; e3e$<! 46T<' . WD 02/ 37271 =
PCT/ US01/ 45357 HARDWARE LOOPS BACKGROUND This invention relates to har
| oops i ww@m@etied 5 in a programmbl e processor. In desi gy, %-§7
" programmabl e processor, such as a digital signal proceSS|ngﬁ%B syst
two conpeting design goals are processing speed and power consunption.
Conventional processors include a variety of hardware 10 designed to
i ncrease the speed at which soﬁ&&@ﬂéﬁin&%@h&tions are executed. The
addi tional hardware, however, typically increases the power consunption of
t he processor. Cne techni que for increasing the speed of a 15 programuabl e
processor is a "hardware | oop, maﬁgééﬁgﬁﬁﬁgbe dedi cated hardware designed to
expedite the execution of soft tions within a | oop construct.

Har dwar e | oops reduce the nunber of clock cycles used to execute a

sof t war e Iooghb§ éé&ﬁpﬁgoﬂhéeiﬁE??uE?l%%%dWﬁr?oﬁ%?P%OﬂmE%ﬁ%?%Y%? t her eby
reducing the need to fetch the sane instruction froma nenory device or

i n§tructnoa paobeammpbleabrogedfori mes. WO 02/ 37271 PCT/ US01/ 45357
Har dwar e | oops introduce several challenges. These chal | enges include
avoi di ng penaht desiguthgas sebygpapealal ¢ipsoceshoancihugenastaes. Set up
penalties are the | oss of performance (usually an increase in processing 5

time) agsgetatedivhhh pebbbBging aDHRY d¥asEeh POPwo Stompatiyg branch
penalties are the |loss of performance (again, usually an increase in

pr.ocess chhﬂgbaﬁésaffeahggc@ﬁswna Qﬁ@@&hanéopmgﬂ-é%goww NGS FI G

l1is a agramillustrating an exanple o

em

Conventional processors include a variety of hardware
10 designed to increase the speed at which software
instructions are executed. The additional hardware,
however, typically increases the power consumption of the
processor.
One technique for increasing the speed of a

1{4

15 programmable processor is a “hardware loop,” which may be
dedicated hardware designed to expedite the execution of
software instructions within a loop construct. Hardware
loops may reduce the number of clock cycles used to execute
a software loop by caching the instructions in local

20 registers, thereby reducing the need to fetch the same

instruction from a memory device or instruction cache a

plurality of times.
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pi pel i ned progranmabl e processor according to an enbodi nent of the
invention. FIG 2 is a block diagramillustrating an exanple 15 execution
pi pel i nevd @y37khe programmabl e processor in accordance Wi gdhy,ag,ge09di ment of
the present invention. FTG 3 is flow diagramillustrating exenplary timng
of when early registers may be | oaded in accordance wth an enbodi nent of
the present invention. 20 FIG 4 is a flow diagramillustrating how a | oop
setup i nstruddwamy s et irpdleiersaverafadhg egigetser Valdses in
accordance with an enbodi nent of the present invention. -2 WO 02/ 37271
PCT/ USOIAAB3h R G ik liia fidiidg Rk tdicadsasn ldsusdatd ng one _
enbodi nent of & hardware loop unit. FIG 6 is a flowdiagramillustrating a
node of d ' ' ' nent YA CTe TR rs.d tH. 5 accordance
wth hd BELRLRY U0 AR el RPN I M ng s vy of
updating archifectural regqister_ values in accordanc i th an enbodi ment of
the pr eg]e‘?ﬁs i?]’%/é?ﬁri S T 1B diHgram i ??sr\t%éaﬁslsnlgngan al ternative
| 0 way of updating the architectural count regjster values in accordance
wi th an Mol 3RO FET e he Prie st i iRt iaorhalﬁwér@g 59y 11 ow di agram
illustrating the timng advantages realized by the use of early registers
i n accordiaricea ¥ h rpreboiimetlef Atk Preddans oV dRIENaIBEe| G 10 is a
flow diagramillustrating an efficient

(again, usually an increase in processing time) assoclated

with a branch.

10 DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram illustrating an example of a
pipelined programmable processor according to an embodiment
of the invention.

FIG. 2 is a block diagram illustrating an example

15 execution pipeline for the programmable processor in
accordance with an embodiment of the present invention.

FIG. 3 is flow diagram illustrating exemplary timing
of when early registers may be loaded in accordance with an
embodiment of the present invention.

20 FIG. 4 is a flow diagram illustrating how a loop setup
instruction may be used to determine early register values

in accordance with an embodiment of the present invention.



way of adjusting an early count value in accordance with an enbodi nent of
the present invention. FIG 11 is a block diagramillustrating counters in
a ci rcuino éams7aacordance with an enbodi nent of the presenici@sogiaygat i on.

FIG 12 is a flow diagramillustrating a hybrid node of operation in
accordance wth an enbodi nent of the present invention. -3 WO 02/ 37271
PCT/ US01/ 45357 FIG 13 is a block diagramillustrating a hybrid circuit

havi ng count é¥l5 orft Vid 8 tHe duitstbpck Hidoran i1dd usttagds nch ¥ or dance with
an enbodi rent of the present invention. 5 FIG 14 a bl ock diagram

i |1 ust r amibwgd iandretr dwaree Haomjwand tlaap agcidr.dance with an enbodi nent of the
present invention. FIG 15 is a diagramillustrating a scenario in

accordance Wigfg arg eydedi e Ofadhen pressiirdviventd abdel®F1 G 16 is a
flow diagramillustrating a scenario in accordance with an enbodi nent of

the PresgilyJOWANIALI G kil i 4.y diaaam.d lystrating a

scenari o1 n accordance w ment of t'he present invention. 15 FIG
18 is a diagramill ustratin not her. scenarjo in accordance with an
errbgodi mEHtC BT HE p“flztshegcthel vrgenstelnl(}n.lrisyle@ §'is a flow diagramillustrating

h her nar i Fl i fl ow dij ram.,l | ratin h nar i
the othe SCeFIaG. 07 is % tzloow Sdi‘fiac_]raom icilaigstaiatingusét w%ty ogf bot scenari os

updating architectural register values in accordance with
an embodiment of the present invention.
FIG. 8 is a flow diagram illustrating an alternative

10 way of updating the architectural count register values in
accordance with an embodiment of the present invention.

FIG. 9 is a flow diagram illustrating the timing
advantages realized by the use of early registers in
accordance with an embodiment of the present invention.

15 FIG. 10 is a flow diagram illustrating an efficient
way of adjusting an early count value in accordance with an
embodiment of the present invention.

FIG. 11 is a block diagram illustrating counters in a
circuit in accordance with an embodiment of the present

20 invention.

FIG. 12 is a flow diagram illustrating a hybrid mode
of operation in accordance with an embodiment of the

present invention.



