1 79.037

79.037 15 52.691

79.037 2 39.519

79.037 3 26.346

79.037 4 19.759

79.037 5 15.807

79.037 6 13.173

79.037 7 11.291

79.037 8 9.880

Clock control block 112 contains the registers required to set the divisors and other

operational parameters for the PLLs.

5 j2C Interface 118 performs two primary functions, namely that of an 12C configuration

interface that activates on chip startup, and that of a general purpose serial interface for operating

aither 12C devices or similar 2 and 3 wire serial devices.

The preferred implementation allows connection to an external serial EEPROM containing

power-up configuration information, as may be required for a given system configuration. After a

10 hardware reset, a state machine attempts to load the configuration data, and if present, the first 40

bytes of configuration data are transferred to a set of on-chip configuration registers. If the

EEPROM device is not present, or the header is invalid, the Configuration Registers are left in their

previous state. The EEPROM device is accessible to the host processor by reading/writing to

control registers.
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MCLK/ HCLK/ PCLK/ DSPCLK frequenci es MCLK/ HCLK/ PCLK/ DSPCLK frequenci es Di vi der
Val ue Frequency (MHz) f SYSCLK (MHz) (MCLKDI V/ HCLKDI V/ (f _MCLK/f HCLK/

PCLKDI V/ DSR#. kdai7999s PCLK/ f DSPCLK 73. 728173, 728 73. 7281. 54BCT/ER02/08557
73.728236. 864 73.728324,576 73.728418. 432 73.728514. 745 73.728612. 288
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79, 03785, BHESNSLEEURT PG p{eBeEs £ BB byl Bl oyt eRid b 20t
the di vi sdnrieregntivaseuscf serigiteriaceso FaI ©XpRParirtertace 1 1opould g%cvﬂwd g 12C

I nt er f ace cdmhBuriiekd vamhERteinapopeéricomtroydevidex; such a8 thoseaused iy cortat Flash EEROM2C
confd gur bl afheli BB Uha WIPVREA hikALESoRBG biBgS! ar L up, and that of a

general purpose seri Interface for operating “either 12C devices or
simlar 2 and %S\émpgf 115&% tlhghlusqrgt\é!i %r%gédiment complies USB Specification Revision 1.1. Its
primary purpose is to down-load and/or up-load music files from a host PC with Internet access.
This USB device port generally is self-powered and supports 84-byte/packet bulk-in and bulk-out
modes, as well as vendor/class custom commands. Since the device uses Bulk transfers, it is a Full

10 Speed Device (12MBps). A general block diagram is provided in FIGURE 10.

A USB Device Controller (UDC) 1001 interface with an external USB compliant device
through transceiver 1002 and with main bus 103 through UDC bus 1003 and USB - AHB bridge
1004. Bridge 1004 is configured using dedicated control and configuration registers and spans
buses 103 and 1003. A pair of FIFOs 1007a,b and associated state machine 1008 support bulk
15 transfers, where one FIFQ can hold a packet of data while the other is exchanging data with the
microprocessor.

USB port 114 can operate in either Configuration 0, where the control endpoint is for
standard commands or Configuration 1, where the control endpoint is for Vendor/Class commands.
String Descriptor Control Logic 1110 decodes string commands in the standard configuration.
20 Vendor/Class commands are not decoded, but instead are stored and an interrupt to microprocessor
101 by Vendor/Class Control Logic. Subsequently, microprocessor 101, under software control,
decodes Vendor/Class commands.

Microprocessor 101 includes embedded IEEE standard boundary scan circuitry (JTAG).
With the supporting driver software, JTAG allows user to view the microprocessor internal state, set
25 break points from the main application, apply special vectors, among other things.

DSP debug block 141 in the illustrated embodiment comprises sub-blocks, each of which
can monitor the X/Y/P DSP memory address buses, assert an interrupt to Microprocessor 101 or
DSP 102, or freeze the DSP clock, if freeze is enabled. One of these sub-blocks is shown in
FIGURE 11.

30 Each of the debug sub-block has a 1 bit read only "owner" field. When this bit is "0" the
owner of this block is Microprocessor 101 and when this bit is "1" the owner is DSP 102. The owner
can write to the "Other Wr" field which, if set, allows the other processor to write to the remaining
fields of the debug block. The "Debug En" field is set before the actions of the debug block become
effective and is also used to save power when this block is not in use. The "Cik Freeze En" is a 1-bit

35 field which when set at the trigger of a debug event freezes the DSP clock. "Mem" is a 2 bit field
which selects memories to be observed for debug event. Start address range and end address

15
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each 16 entries deep and The channel configurations are specified in register. This block
generates interrupts when its FIFO is either half-full or full to the controlling microprocessor or DSP
30 to sequence data exchanges.

PWM block 130 generates left and right channel pulse width modulated (PWM) data for
driving external headphones or speakers through the Aud-out port.
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30
(3) Microprocessor 101 is allowed access to the protected areas
only in supervisor mode when the protection is enabled;
(4) Microprocessor 101 is allowed access to the protected areas
35 in either supervisor or user mode when the protection is disabled;

(5) The protection can be disabled by Microprocessor 101 in
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bl ock 119 contains 256 fuses which give a unique ID for each chip. Wen the
fuses are bl owff) a Tn%qgot@qqqypgdgrfgﬁﬁ??gmegp@ﬂ?qqyy ROM Meanwhile, a Hammi ng
Code i s gener atveebprdaysstraindvely i PriciegeiMoyeon t he 256-bit fuse value for error
conceal ment and correction. The fuse value is read-able by security code
only when the fuse is program*red (bl own). Depending on the fuse

progranmm ng, diff opracessor.. 1Q1 segnents are mapped to

M cr opr ocessor 31%3"18@ °838P§§'§°"’8‘5§%%tﬁ aosoift(?%w 8865?":%%‘ a?suFﬂortsl nt er nal

12KAdyt e higomqressoe s desidre WhiRONS o incladermshardyragaecachil nflier merory BgrasATent 1 Kbyt e
Security caglgmu. Korkydrpiainted gabireteenbodient bifsteyitioo, aonrRmramDde. RAM t est

Dy 00K 139 ot Selkt; 8 s Hmlloh bt Birk 2. it Ut oBloo L BodAY |11 @ W0k

wite epurposeo wite test, the

RAM i s d| \rficﬂ'éﬂe'ihﬂ'tﬁ)hﬂﬂ"ﬁfﬁ ogee I MMY. banks. Similarly, DSP RAM test bl ock 144
includes a weak wite controller for testing the integrity 20 of the DSP
RAM Security Cod peseACnestiveBoftacie system islirports “tas? opusel/soffesre decopmenr ot ect i on

whengthe SeEME fo?MerlyBH?ﬁv%lléU eeonF?L'ilIQQéramr@gachéd’bréd%@so%é%g@é s@ﬁwseﬂﬁamﬁiaﬂﬁﬂﬁs’
access persm Ssc Org/sl > g c{%%e \" |ﬁg o t £ ecukaﬁiM ngetggl It;[alsgcpand erla tgajsgd Wien
the fuses SSF GAORHYSIBMSHPN Gl §%E’U|°|etx egpe 1o Blogk heseC and sARL BaSRY i s not
engaged atmmﬁrumeslBeNBBDﬁ@}h WM andbe 'fkases are progr armed (security

chip), access protection is engaged as default; (3) Mcroprocessor 101 is
al | owed access His@ritdle epbedded DEPs @k @acchedrdPWs ihavessitiee runi code dimttyeutdien t he

protecti Ofbxfeﬁ‘al Al ﬁ’gmor%%RM SRAMY Réﬁ%ﬁﬂén—lﬂo@&ut bﬁmah&;%mwmsﬁwht o the

protected area In e ther sup erV|s r or ca:>r ﬂﬂe@\,éh g ectlon IS
di s&Pl ed; 'Qsﬂfctsrﬁé““ﬂkn%@@fr?@r?’“&@ﬁ' P2 EE'JF'g'a Yspe 85‘?’%@&%"5" €01 in 17 WO
02/ 079995 iRfEELISOR the 8BiBThand, reerndl SBAMFDASH mamw istypjcallyrsignificantysmaliért y node TI C
opgr E'&)O”%hd?éb? tdig dirbdt MR ErydHadefledt dutgToRPIRE SN 1o Hdre RPer@B@RY. an t he DVA
an particular, all routines must fit within certain footprint guidelines to allow paging and concurrent

operation. In certain applications where all of the code is developed in assembly language, this

25 restriction can be addressed; however, using a higher level languages like "C" for fast code
development, the problem is difficult, if not impossible, to solve.