20 in accordance with an enbodi nent of the present invention. FIG 21 is a
flow diagramillustrating a node of operation for detecting a zero offset

| oop i nyggearPance with an enbodi ment of the present inyemfiseil4sisf . WO
02/ 37271 PCT/ US01/ 45357 FIG 22 is a flow diagramillustrating a node of
operation for detecting and dealing with a single instruction zero offset

| oop in accordance with an enbodi nent of the present invention. 5 FIGS. 23A
- 23C are bl guks .dilagriams idlodst ddtigngma indnser acfl ngakedbhgbe ikdoop units
connected to one another in accordance with an enbodi nent of the present

inventi A.rdui® miiry KAgk Hsa@haRp SROWHY AR nSaVviin@xeich@Uidnry in
accordance with an enbodi nent of the present 10 invention. DESCRI PTI ON

Fi gure %tia?e% bl PGk i RUAE iuil s Al B rinQg I AMFRR B rRIs@6RSSOr 2
arranged to support efficient 15 hardware | oops wi thout significantly
increasLnQﬁgﬁﬂsg consunption. In order to support hardware | oops, a

process&P ma I1s'upport a loop setup instruction that initializes the
hardware by setting entry and .exit canditions.for the |oop. 20 Entry and
exit conditi i€ mey? fe kﬂé’fqe}héj&aﬁfalnb qt“t?r‘fdﬁatstilé‘rgs:a G5 A"66€t 3%knd count .
The top condition defines the first instruction (or top) of a loop, The

bot t om éd¥idi titorh ERIFTdrecq fe thagn iehadietsidn QlortHsotEement

invention.
FIG. 15 is a diagram illustrating a scenario in
accordance with an embodiment of the present invention.
10 FIG. 16 is a flow diagram illustrating a scenario in
accordance with an embodiment of the present invention.
FIG. 17 is another flow diagram illustrating a
scenario in accordance with an embodiment of the present
invention.
15 FIG. 18 is a diagram illustrating another scenario in
accordance with an embodiment of the present invention.
FIG. 19 is a flow diagram illustrating the other
scenario.
FIG. 20 is a flow diagram illustrating both scenarios
20 in accordance with an embodiment of the present invention.
FIG. 21 is a flow diagram illustrating a mode of
operation for detecting a zero offset loop in accordance

with an embodiment of the present invention.



-5 WO 021 37271 PCT/ USO01/ 45357 of a | oop. And the count condition defines
the nunber of iterations of the |oop. Entry of a hardware Loop may occur at
the firsoiyap7imatch.” A tap match may occur when the prEgmesmigesmiter 5
(PC) is pointing to the top instruction of a |loop. Exit of a hardware | oop
may occur at the last "bottommatch.” A bottom match may occur when the PC
is pointing to the bottominstruction of a loop. By initializing the count
at the first TEp- ndd chs andtiow dékrerEnt hgi g He ot e bot t om mat ch,

t he hardware may keep track of when it has encountered the | ast bottom

mat ch. |op¢tatsiomnper ,dé¢bect bop zwhdi¢d oirsy twigsh botsiomgleand count may define
the entry and exit conditions of a hardware | oop. 15 Processor 2 nay

i ncl ude amsEexectioOnz@iPpedinecd b aicontdetdanes twibth Gantrol unit 6 may
control the flow of instructions and/or data through pipeline 4 during a

cl ock cyghiSodfidn€XaHPEge SHEsE0E t hevdiocassi ng of an instruction, control
unit 6 may direct the various 20 conponents of the pipeline to decode the
instruction a or tly r C j OpeLat i ncl udi ng,
forgexarrpl e, %PGI%I n£g§‘§he %g(gu%%sn%%%@(t%g n%}?é;cﬁi‘%u Vt\ia)i%(g/r%n?l

PCT/ USOL] 45387 L pstTugti ons) By 9] 0adsd, 1080, 3. §1081 £16051in

accordance with an embodiment of the present invention.
FIG. 24 i1s block diagram showing power saving
circuitry in accordance with an embodiment of the present

10 invention.

DESCRIPTION

FPigure 1 is a block diagram illustrating a

programmable processor 2 arranged to support efficient
15 hardware loops without significantly increasing power
consumption.

In order to support hardware loops, a processor 2 may
support a loop setup instruction that initializes the
hardware by setting entry and exit conditions for the loop.

20 Entry and exit conditions may be defined by loop
conditions: top, bottom and count. The top condition
defines the first instruction (or top) of a loop. The

bottom condition defines the last instruction (or bottom)



pi peline 4 and processed through subsequent stages. A stage nay process
concurrently with the other stages. Data nay pass between the stages in

pi pel i nevélonsming a cycle of 5 the system The results of-Bpsd pﬁ%;.,ucti on
may energe at the end of the pipeline 4 in rapid succession. éoh rol unit 6
may include hardware | oop unit 8 that, as described below, may facilitate
fast hardware | oops without significantly increasing power consunption of
10 processar 12opkl GAnd ithea dohedk cobndgrcdmmi dedsheat ithg amxbranplfe pi pel i ne.
A pipeline 10 has nmultiple stages that nmay facilitate execution of multiple

i nstructiit@s +dWnish@ A t3iendlptl ock cycle. In pipeline 10, an instruction
may 15 enter the instruction fetch (IF) stage 12 during a first clock

cycle. The i I j i d t he RihReld;Re+dukibng
subsequent c{ﬁglgﬁgﬁ;dcf?%sm%%{%r q?’%%)t ?ﬁ?ti %\#&r];ay ent er tlhetl F stage 12

after a_previoqus . nstruction_has ite h i I er 20
i nstruc ag‘rgi: ente sr{t e%\alj—:cs é“%é’ f% élhcr ?I%Sla%zlﬁbi?é% %% %Iogg%%%ycl e and then
conti nues _down the pi.peli neé?‘uri n subseguent cl gck (iycl es. _Si.ml grl Y,

addi ti ondlCli ASt PREETTIRY &t &P 1P BNSEIYE LG Ry 180Fseqéit Sfock WO
02/ 37271 PCT/ US01/ 45357 cycl es respectively. The nunber of stages in the
pi pel i n@ Mgy diefrien d e MAYMSSICUST aitndheudfiséns Pok&om e tsiipél i %e may
service sinultaneously. The different stages of the pipeline my operate as
5 fol | owst toms tradeth ory ey uye wihetnclid@ @Gr iLmsg pohetiRgsttagehe
bottom instruction of a loop.
By initializing the count at the first top match and
10 decrementing the count at each bottom match, the hardware
may keep track of when it has encountered the last bottom
match. In this manner, the loop conditions top, bottom and
count may define the entry and exit conditions of a
hardware loop.
15 Processor 2 may include an execution pipeline 4 and a
control unit 6. Control unit 6 may control the flow of
instructions and/or data through pipeline 4 during a clock
cycle. For example, during the processing of an
instruction, control unit 6 may direct the wvarious
20 components of the pipeline to decode the instruction and

correctly perform the corresponding operation including,

for example, writing the results back to memory.