Block based and serial based memories also require very different optimization of the
caching and/or paging schemes. For example, often these protocols require reading of 512 byte
blocks of information and the performance of error correction to extract the necessary data. |n any

30 event, there are many existing protocols and new protocols are continuously being developed, which
renders the implementation of hardwired support inflexible.

As discussed further below in detalil, the present soft cache system solves these problems
for low-performance code. Among other things, a hardware assist is provided to manage existing
generic on-chip SRAM as a cache. Additionally, the combination of less than 1000 gates and a
35 software abort handler provide a means of managing code residing in NAND Flash as directly
executable. Moreover, this cache mechanism is optimized for slow rate memories with lines size
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5 (7) The protection node registers can be nodified by M croprocessor 101
only in Privilege Mdde. System 100 operates in conjunction with a "soft
cache systent that supports 10 m croprocessor 101 desi gns which do not

i nclude a heodwem®scache and/ or nenory nanagenent unit (RVOUS2R8ss7exanpl e,
in the preferred enbodi ment of system 100, an ARM/tdm  m croprocessor is

used in nyg r‘aanQa@&S@é 567582, bAd 1kbyH8s Ser By dnbi ©5dsA6 WA 64t QENOBIEIRS fRlc tsloes not
i nclude elt cac The present inventive soft cache

e e
syst em supYy ?Eﬁq'"ésa%fém%‘f’ s?ﬁé’%wmé'b%f\ﬁar 57 2RY¥yel opment 15 nodel's formerly only
avai l abl e on fully hardware cached processor-based systens. Additionally,
this soft cacHe S§9§%@W@M§a?‘h'§e&9ﬁ?fFﬁﬁﬁéMIf%éﬁi’f'"gcﬁ?d%f”d&é@ﬂf‘m%’ code
to bl ock kaagecde@nts erdtiedr sdzamerdormatnD Mythesitustigtedisratdiniekioa NAND(sB! ceshg) MVC,
and £ he | trt@ﬁgry%a%égr é@ek%ﬁ exﬁem?gﬂﬁﬁie%%ﬁngdé&fbﬁﬁg e CIkS, aht%\ﬁéh @bt her run

code dire xternal para H) or
out of i nE&s AaeHANg pqaREHD mee %Wé’g'ﬁ%@‘t’%c%ﬁ ?Wgﬁl\{"aﬁtdad%@"wa&msexternal
paral |l el nenory, CPU speed and power are adversely inpacted. On the other
hand, i nter nal TiRRANEE sBhe issetopyes 2 46-weyset agspgjative gisiem wiaack sed agsosiated

thereby f %ﬁb Elﬂgr&'éaﬁﬁ&ltne rmﬁ@ioﬁ caaa@a&mrsbaddu EhdhGeCaI e 10 ete lsogpiaeited @ | Nsur e
proper pagi a e
f oot pri nt ﬁ'gﬁl@f ?‘Wé@y E’f)'“cgrfgl aglv? rsi 3 nd a % 'déyn%((s) r}-cnyhgm; i s}% ?’ c{bra%atb%n certain
apphd cat i cm% 2§6h 61201 4024 byfest ﬁ@he e l"iessperévw@rféﬁpbieﬁvét? 'ﬁ’ﬂ?’)ﬁ"qeéﬂ'é%ége this
"25 est r I(@ﬁU)@ﬂUr@s%rbutsble aaddweseRr k7, BORYE depangingion dhdttiegihe cadherel sizeanguages

like % gééigﬁ 8%%@&&%%&%5@ Bitst AR tﬂ'ft@b/trﬁg‘a'd&eéytfqécn'rw&remdJacH%Ot

|np055|ble ser | based nenor.i es qU|r
very diff &9eRbe GRANAG bitg3! 3R agrtne higek aﬁdé?,sﬁ % ° AN MY Hiee s%'ﬁcé'r?g%'d %or
exanpl e, ebritreliedibh earewiEdddgEc tlbsiware gornpasatere capac the tag figd dfyeaeh CRY asidkess of

| nf of mati %(ane?é?é& Wit Bagelab SYoraB MGife Rkt cSdhb Rlgisfel, F €ction to extract the
necessary data. In any 30 event, there are many existing protocols and new

protocols are i nuous bel nders the

i mpl enent at i onXS? ?‘?ﬁ?ea%e &l %8'?? i r?qu%\évfp%r‘m FR%SRE:JI?scussed further bel ow
in detail, the present soft cache system sol ves these problens for

| ow per f or manc &t ekt Anyityal et eddrpis irgeneraien gy WRE?P@c%%@'ﬂQi which giediANded t o
nmanage eXichéckdtlat S@HN402 t6 daermina iwpetiirAb/black addressifiwithinitielsdfti cactalakigresst he

conbi nati gp, Qf tdr3Se \thtwthg-gﬁ’&l SRS s ﬁﬂe%ét SHhd NaFeSs §HA8L Wil Baguikigdredr OVi de

a neans of nanagi ng code residing in NAND Fl ash as directly executable.

Mor dver, ftshi s cache mechanismis optinized for slowrate nmenories wth
lines size 18 WO 02/ 079995 PCT/ US02/ 08557 progranmmabl e at 128, 256, 512,

and 1 kbytes pdhe tachetagirein the wigual addjgsy issempasedwith tag tag feldsdpihe cargsPFiBg i de 16
i n]§S 01;)' G 3 Fdyfite’ PAGeR bwﬁambﬂawhrbeodwmdrs SR 1403 &f S0btth ok ahesiydexem |
preferably uses ext or data
Const ant s 3107 hd i Py eololh i Brusp poeptiaingRnitEdhiotess

virtual (dothe arnesrietp losatien ifghesofl Gaghe memory plggs: 9T &6-wan sarheAvstedng SYriEs naI
SRAbS | s desli iedeketivithdous bifstiromacties. lakt rohgimentwherestha oft casheveedrbssagadehe

| ocation i &n?&fﬂaﬁ%nd%ﬁ( rﬁ%ar& rbltélll Cﬁ' 0 G FULdelRaNERohbiBH Ualo of the _
i rrpl enent ati1 ons set tahmsg%gh ative

system w pf‘ﬁ'cé‘a?éiﬂregsealnd ggcg%selt%l%catlon in ghe cacﬁe |Inep Tﬁe 4- g‘lt lm?exvaa% the matc

cache entry replaces bits N + 3 : N of the physical address and operates as an offset which selects
the proper cache line. The remaining bits (31:N+4) come from the virtual address and are used for
30 RAM bank, block and chip select. The required read or write to the addressed area in the soft cache

memory space subsequently takes place.

For example, assume that the cache line size is programmed to be 256 bytes. In this case,
N = 8. Bits 21 : 8 of the CPU address are therefore compared with the cache tags in the table
entries. Also assume that a hit occurs to entry #5 and the corresponding 4-bit index is 5. For
35 simplicity, the soft cacheable block of memory will have an arbitrarily selected starting address of 0.
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with a single cache line in the soft cache nmenory space. Each set of the 16
sets is represented In register by an entry Including a tag field and a
validity bit. The cache line size is progranmable to 10 128, 256, 512 or
1024 byt es.wdéandvomache |ine space is addressabl e by the NetcDusr/08ssder
virtual (CPU) address bits N- 1: 0, where Nis 7, 8, 9 or 10, depending
on whet he&?%}lwﬁ%?gﬁgefg kinlge]g(ﬁ% Feretore 00bBGECC2mre 88 8re bR 7 1084V P Ridress to

respective "BIts ) he virtual address then represent a cache tag.
The renmi AlYopmMtin egrholedr o t he bl ock address to the assigned nenmory