12 by a fetch unit 13 and decoded frominstruction registers 15 during the
DEC stage 14. During the AC stage 18, data address generators 19 may

cal cul awe pany27ienory addresses used to performthe operatwg&ou;@,;Urlng t he
execution stages (EX 1 - EX n) 22 and 28, execution units 23 and 29 may

perform specified operations such as, for exanple, adding or nultlplylng
two nunbers. Execution units may contain speci al i zed hardware for

perform ng theseopedaddmdnsna pobeidi sided ainexanpi e;stonetfge IS5F nore arithnetic
| ogic units (ALU s), floating-point units (FPU) and barrel shifters,

al t houghi tbe; scopead JRScPEES@MhFAVANtd Wsdgudid diddded i this respect.
A variety of data may be applied to the execution units such as the

addr essgs, gmﬁé Po@é/sga%é‘né@ﬂ&?ﬁyg%ﬂﬁt@ﬁé’o%ﬁ g@a%@gr' %{a@eiafrom

menory or ata rleved romdata registers. During wite back stage (WB)

30, the results t c or_dat ers

oxt er ndl*¥ PTAE %?%% Frethe ' Fheode ITaRtu T ety F &g 00
PCT/ US01/ 45357 glpellne such_as architectural isters 32. The stages of
pi pel i neR20SHEYTncl the BREULES not et Hislge u%ﬂ%‘gﬂt%y LRIt f1ip-flop,
for storing data As nentioned above, processor 2 may support a loop 5
setup iwRererdioh. th%eplmﬁ%ﬂ@%t%plmr@ﬂ?lﬁn$¥ﬁﬁ¢ﬁﬁﬂ@¢ut|aI|ze t he hardware
| oop by witing the boundaries of the hardware |l oop (e. g. top and bottomn
to architectosatrokbgusiers B2yiinmthedeilpetdwere Theop oopitsed uphatmst ructi on

as described below, may facilitate fast hardware loops
without significantly increasing power consumption of
10 processor 2.

FIG. 2 is a block diagram illustrating an example
pipeline. A pipeline 10 has multiple stages that may
facilitate execution of multiple instructions during a
single clock cycle. 1In pipeline 10, an instruction may

15 enter the instruction fetch (IF) stage 12 during a first
clock cycle. The instruction may then continue down the
pipeline during subsequent clock cycles. Ancther
instruction may enter the IF stage 12 after a previous
instruction has exited. Thus, typically another

20 instruction enters the IF stage 12 during a subsequent
clock cycle and then continues down the pipeline during
subsequent clock cycles. Similarly, additional

instructions enter the IF stage 12 during subsequent clock



may also initialize a count in architectural registers 32, 10 indicating
the nunber of tinmes the loop is to be conpleted. In addition, the |oop
setup iwetoaseiinon may define an offset, indicating the @%qﬂ%&”9%57
instructions that follow the | oop setup instruction before the top of the
| oop is reached. After the hardware loop is initialized, the 15 hardware
| oop may operate in the pipeline 10 until the exit condition of the | oop
has beeaysatbskesgeteivglya bDheomumbtchoi shagesinin egoual pipekene).
Architectural registers 32 are generally | oaded once an instruction has

conmi tt@dy BedinedthbhguspBe! ysi oRsetuEDibhe VBastage SlpeThesehoye, the
entry and exit conditions stored in architecture registers 32 may not be

updat ed Ll..S ycl es have passed from when the | oop setup
instruc??g%&%ﬁtgggﬁg%sgkgﬁglgo. Because the entry -9 WO 021 37271

PCT) U011 95330 208 5Ly £ OMhLLETS Y, oL e updaLac uotilseyeral of ok

cycles have p . ( ns on set o0ps hay exi st.
1o T ooRbLEPHS-5 RSEFBEFBASHAEY cBRTPFERSS: EoaPEnt Ebot rAro¥8gi sters may
not be set up to identify the instruction as part of a |oop. Mreover, this
probl eml Falpyi acfeisk a§i¥hé3déﬁﬂhd@F°?ﬁé prow| tnetrpekéaBes. In one
enbodi ment, processor 2 may overcone these |0 restrictions by naintaining a
setlof eaglipteegi §bedsrd3dg BbeahBC38taget hé.pi Peling. the ZBowhaga FIG 2,
Y 18, data address generators 19 may calculate any memory
addresses used to perform the operation.
10 During the execution stages (EX 1 - EX n) 22 and 28,
execution units 23 and 29 may perform specified operations
such as, for example, adding or multiplying two numbers.
Execution units may contain specialized hardware for
performing the operations including, for example, one or
15 more arithmetic logic units (ALU’s), floating~point units
(FPU) and barrel shifters, although the scope of the
present invention is not limited in this respect. A
variety of data may be applied to the execution units such
as the addresses generated by data address generators, data
20 retrieved from memory or data retrieved from data
registers. During write back stage (WB) 30, the results

may be written to a memory location or data registers

external to the pipeline or to data registers in the



regi sters ETop 34 and EBot 35 may reside in the decode stage while ECnt 36
may reside in AC stage. Inplenenting a set of early registers 34, 35 and 36

15 may wpGh8ase Pprocessing speed of processor 2 by redu?k‘?ﬂlsﬁfu%\“?)i di ng
| oop set up penalties. As described above, several clock cycles hay pass

between the tinme a | oop setup instruction enters the pipeline and the tine
the architectural registers are witten. However, the early 20 registers
may be badadédnkorgidhefaar @ riche tkoapraét upginsergcBi2on ®Whiet esatest bé
architectural registers. For this reason, inplenenting early registers may

reduce phgeltlifR i1 t@KesnlQuset Upehardwarie keorSge EQrcui¥®, 0343H271
PCT/ US01/ 45357 The early registers may be specul ative registers used to

predictagranggngﬁg) he Malwe 9h saughit ectural registers. Unlike the
architectural "régistérs, the speculative registers may not be supported by

the system s5 LRStiueld plysel, THELELOLS: 2PHOYr alyade Ty agt be used to

access the spéc i've registers. s “reason, progranmeér may not be

able to ve data in aor out of the speculative registers the same way that
he Sor - SAB CEBURL S g t S0EuLEPr BT UPor DS CEH OGS AGYear |y r ogi ot er s

may be done in several different ways. For instance, the early registers
may be EBadéaliizgpltjrcadagduagel LoeP per Weiking aheefolbadarassr @étion
regi ster nove to the architectural registers. In other words, the system
may i nsthechatrhl@aarechicogct(er.g@l. top and bottom) to architectural
registers 32 in the pipeline. The loop setup instruction
may also initialize a count in architectural registers 32,
10 indicating the number of times the loop is to be completed.
In addition, the loop setup instruction may define an
offset, indicating the number of instructions that follow
the loop setup instruction before the top of the loop is
reached. After the hardware loop is initialized, the
15 hardware loop may operate in the pipeline 10 until the exit
condition of the loop has been satisfied (e.g. a bottom
match with count equal to zero).
Architectural registers 32 are generally loaded once
an instruction has committed, e.g., at the conclusion of
20 the WB stage 30. Therefore, the entry and exit conditions
stored in architecture registers 32 may not be updated

until several clock cycles have passed from when the loop

setup instruction enters pipeline 10. Because the entry



15 registers to load the contents of some other register, and as a result
the early registers nay be updated. Yet another way to | oad the registers
is a "pRpofskemn menory. In other words, the system may f Oglgﬁ,sglata from
menory, load the architectural registers with that data, and update 20 the
early registers. The problemw th regul ar regi ster noves or pops, however,
is that they may introduce | oop setup penalties. These penalties may occur