bl ock, which could be controlled by hardwired | ogic. Hardware conparators
conpar e the t aloté thel the ssft cecie lare@irUneroriy ¢osls stattst givamraderass. (o exemplad ™ el ds
stored i NybRAowfata. IRHRRadeLBis Ik Brae mévifRO biset af Beth@ A ahisathen insblesist r at ed
in the fl R\évvg%ﬁ%nﬁ Occ))g6 wﬁ!c%@ﬁta%ﬁTe%\,\ﬂlﬁéﬁBct éodjoﬁs .?d?bé! anE'ﬂert of(ﬂg%glheaddr €ss IS

gener at ed rocessor are then checked at Step 1402 to
determ ne whether its block address, i s withi ) t he soft c%chﬁ gﬁress space.
The case wher eNOteonsiperiipgase phera.acachemiss oqgHTR dyiig CRBRAS UL F"*4 P ess space
wi || be coasvalesaicbac2istdry mgisterThmaigtaioerowhichdrahsdig lesh bouihits (mafeheplddr ess i s

conpar ed Widrdhaply Bistratfitdr st A rédistdr MBIcK SHits @S POBLit Mex o daeiginateiai 2By, ffi es by
t he hardware conpar at

, ors .a ep 1403. . a mtch o , i
cor r espon#iPhgoex et °’Hérf°d%c{eh§ft %%fr?‘ﬂ'louls i alsJ&'F? m((’:ee’ft:ﬁnem?egw@ﬂ%e'fn&{]%rn kél}gt?él n
gener at i nindisesony thie sarhe, ao shiftingdakes plagerractibpime Byq eeneecytiye idicesin the skife sof t
cache menpdgktebhrd@hual. Fithis ragistér inifdves e perforyisrice bf thd svRwers tdplaeemetbhantier i ndexed
with four.bitg fro%g to 15. In an enbodi nent where the soft cache address

space st qVpkedgp @ MENd wor ks upward, bits N- 1 : 0 of the CPU address
becone bits N- 1

: 0 of the hysi cal .address and dress the | tion in
D heCRache 11 neon s Sref chonsahor F Breas RECBRPGT BT o sohie Lot
repl aces Ibitthsegter. Fhis bitisgleareth eutprhaticaliy after ejvi read). Aepddiges eaueiag e caghe of f set

Whi b sel GadsSanok S witfeR RS arfiboR RddrbdiRegisld €S atRIgaN b0 Shis it (1Bidtedthd) come from
the virtual addr re used for 30 RAM bank, bl ock and chip select.

R

The requi rEFR AP (0 the addressed area in the soft cache menory
space subsequently takes place. For exanple, assune that the cache |ine
size is prograhharieesmest hanger pRufineselepts thegache finadtg be regjaceddasqgiondnes ) - g o

t he CPU adertétsof dedistonaegétar Gorcaamgs, ere cattelind leplaced chrebe angof thesetnae t abl e

by . . . . di
éel?i)lr ![ eis o d'e%%’ﬁesg&g_ﬁ'& E;‘(';lll"mé %@tlréq?cﬁ%%t&e&’ﬁqw@stc;@re@ag{ YTHERe ek ddifis feRhsdRdRPRdi Ng

Mz Icity, the soft, cacheabl e bl gck of nmenory
wi | BO have caffP"HP*Eﬂt'?'}'amel“yfys‘élneé“teé&déisd? e ABPrHfgreas o iger ?5‘."%8‘“5@%‘2/ 079995
PCT/ US02/ @8/6&at cBbve lipkiyesd tha cachel thg érsthe ¢armasrorgta daghe éntsy isfupdate THOOBOE, wher e
(N:gt ar tehbit tlc?;gt?on :cov.?% & in NARD GPidri A HEHHERE the Qoftward HARGE iOdRpHvId Jifipgr_fdiraﬁ@ﬂ?\g:ji ne 5. f

e a SO cache area. in_nenor 0, . en. ress, for
exanpl e 7fPIENC AFESS RIRPRUTEREAURY Efgu'ferq?cfr%hlage ty‘%gé),?%%ﬁ%aioﬂﬁﬁﬁangﬁ%ﬁ%di fied
based on ceecies. e DMA eTgihesansothehsystemseseesessre invpked gsdequrerh Ynsetie dfRineh

Mai BE ai NS pebiencabhed 4ridiie caeEltey tpdatd® @R indoiLctiecnsBy patdchemiss bah keache. Next
consi der tshe SR8 e}g@%rde a cache m ss occurs during conparison Step 1403. A
har dwar e S8 Cathe I'story register is maintained which tracks the | ast

four hits (matches). Preferably, this reqgister is a shift reaqi r ., Which
shifts In the B¢ sPHB%?‘“FFBHa\é%{ET? 'Weﬁﬁ%‘ée ‘Wtcla@’,e aid%e?slf'g?c iaﬁ?jgé(gb Mffers
from t he ihaslescurodd, thérethe CBV addness isesedasitoe phyeieakadaress totthRoRAMGTHePS1407)  t wo
consecutive 10 indices are the sane, no shifting takes place such that no
two consecuti Ve stgslh48Sthé phybibePadididsh s used to access the addressed RAM space. The date

30 is exchanged with the CPU at Step 1409.

One exemplary use of present soft cache is in digital audio player applications of system
100. For example, all low-performance code can run directly thru the soft cache with only the high
performance code (USB, Audio

Decoder, and Interrupt Handlers) being managed directly by the programmer.
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regi ster are equal. This register Inproves the performance of the software
repl acenent handl er invoked on a cache mss. On the mss, a soft cache
abort is signaled to m croprocessor 101 by setting an Abort Status bit in
regi ster. Wdosorbsss i s cleared automatically after being perud¥eo§dse address
causing the cache 15 mss (abort) is witten into an Abort Address
register. ﬁettlh B, tthEinvdb®e corbts usv-&ﬂémbdmhﬁ.mto%ncme darir ¢svieaeant handl er
routine. The re t

repl aced ﬁg mawglcﬁﬁ%g?lqrted ?néjllxa%wa epu%%ﬁ ﬁlﬁca@?&llﬂf: Nﬁ)réo b%lalcétﬁ'&nts

con |ster
cache | i neachepisgasdcperiaimes i sofiwarg @n effig e infsfece ‘@BP? %%?5’8%9?‘?’ ‘E‘Bm?'l"?é four
i ndi ces swaitatvé ﬁpeblh(eadaesstpmtopols egéhsdsatie NANTEAlaske nemoried tydelly uses il MPE@S from
its 20 Cup, %p%y gation in nenory, using the address in the Abort Address
reglster an ed into the selected cache |ine, and the cache tag in the
correspondi ng cac entr dat ed our ce oul.d i n NAND
or serial fl asﬂtha‘ﬁﬁ t"ferlﬁveé%’f'?‘ﬁ%'s) "ﬁ%{sﬁdqegrwq? g eé?ﬂ%fﬁ’la & ?ﬁc embro a gts thl%? e
speci fi c cescipionsprameastty begprrithed)n o imjtiorseasef (YP”CtUFlé’é’é'f"iai)?féé’f @P menory. To
i mpl ement gitdidsed erﬁmm{ems dshwn BMikeRBGIeRMbEdMerdS 4T @e i/gatloR WilllbeSiirappSerar €

| nvoked af ﬁgrsgnu ﬁ%d I?I eaﬁ &%&%ﬁ% tQﬁ‘ug dg%riagggftﬁ&ﬁ\%ﬁ{;b%d |t§an.|lotl'Jee cache tag

updat ed, o Causr n ccessfully

r ei Wsued. anpreciated by Hieee skifed ia thepe '@P\De 8?1’89%'8% anddhegspecig W°P|‘"‘P’Pfé"s§'6?ef’ cache
addr ess spagss reddly iizéds atbasi§ifpBmodiiging sreldsigrinyathet stexctQiet/fondatrying sutities used as
the phySI ga% ﬁg’% e%%? thB gretsgﬁ? i d‘( %tsﬂajl&l-é@:?ﬂe reaﬁ&edgbty%séé@ﬁd mﬁlﬁ%rﬂhéfs' cal

address iS u dressed 21
exchangeds¥ Pﬁ"\tah"ét W“&W”S@%’Ht qepgd roi{ig SB'Q@HE FSOPS, °fd'§ee'”‘f?f’t'°;5'raé §%tr§?rt dbf t

cache i s theappegtddadairaaidi 0 pl ayer applications of system 100. For exanpl e,
all | ow performance code can run directly thru the soft cache with only the
hi gfy per f or MagGenerddsis, coriRblatédieattheldRRIAN covartdly suth @otifigatiotsandl er s) bei ng