pecause shie e3¢t earmY Sl lndeorlhe 1pW0:Y 3n2ll BElerdledady’ pipeline

until the "noved" or "popped” "data Is a 0 be witten. To avoi
t hese pepalties, | oop. setup i.nstruction ma ge used %}o l,oad the early
regi st er%élC éafsoflgﬁ%hé)aasfscerﬁet (étpci@tsl}lr&ICtrlgﬁﬁspgr ss)éé 0 26t r‘?.rd’:'s’afﬁe fol |l ow ng
exanple_.illustrates the syntax for _i nvoki ng]l an exenpl ary | oop setup machi ne
i nst ructiPORS PSFTEFIEPC RAICH i@ PS5, BPE RECatiFE tBINESHCEIGRt éP = X The
PC Rel ative Top specifies the distance fromthe current instruction to the
start ofthehdoopopntietye Sridmelioef 46t PefogeThdepdorel seitv® Bott om specifies
the distance fromthe current instruction to the end of the |oop (the End
O fiset ) Ainlsit raddiitororma st on@duritesl, e alrlcdirmytspedi frpgd steust ewyr egi st er
and a | oop count indicating the nunber of iterations in the loop. 15 FIG 3
is a fl ewtdibagrsam id ust riatdmg fyhe hiel AnBg rifedn odalalsy paedi sfeas get | oaded
in accordance with an enbodi nent of the present invention. As described,
the | 00Q3@t.UPMoreover, this problem may increase as the depth of
the pipeline increases.
In one embodiment, processor 2 may overcome these
10 restrictions by maintaining a set of early registers 34, 35
and 36 in the pipeline. As shown in FIG. 2, early
registers ETop 34 and EBot 35 may reside in the decode
stage while ECnt 36 may reside in AC stage.
Implementing a set of early registers 34, 35 and 36
15 may increase processing speed of processor 2 by reducing or
avoiding loop set up penalties. As described above,
several clock cycles may pass between the time a loop setup
instruction enters the pipeline and the time the
architectural registers are written. However, the early
20 registers may be loaded long before the loop setup
instruction writes to the architectural registers. For

this reason, implementing early registers may reduce the

time it takes to setup hardware loops.

-10 -



instruction may contain |oop conditions in the formof a count value, a top
val ue, and a bottomvalue. 20 Col |l ectively, these three values may define

entry awd @xtiziconditi ons of a hardware | oop. -12 VO p@q ik 68 {k57
PCT/ US01/ 45357 The count val ue may represent the nunber of iterations that

the loop will make. Once the | oop setup instruction enters AC (38), the
count value may be wwitten to the ECnt register (39). Initially witing to

the ECnt regrabesaBy behesdope Mha Bel 6gbsheatiMyerégoptdata,s6gisters
contained in a different pipeline. In one node of operation, the ECnt

registeeog§ze9§cwws£tggewtigtgaiﬁecegiagns APCﬁT%%%£§95§ters (see FIG 6)

in the DAG pipeline. e top and bottom values may I ndicate which to

instructigon_is._the top.of e loop..and which instructi is the bottom of
t he Ioo%?8+ﬁggfgp aﬁagﬁg?téﬁsvg ﬁg%tFﬁgFﬁﬁil5%%l§%?ﬁ%’iﬁg?ruction, however ,
relative. Therefore cal culation (40) in AC

may bengl’ Ogl’ Tm counter , %PC ) %
stage naySHEIB5EUCt beBbEAPAStHBYt BRTahE BBPPORT VAl ¥sTRRAPYSFFT 95 be
witten to ETOE.34 and EBot 35 registers respectively. After the | oop setup
i nStructnehrBAEEPE EXC2 (Bhprefhec: opraadaBotPdm Nayuestnay Beedritten to
the ETop 39 and EBot 35 registers (42) . The ETop register 34 may be | oaded
t 0o poi ntot ecthes2bhéi specihstivet regieterhe | Bop tist opasdnthe | oop). The
EBot register 35 may be | oaded to point to the last instruction of the | oop
(or bot pasgetmackonpy. ndbebECable to move data in or out of the
speculative registers the same way that he or she could
with architectural registers.
10 Loading early registers may be done in several
different ways. For instance, the early registers may be
loaded simply as a result of performing a regularx
instruction register move to the architectural registers.
In other words, the system may instruct the architectural
15 registers to load the contents of some other register, and
as a result the early registers may be updated. Yet
another way to load the registers is a “pop” from memory.
In other words, the system may fetch the data from memory,
load the architectural registers with that data, and update
20 the early registers.
The problem with regular register moves or pops,

however, is that they may introduce loop setup penalties.

These penalties may occur because the system may stall the

-11_



regi ster 36 may be | oaded to specify the nunber of tinmes -13
(12137271 PCT/ US01/ 45357 that the circuit is to go through t

WO
he | oop. In one

enbodi neotoz/3REnt 36 counts downward, decrenenting as thecgiuseyiszsgoes

through the loop. FIG ~ is a flow diagramillustrating one
operation of hardware |oop unit 8 when a | oop setup instruct
and processed by pipeline 10. According to one format, the

node of 5
ion is received
oop setup

i nstruckipalimny spetilf theseVmoudédSetup vappadl edatacliudivngialstarto O f set

(S-Ofset) and an End O fset (E-Ofset). The S-Ofset may to
di st ancleei Aribeehnst Tuckivondstream penalthes) oopl s&h upet@st r
first instruction in the loop. Simlarly, the E-Ofset may s

specify the
uction to the
pecify the

di stancgn'sﬂrabﬁbﬂsmz%boaséar@@ﬂléa&nﬁ;@eeéiapp 1?@%99%&@"5&?6&8“ to the
e

| ast instruction in the |oop. 15 For instance, 1f t I rst
the | oop,Ls v i i Lately ing the loop s
instruc??%n?igﬁékg?Egyggcggg%gpﬁgﬁl%gtew%§%£§¥%th of the loo
in?truction.
be

£
ween t he. TBpESOEBRSPHOEFARE B boUARA
| oop, then the S-Ofset would be the width of the | oop setup

instruction in
etup
p setup

t he instruciion gtrean% there is one instruction
2t

2 FPPsPYRR¥rERtion in the

instruction

and t helBR8X{Agt FOCEKBRPL&Y Ki +aPPySeiEPt HRFR1AR et RHBr M HkEPRICt i ons bet ween

| oop setup and_the first instruction, then the S -14
LSETUP (PC Relative Top, PC Relative Bottom) Counter = X

The PC Relative Top specifies the distance from the current

instruction to the start of the loop (the Start Offset).

10 The PC Relative Bottom specifies the distance from the

current instruction to the end of the loop (the End

Offset). In addition, the Counter variable may specify a

counter register and a loop count indicating the number of

iterations in the loop.

15 FIG. 3 is a flow diagram illustrating the timing

when

early registers get loaded in accordance with an embodiment

of the present invention. As described, the loop setup

instruction may contain loop conditions in the form of a

count value, a top value, and a bottom value.
20 Collectively, these three values may define entry and

conditions of a hardware loop.

-12 -
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WO 02/ 37271 PCT/ USO01/ 45357 O fset would be width of the | oop setup
instruction and the two instructions. As shown in FIG 4, the S-Ofset and
E- O f sewoanrgs7typi cal |y specified by a | oop setup instrugdruse(4%s7 5
However, the | oop-setup instruction specifies the offsets relative to the
program counter (PC). Therefore, the PC value nust also be determ ned (45).
The PC value and S Ofset nay then be used to calculate ETop register data
(46). Moreov8he clegnPCvedheemagdrEp@kfsat tthy bembsedofoit®realioukat e EBot
regi ster data (47). Once calculated, the early register data may be witten

to the eaakythegilsopr %1(48hakeConpatienghkl Goop wethpFifst2ubthivstrates
exenplary timng when witing the ETop and EBot registers. Steps 15 (44)

and (45hnRRY s0GeUr( 38, DEGestagat14a1 Gl plabbons; 8LeRSt640heaRB(47) MRY
occur in AC stage 18. Therefore, the wité step (48) may occur in EX 1

stage 2 I u t he t he.inyention,Ls imted in_this
resgect%egﬁggggoggg&f tEggggﬁggyrQgﬁggégsEﬁagh%eEggédL?ghég?rugaﬁo har dwar e
| ogps. FIG, 5 is.a block.diagramillustrating one gnbodinegt,of a hardware
| od8p unPE g°88nﬂ€@tédnglghe?nQPyﬁcFF8W %EFéhr?E?f GhPt °8Btan8°8 decoder
unit 52 of pipeline 10. |1 n_one enbodinent, the early registers may be -15

W O 02/ 32221 IpEFPYSOE/ PEBSEFNGsed [P0 88t BEfeaCfoBperAt AR, sEh8am of

instructions 57.
ECnt register may be written with data contained in PREG

registers (see FIG. 6) in the DAG pipeline.
The top and bottom values may indicate which
10 instruction is the top of the loop, and which instruction
is the bottom of the loop. The top and bottom wvalues in
the loop setup instruction, however, may be program counter
(PC) relative. Therefore, a calculation (40} in AC stage
may be used to obtain the top and bottom values that will
15 be written to ETop 34 and EBot 35 registers respectively.
After the loop setup instruction enters EX 1 (41}, the top
and bottom values may be written to the ETop 34 and EBot 35
registers (42).
The ETop register 34 may be loaded to point to the
20 first instruction of the loop (or top of the lcocop). The
EBot register 35 may be loaded to point to the last
instruction of the loop (or bottom of a loop). The ECnt

register 36 may be loaded to specify the number of times

-13 -



Loop hardware 54 is then | oaded with one or nore |oop instructions. Once
| oaded, the | oop instructions nay be issued again and again from| oop

har dwangg ¢IBss1 if the 5 early registers detect an instpggiisensdzsoop, then
one or nore of the loop instructions may be fetched only once by IF unit

50, and then issued repeatedly fromhardware | oop unit 8. Inplenenting
early registers may introduce several |0 challenges. For instance, one

chal | engeat ntheduteduby iLhetasg@ootheantly tkgi sbeps arn sese because the eaxly
regi ster data may need to be adjusted. |If the pipeline nmust service an

event, &heo@ipehtneksneuUBEeBbuNPer abARaraRYdaeeentvtbegtesmnated. If this
termnation occurs after an early 15 regi ster has been witten, but before

its respeptiye ghebi tRELUER! the0L 8T has been witten, then the early
regi ster data nay need to be adjusted. In other words, because the early

registers ar§1§%i5t§9 gaph y., giggég%n?ngﬁgt%gtﬁag gﬁge&ég& ggfore t he | oop

has comm tted may requife an Jus _early'regrster data. FIG
b RLPABE 3T hhLELESt g, TPee o, QREL sl LN Vg, st et
6 illustrates the timng involved in adjusting ETop EBot, ECnt registers.
As showhn$RIEFGLOB, iphgeeaivV§dr epfispepsepagdgey mepeteme(¥8). In one
enbodi ment of FIG 6, the early 5 registers are specifically the ETop,
EBot, aAdc&Cding to one format, the loop setup instruction may
specify several setup variables including a Start Offset
(S-Offset) and an End Offset (E-Offset). The S-Offset may
10 specify the distance in the instruction stream from the
loop setup instruction to the first instruction in the
loop. Similarly, the E-Offset may specify the distance in
the instruction stream from the loop setup instruction to
the last instruction in the loop.
15 For instance, if the first instruction in the loop is
the instruction immediately following the loop setup
instruction, then the S-0ffset would be the width of the
loop setup instruction. If, in the instruction stream,
there is one instruction between the loop setup instruction
20 and the first instruction in the loop, then the S-Offset
would be the width of the loop setup instruction and the

one instruction. Similarly, if there are two instructions

between loop setup and the first instruction, then the S-

-14 -



registers (as showmn in FIG 2). If a termnate in the pipeline (80) occurs
before the architectural registers have been witten (82), then the

unabor tygg bR ucti ons may be drai ned fromthe pipelinepc8akoyaish the early
regi sters 10 may be adjusted by witing the data contained in their
respective architectural counterparts (84). The node of operation
illustrated in FIG 6 may be particularly useful when dealing with

back- t opbagk ol ¢l Q2RSH bff ther 1bg§t 30e0p ang%sgeélbﬁognasth%rm nat ed
15 before it commts, a first loop mght still need to execute its

renalnlggolqﬁg&g%&;qgﬁl|n t he pipeline. The adjustnent technique in FIG 6
provi des a way t & W th this transition by adj usting early register

val ues accordingly. FTIG il lLustrat upd the architectura
20 register gﬁl%&%ﬂWFP&ﬁéGEaév Eéﬁ gtogééﬁ¥) th 8%5?% h8YSbe witten to
an ECnt Register (90) in any manner described above. The ECnt register data
nmay theﬁY§éﬁPl&dvﬁPteﬁéf|éieﬁ‘e¥>Vné toop sgtiRatnstrystionr iéfenm to the
architectural -17 WO 021 37271 PCT/11S01/- @357 count register (93)
dusi ng ¥YBwstage. thieed oopnsetapy isgbsagidrn ispecatfiien thet h&fkedp (94) the
ECnt Regi ster data may be decrenented (96) and re-sent down the pipeline

(92). Thiesapioecsd nhy eadbirame conhitkrt (@Cl)oopThazebolkeni shedpct s | ast
iteration (98). FIG 8 illustrates an alternative way of updating the

ar chi t eghuiiel me@unta 1R0bet eeteRatiRey t(aan .sendengct baikenkndaka down the
plpellne after every iteration of the Loop, the node of operation

|1 ust rgteed o ol Gierf o 91 56e £BOML 11014312 59860 B8Rl HagUbSeqUent

|terat|ons of t | oop, a single vali ecrenen may be sent to adj ust

the arcnh%%qtu&%ré%¥gyﬁ t%%'%%evalue and E-Offset may be used to

10 calculate EBot register data (47). Once calculated, the
early register data may be written to the early registers
(48) .
Comparing FIG. 4 with FIG. 2 illustrates exemplary
timing when writing the ETop and EBot registers. Steps
15 (44) and (45) may occur in DEC stage 14. Calculations
steps (46) and (47) may occur in AC stage 18. Therefore,
the write step (48) may occur in EX 1 stage 22, although
the scope of the invention is not limited in this respect.
Once loaded, the early registers may be used to set up
20 hardware loops. FIG. 5 is a block diagram illustrating one
embodiment of a hardware loop unit 8 connected to an
instruction fetch (IF) unit 50 and a decoder unit 52 of

pipeline 10. 1In one embodiment, the early registers may be

-15 -



In FIG 8, data may be witten to an ECnt Register (90) in any manner
descri bed above. The ECnt register data i5 nay then be sent down the