{rﬁga?ﬁseﬁg%t l%ﬁgﬁ%["“ e il g% e%ﬁeofﬁ»g |r}091t(3 /079995 PCT/ US02/ 08557 I n sum

provi nismitor encaching data in devices
and systens which have limted or no hardware caching capability.
Mor eover, since replacenent of a cache msses is perfornmed in software, an
efficient interface can be established with nmenories which have specific
access protocols, such as the NAND flash nenories typically used in MPEG 3
5 nusic systens. Although the invention has been described with reference
to a specific enbodinents, these descriptions are not neant to be
construed in a limting sense. Various nodifications of the disclosed
enbodi nents, as well as alternative enbodi ments of the invention wll
becone apparent to persons skilled In the art upon reference to the
description of the invention. It should be 10 appreciated by those skilled
in the art that the conception and the specific enbodi nent disclosed may
be readily utilized as a basis for nodifying or designing other structures
for carrying out the sane purposes of the present invention. It should
al so be realized by those skilled in the art that such equival ent
constructions do not depart fromthe spirit and scope of the invention as
set forth in the appended cl ai ns.

the
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15 1t is therefore, contenplated that the clains will cover any such

nodi fications or enbodinents that fall within the true scope of the

i nvention. 21 WD 02/079995 PCT/ US02/ 08557 WHAT IS CLAIMED I'S: 1. A soft
cache syst emopmofomsni ng t he operations of: conparing tag BCTASE08857vi rt ual
address with tag bits programred in a plurality of register entries, each
entry asseimatiseLnMeED I8N i ndex to a cache line of programmabl e cache |ine
size in 5 virtual cache space, the virtual cache space |ocation programred
by a bl och. addAesfscqgmsyistem peforming the pperations ofaddr ess; when the tag bits of

t hte vi rtual | adtgg 63 of 1\ @rtlaPalickis$ Witrhg m@@rdgfanme i OGEIRGTRdYlser Iegl ster
entries, selecti ra oo a
physi ¢ al  SRres-& R%"ta’naés%tf%%e Hﬁégrg Ewg&%)?gécnghne%f 518 rgmnﬁgﬁlé é’acﬁ&fne g’ipﬁ g

sel et ed |Vﬁd@kaqas spage.dfe el c@@ﬂetsn@,cego(&em prqgf?@nzfﬁayap'ﬁ@ QS’FE‘}&P%GGP@% from
t he virtugkudreddéss; as an address to the virtual cache space. 2. The soft

cache system of i e tag bits
of the  virt uarvhe%ldgérgéglts&:whg Uﬁﬁal Qﬁ%gwen%ettgbﬁstgg n@%;f tgﬂgroa@ﬂﬂﬁég'r eqi st er
entries offeqisies pites; FRPCNICREIPRSX COTFREPINHING Wéav.eﬁww gepelting adpwical agesancachi ng
data assogh@ited with the 15 virtual address; retrieving the data froma

second area of g{@%ﬁ%’thyéwglgal Egb?es\é'ug ﬁdﬁ%s@&@d%ﬁx as &Qﬁ?&@tﬂ&ca@ﬁ@lm@@ﬁ@ in the

sel ected cache cac ating the tag bits

in the rediedask a%@é&?ﬁf"@d'%'ﬂ?mﬁéséw%ﬂs EPtE%lYiW@ ‘fﬁcrr‘%’pa%" The soft cache
syst em of 2C ai Mhelsoitivashe isystetrhaf Cigire h Birthérmperfasinipg the opgratiogs winaneis teg bits obtee M 20