pi pel i nwo(@By230 that it gets witten to the architect urpg/oyiizsy egi st er
(93) during WB stage. In subsequent iterations of the loop (94), a single
valid decrenent bit may be sent (102) to decrenent the architectural count
register (104). This process may 20 continue until the |loop has finished
its |astiséfietatdoPecO8) 1ob6pGin9ths @cféow of apiemrudtustisating the timng
advant ages xealized by the use of early registers. As 18 = WD 02/ 37271
PCT/ USQlb 59384 809w 50 FIGh8n 199R-ENhivheXhd SPnHbLd Ons ey be | oaded

into a set of early registers (120). These early entry/exit® conditions may

t hen be. 22) o] 00 e i Lon has_.commtted (124).
5 adj uctiSEETRESpha ) OB DL BaBebO RSk ¥By AR BG OnE Al T Ut roni
of the ECnt ster y tinme there is term nation of the

r.egi be.done an
i pel | NS PRFSr 9518 FBOp2BetRgmFPi LA PAHI S Fay bR bEcatbe-¥al i d
instructions may still bhe in the pipeline and these valid 10 instructions
m ght aBpbsY ¥heiaFerrteetarhl agotnstregiseerloaPuctbaReoR®edr conmrit. One
way of correcting the ECnt register data followwng a termnation is to
al | ow therg¢nsfrtlei bpspbefstsuchionerminab¢ obetchednomty ammice Hen write the
ECnt register with 15 its architectural counterpart. However, this may add
an addi Ifonaltpgdal aydi theheibsaadhrpeaatéyly sttesshéhdawatdel oop

unit 8.
Implementing early registers may introduce several
10 challenges. For instance, one challenge introduced by the
use of early registers arises because the early register
data may need to be adjusted. If the pipeline must service
an event, the pipeline’s current operations may need to be
terminated. If this termination occurs after an early
15 register has been written, but before its respective
architectural register has been written, then the early
register data may need to be adjusted. In other words,
because the early registers are written early, a
termination in the pipeline before the loop has committed
20 may require an adjustment of the early register data.
FIG. 6 is a flow diagram illustrating a mode of

operation involving adjustment of early registers. In
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time it takes to drain the pipeline. FIG 10 illustrates an efficient way
of adjusting an early count value. As shown, after a |oop setup 20

i nstrucypanzenters AC stage (180), the early count regi $qlusipyssee witten
(182). At this point, the ECnt data nay be sent down the pipeline (184y. If

a termnation (185) occurs, unaborted instructions nmay be drained (186) and
the - 7. 9 WO U2/ 37271 PCT/USUl/-~a3S7 ECnt register may be witten with

the dat gairRilchgad',Cliitectunah veeuatespant €187hg ﬁ%v@@@@deBton‘”BtCh (190)
a valid decrement bit may be sent down the pipeline (192). Wen an

|nstrucghggﬁkg%§ %T%%b%%gt? E@hkdg Eskgrge sent exits each pi pe stage

(194), a va ecre removed fromthe counter at that,
exi ted pipe a 196 o] her words, the cau nters may be increnmented
BT EIRLTS R 08§ pe
S

when a valid gpelﬁfflgnaegﬁs fdPvi@%alCount er may then
decrenented (e.g.. at 10 196) mhen the instruction that caused the valid
decr emeHELBEE™ d 76d -sed® 8%?t§mpﬁ§lﬂﬁﬁé 8fa§dC-| frather BRRAYI on occurs in
the pipeline (198), the early count regi ster nay be adjusted (188) by the
nuAber sEoaltied sdemeemprcificeliy the E3om eEBat .t hadt BErtnati on 15 st age.
Thi s adjustnent value may al so be represented in the respective counter of
every prpgisteage t(eat shesindes Fater 2i)n t i€ pi pekimeatbatint hBest age where
the term nation occurred. The steps in FIG 10 nay repeat themselves until
all | oopibR3tinkcCt(isas Raveseykiredet Rt epapehifectdRq). registers
have been written (82), then the unaborted instructions may
be drained from the pipeline (83), and the early registers
10 may be adjusted by writing the data contained in their
respective architectural countexparts (84).
The mode of operation illustrated in FIG. 6 may be
particularly useful when dealing with back-to-back hardware
loops. 1If, for instance, a second loop is terminated
15 before it commits, a first loop might still need to execute
its remaining instructions in the pipeline. The adjustment
technique in FIG. 6 provides a way to deal with this
transition by adjusting early register values accordingly.
FIG. 7 illustrates a way of updating the architectural
20 register value with the Early Count (ECnt) data. Data may
be written to an ECnt Register (90) in any manner described

above. The ECnt register data may then sent down the

pipeline (92) so that it gets written to the architectural

-17 -



20 The ECnt register may be decrenented at every bottommatch (e. g. fox
every pass through the |oop). However, rather than propagate the whol e ECnt
val ue deenimeipi peline after every bottom match, only acginglessyal id - 20
WO 02/ 37271 PCT/ USOL/ . 153~7 decrenent bit may be sent down the pipeline. In
this manner, a hardware reduction may be realized in the DSP system The
set of counters may nonitor valid decrenent bits and the associ ated

i nstructpons ragistanséd3i hdseibpt§B5stagbe sBhmen, Asnsecbryt he set of
counters may keep a running tab on differences between an early count

regi st esubbdquibataicbirhecbur af epentesparvs) Ftie BdntSragbbesek di agram
illustrating counters in a circuit. As shown, counters nay be maintained at

every | QashagsyobeaqbtpehiAeeafl {(86) Dé?d(géﬂseﬁéldov%ﬁt@@dp@&%img herefore,

a single valid decrenment bit may be propagated down the pipeline to account

for the gbgfer nse g%&@ge LA S%EXnGQngﬁt{Pg%ﬁé?Ioé‘]?do%xé5 architectural

counterpar e count er connected to the inpu a nul tiplexer 15

earkEHQS %?r%eglsng¥ g%% SPhXngh counter, if any, is used to adjust

fMbodi nents, a term nati on may not

occur at certain gtagg . or may be restricted when a certain |nstruct|on
resides in aft@rt&i pagEates §ﬂcﬁl§®r%ﬁﬁbﬁ?nﬁﬁ¥so t Fedet+23i $2far dwar e

may be reduced by not inplenenting counters in the stages where a
t er mi natkehitectvsati epggt register. Rather than sending the ECnt

data down the pipeline after every iteration of the loop,
the mode of operation illustrated in FIG. 8 sends the ECnt
10 data once. Then, in subsequent iterations of the loop, a
single valid decrement bit may be sent to adjust the
architectural count register.
In FIG. 8, data may be written to an ECnt Register
(90} in any manner described above. The ECnt register data
15 may then be sent down the pipeline (92) so that it gets
written to the architectural count register (93) during WB
stage. In subsequent iterations of the loop (94), a single

valid decrement bit may be sent (102) to decrement the

architectural count register (104). This process may
20 continue until the loop has finished its last iteration
(98).

FIG. 9 is a flow diagram illustrating the timing

advantages realized by the use of early registers. As
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WO 02/37271 PCT/USA | .ts357 The width of counters 210, 211, 212 and 213 nmay
be altered as needed. For instance, counter 210 may be a onebit counter and
211 may voe oa32wp- bit counter. The m ninmal depth of count pegyRdiZsasyd 213 may
depend on the nunmber of 5 execution stages n in the pipeline. Counter 210
may be a one-bit counter because it always has a value of either 1 or zero.
For instance, it has a value of one if a bottommatch instruction is
currentIshoun AG: When ¢ helaoaorstenuct y ek te auasd AG, orthensgo Wy eroddddir ns t o
zero. 10 Counter 211 and the next counter (e.g. for stage EX 2) may be
two-bit coupterset abt theg seopes of 1 2dne. presed d4wgption is not
limted in this respect. is Is because counter 211 (e. g. the EX 1
counter) a | LR Cot ve a

maxi rrum?/]g?yu%h%}@if%%e. T%ghég( %tec%ﬁ? eéé}tﬁea&s?gadzrram rru?nge\:/a ueeh%f four,
hence, it may need three bits. .Simlarly, the t three counters (e. g. EX
4 to EX%So%ﬁeg]éptH?%té]flb‘ﬁl%%uk}ﬁser%o J%fbefi E)]fnze%e'pr esenting between five
to seven val ues respectively. 20 The counter width for_ each stage may be
det®r mi ned bﬁ@bﬁ%?ﬁ%?i%t%@%?%ﬁﬁ%l%t%s%% A ¥ %y need to
hol d. This may correspond to the case where the loop is a single

i nst r uct¢onl leepes Thukd] esleneept ¢if ofhe HelCrlourgErster 298y beydigp 37271

PCT/ US01/ - 45357 may sinply correspond to the nunber of stages between the
count er amyg #Gne Aghene howeviesrmimet 5oz eofravhal sip aleipend ohomiet heer a

term nation may occur in a particular stage; so sone stages may not need
count er slodp Apeihgr f imishad . OpEi Bs i may ilse dbdrydusdel wayidf adj usting the
early count register. '"Ihe counters residing at the selected stages of the
pi pel i ne; By rhecUses hoyadhusi Bdeifafhy SO KL Sd efhdfe ther Dgnal ty
associated with draining the pipeline is greater than the branch penalty.
10 wev i raj e i e . ch
pe%g?ty,f%%%%ﬁgﬁgg?%sﬁ%ﬁ%gi%@i&%% ?%% %?%% |négﬁgigg%hgﬁ?g%ﬁé%ﬁ?%onnit SO
that the early couz%g regi stertmay be adjusted fromits architectural

count er p&Pt9C SPEEENTBBEr PTBht hay be chosen depending on where in the

pi peline 15 the term nation occurred. In one case, a pipeline having 3
execut e st ageSPfaYaBeCtr &P HEHCTFRY hele F it hat $H1° Lé%ﬁ?rﬁ?éép%%%%e or WB
stage; but the pipeline my not be drained and the early counter may be

adj ust eddi terméngbiannisi bh abkov sthefbretrpet ooy kefgee the

termination to commit and then write the ECnt register with
15 its architectural counterpart. However, this may add an
additional penalty if the branch penalty is less than the
time it takes to drain the pipeline.
FIG. 10 illustrates an efficient way of adjusting an
early count value. As shown, after a loop setup
20 instruction enters AC stage (180), the early count register
may be written (182). At this point, the ECnt data may be
sent down the pipeline (184). 1If a termination (185)

occurs, unaborted instructions may be drained (186) and the
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20 FIG 12 is a flow diagramillustrating a hybrid node of operation. As
shown, a counter may adjust an early count value (228) if a term nation

(230) Q@@uy§nbﬁfore the nth stage. However, if term natpefyc@dRlsOccurs
after the - WO U2/ 37271 PCT1USO1/-t S3s7 n~h stage then the

|nstruct|ons |n t he pipeline may be allowed to flow through the pipeline
and commt (232). The early registers may then be updated with the data in

their apchttesgursabrcaunt BEPAFristér33)th Theevastable p-gmy 5 define the
point at which allowing instructions to flow through the pipeline takes an

anmount Qﬁcﬁi@@ckﬁ%ﬁltBéﬂneérﬁﬁyél (@71 he branch penalty (234). FTG 13
illustrates a hybr| circuit” having counters inthe first n - 1 execution

ol Powi ng a bbr sha: PEReER SRS IRl Brvnbe ReEF R R HE hilecut i on

followi ng a er it nat o ruction
stage. However, the c¢jrcuit t an_early count jster following a
t er i nat®oRSRE 9RWPn P?uBfPSﬂaﬁﬁs?%gf ) ent BReR ﬂelﬁ?hr%ig%%?lB%aEtage
Again, the variable n nag 15 define the E0|nt at which allomnng
i N8t r ucE?BAgdt® TPowt RibubR PReSPRpePrhBSt aReB BAPANDEATSof L2fhe | ess t han
or equal to the branch penalty. In other cases, the variable n may reside
much eazl vatidndeheepepél bae paygbewhenevetief bomnthepenahtgriat| arger). 20
Addi ti onal |oop hardware, such as |oop registers and |oop buffers, may
facilitehetfasithar gwpeeskagps(186pp handwvaherasodédscrthedcbentens may
provi de severa
may be incremented when a valid bit is sent (e.g. at 192)
and an individual counter may then decremented (e.g. at
10 196) when the instruction that caused the valid decrement
bit to be sent exits the pipe stage.
If a termination occurs in the pipeline (198), the
early count register may be adjusted (188) by the number of
valid decrement bits in the counter at the termination
15 stage. This adjustment value may also be represented in
the respective counter of every pipe stage that resides
later in the pipeline than the stage where the termination
occurred. The steps in FIG. 10 may repeat themselves until
all loop instructions have exited the pipeline (200).
20 The ECnt register may be decremented at every bottom
match (e.g. for every pass through the loop). However,

rather than propagate the whole ECnt value down the

pipeline after every bottom match, only a single valid
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advant ages. In sone inplenentations, |oop hardware may - 29 WD 02/ 37271
PCT/USI I | / ~53s7 hide branch penalties. In addition, |oop hardware nay save
power Ryo hes@yi ng the need to access nenory devi ces sucpepgseaghe or SRAM

for every iteration of a |oop. Furthernore, the |oop hardware descri bed

bel ow may have very few 5 programm ng restrictions. Mreover, |oop hardware
may renove alignnent restrictions that m ght otherw se exist in program

menory. 4 i again, o, K i | I t(.jpeeq-i a bl e processor
2 havi ngﬁggnéﬂeideﬂggjtlﬁ%?lﬁ% pe iénée%ltdflc};lon“’c]4 tﬂoﬁetap(’::!L nt rl(ﬂSe unfwtrpg{}ﬁ ntrol unit 6
may i ncl ude hardware Iooeg