nunber of v‘ﬂQﬁ%Bdr%%oﬂ&%éJﬂ%e\&hdﬁdl{ﬁlfoﬁéjd'ilﬁfir&gldtéﬂGhtHGBQﬁ | 0g2M nunber of bits

d h M f
e 0 R P LB s 2SS, V2 o1

sof 15 cacheitggigddessof Cl ai m 4 wherein the cache line size is selected from
the group 25 Mesing theagta@bm 2238on@&rea ofemonausilg iHB2#tulnptiersss; 6. The soft

cache syst em ObyghildThd atl\GHe sBedltfcs g@qms.nﬁm&mc%mm b3EsheaN X-way set

associ ati ve sy SLER avi ng ter entries storing | og2X nunber
of tag bits. 7UPdPF\@t§Q)‘F9 '@d%ﬁé@??féﬁﬁ?‘dﬁtedd"élt’?ﬁsﬁ'%‘é?aéf‘%"qehe cache system
conpri ses 3a 16 ThHeybfteedhe spSHOElCRin ¢ @haryis trercactiedng $122 ipprograinatye obe Megi st er
ent 56 €s e%?ﬂﬁ%%é‘au&s%& ﬁhe viRQal §ddrés eliR%d2i ndRb& oF@E B Mhbmbergr t he
way set assocl atlve cache conprising a register
haV| ng M IFasRs dipe 'B?at'°'t§orrespond| ng entries each storing a tag val ue and
i ndexed t@. a casdsfticache systenaof$idire 8 wbeteip ¢reldnwmberof dcationeeammyise iyt t | ng a
cache |iNngysické for the cache lines, the cache tag value selected as a

o T SR S A B A A et s 200 oo

i ncluding®a ta h?f° essi
25 consisting of 128, 256, 512, and 1024 bytes.
6. The soft cache system of Claim 1 wherein the cache system comprises an X-way set

associative system having X number of register entries storing log2X number of tag bits.
7. The soft cache system of Claim 6 wherein the cache system comprises a 16-way set
associative system and the plurality of register entries each store 4 bits.
30 8. A method of data caching comprising the steps of:
setting up an M-way set associative cache comprising a register having M number of
corresponding entries each storing a tag value and indexed to a cache line in a selected cache area
in memory,
setting a cache line size for the cache lines, the cache tag value selected as a function of
35 the selected cache line size,
generating a virtual address including a tag field, a cache line address field addressing
locations within the cache line size and a block address field addressing the cache area in memory,
comparing the tag field of the virtual address with the tag values in the cache; and
when the tag field of the virtual address matches a tag value in the cache, generating a
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| ocations within the cache line size and a bl ock address field addressing
the cache area in nenory; conparing the tag field of the virtual address
with the tag values in the cache; and when the tag field of the virtual
addr ess matwhesomdssag val ue in the cache, generating a 22PPDUSR/BTTO95

PCT/ US02/ 08557 physi cal address to the corresponding cache line with the

i ngexhassgﬁ;}ﬁ%al%_ddﬁéésttb ((jhUgi&sz&ﬁﬁﬁﬁ ea"cnemferumlrx theOrifenbssbdigded Wim tiEregihibritgint ag VSI ue
and the cache .| ine an ocC : AN . ress. 9.
The. mot hodoueg BF pRGPngpd e B b8 3Ere R &0 slblliehEnddsibitbe we BT 255 ory
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25 addressing the memory with the virtual address if the block address of the virtual address
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15. The method of Claim 9 wherein the cache area in memory comprises an area in random access
memory.
16. The method of Claim 9 wherein the cache area in memory comprises an area in FLASH
30 memory.
17. A system comprising:
a central processing unit;
a memory including a soft cache space, and
a soft cache system for accessing data in the soft cache space in response to addresses
35 from the central processing unit including:
a register having a plurality of entries each for storing a cache tag and indexed to a
cache line in the soft cache space, the cache line having a programmable cache line size;
a plurality of comparators for comparing a tag field of an address from the central
processing unit with cache tags stored in each of the entries of the register; and
40 circuitry for a generating an address to the soft cache space when the tag field

23




a register having a plurality of entries each for storing a cache tag and
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