unit 8. Hardware | oap unjt, 8 i ncl ude one or
more sl ST 1 Sog Bt %eo(#hcé?t%rh T4 iréesa.clﬁ%edacfd} ttiqg%,[)stphe har dwar e
| oop unit may include one or nore single 15 instruction |loop registers. A
col | ect§BH Bt | IS BT 8% RS Y Mg idiadr Iaedhf dRqresiantel y be | oop
hardware. This collection may facilitate fast hardware |oops. Referring
agai n tlt @nd the |apgeaiaird sinstipiwdid disadhah stiowiaty Wesentddisrent of a
hardware | oop unit 8 20 connected to an instruction fetch unit 50 and a
detodertaurke Hhiof HApaiucte lithe |swst rafctdaomtfegtscmamiteqd amay provi de one
of a nunber of inputs to the hardware loop unit 8. Hardware loop unit 8 may
conpri seurtnify tigy exerdHbferetfces between an early count register
and its architectural counterpart.
FIG. 11 is a block diagram illustrating counters in a
circuit. As shown, counters may be maintained at every
10 stage of a pipeline after DEC (210, 211, 212 and 213).
Therefore, a single valid decrement bit may be propagated
down the pipeline to account for the difference between the
early count register and its architectural counterpart.
The counter may be connected to the input of a multiplexer
i5 220. Multiplexer 220 may determine which counter, if any,
is used to adjust the early count register 36.
In other embodiments, a termination may not occur at
certain stages, or may be restricted when a certain
instruction resides in a certain stage. In such
20 embodiments, the circuit hardware may be reduced by not

implementing counters in the stages where a termination is

restricted.
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WO 02/ 37271 PCT/ USfI1/-45357 connected to | oop hardware 54, Loop hardware
54 may contain one or nore sets of |oop buffers and/or one or nore | oop

regi sters. Moreover, the sets of |oop buffers may incl pdevsodetimned nunber
of bufW@pP¥3Bdhnected in series. 5 Fach set of |oop buffers may have an

associ ated loop register. FIG 14 is another block diagramillustrating one
enbodi nent of a hardware | oop unit 8. Again, hardware | oop unit 8 may be
connected to an instruction fetch it apgd-,10,a desogey Haot shown).

Har dwar e | oBpeuiitets Ry CPHE 85% %Hgﬂlgﬁgfexes 60 connected to | oop

hardware. Loop hardware may include a set of .l oop,Qufferge24l onéd22, 273 and
274 conhtetred ias seeidest: T 8§elBﬁgF8F§'nﬁ§uBFSgigégiﬁpgt to another 15

mul ti pl exes 280. Multiplexers 260 and 28Q, in turn, p Is i nputs to
mul t i pbexes o9 e rOanput? 1df mayl PepPetd® P36 ﬁ&%nﬁérmmé& é‘gﬁﬁg‘%al | oop

regi ster 296, which nmay be connected back to the inBut of nul tipl exes 260.
The outyqu 10fo hascliarerd o2 wmid 28 Srap ypdepeas oRp St §YFRGEcSder. 20

Mil tiplexes 260 may have a plurality of inputs. These may include an input
from a fegister. (&adhs 3N @MyrAL qripaistreuct idommtegi ¥ yeah®art i nput from
tie ety Unit 50. In addition, multiplexes 260 may have an input fromthe
26 QIR A St PSS SR | aneynstaaict ol ueegiftedrthadd an i nput
or zero. For instance, it has a value of one if a bottom
match instruction is currently in AC. When the instruction
leaves AC, the counter returns to zero.
10 Counter 211 and the next counter (e.g. for stage EX 2)
may be two-bit counters, although the scope of the present
invention is not limited in this respect. This is because
counter 211 (e.g. the EX 1 counter) may have a maximum
value of two, the EX 2 counter may have a maximum value of
15 three. The EX 3 counter has a maximum value of four,
hence, it may need three bits. Similarly, the next three
counters (e.g. EX 4 to EX 6) may be three-bit counters
capable of representing between five to seven values
respectively.
20 The counter width for each stage may be determined by
considering the maximum value that the counter may need to

hold. This may correspond to the case where the loop is a

i he counters
single instruction loop. Thus, the depth of the
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ot her hardware | oop units. Exenplary FIG 14 illustrates |oop hardware
conprised of a 4-deep set of |loop buffers and a single instruction 5

regi st Qg obfgweyer, any nunber of buffers and/or instrucprpmsiggizsters could
be used in other enbodinments. In exenplary nodes of operation, |oop buffers
are inplenmented in two different scenarios. |In one scenario, every
instruction in the loop fits in the I oop buffer. In 10 anot her scenari o,

every i Rgly ustin, idd thedorp ﬂgﬁééﬁ%}n{a& iogi fasf-g&r%g'r%%?plet&wefe%r £pAach

scenario I's discussed in turn. I's a ustrating one

scenari sha 4- set, of | oop. buffers nmay he | oaded with a 15
three-i %sotdr%ﬁ:cetgl]g% c‘%%p' (%%%1&%’. hﬁg’esvtfgh, to esgifZ%t ﬁ‘gX/I ggﬁobﬁﬁpgrng and the
VTop register not, be | oaded with any data. Instructions |2-14 may be
execut e nadg‘lerjf% B dA TR (HRY G dRdPt PG F I5569Sis met. As
shown, the exit condition may be checked every time the 14 instruction 20
i s i ssue® T tHeIGoPpuUMEr nemdzcorgtiessa fl ow diagramillustrating one
scenario. As shown, instructions may be issued (300), instructions nay be
| odded into @rsdthesf magyp HufdrEmai(i3ER)is andiybhedd way of ad@ue2li3iRe71

PCT/ USOL/ . 153~7 nmenory device may be stalled (304). Stalling the nmenory may
provi de thewerasiayvicugstt addiestaSP syiemoulifteers lreadidigpd e ichet ructi ons
into the set of buffers (302), the instructions may be subsequently issued

fromtheselcifd SddfdLrcy (3020)p1ipI8 dsaUde aRedRY Resussuegover and
over again until the exit condition of the |loop is net (§08) . FIG 17 is

ot e S, AT L L RS kB RO et o

draining the pipeline is greater than the branch penalty.

10 However, if the drain penalty is less than or edqual to the
branch penalty, then the instructions in the pipeline may
be allowed to commit so that the early count register may
be adjusted from its architectural counterpart. System
operation may be chosen depending on where in the pipeline

15 the termination occurred. 1In one case, a pipeline having 3
execute stages may be drained if the termination occurs in
EX3 stage or WB stage; but the pipeline may not be drained
and the early counter may be adjusted if the termination
occurs before the EX 3 stage.

20 FIG. 12 is a flow diagram illustrating a hybrid mode
of operation. As shown, a counter may adjust an early
count value (228) if a termination (230) occurs before the

n™ stage. However, if termination (230) occurs after the
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(314), a nmenory device may be stalled (316), and a | oop count nmay be
initialized (312). As long as the exit condition of the loop is not net
(318), whe2890p count nmay be decrenented (320) and the ppglijshgid;ons may be
i ssued 15 froma set of |oop buffers (322). The nenory device nay be
stalled until the |oop count reaches a defined nunmber X (316). Moreover, X
may be defined such that the next instruction after the | oop may be

i mredi ah®l syRadyHdh the fietstirustitonsham e lagr1has kayi $ed. In this
manner, a 20 loop exit penalty nmay be avoided. In other enbodinents, a | oop

count i g1i Biybhakbzed o(34R} hgnzeRe. F&Qbmﬁhaeahd(égﬁﬁlwowbézshenThecre”Ent

the | oop count rather than decrenent as shown in FTG 17. Still - WO
02/ 3727 / 7 h d b par.e Ilght of
Frs. 18377 PReoraioenavachshane: HPRakRdy inbnagienis P0ERaPhet L’ Sloum.
a 4-dee t of |oop buff grs m b? ded th 5. fo i nstructions of a

| oop (I ng}teFﬁuﬁéglFPBH 6599¥§5 @éggter VBEnggaeH B¥h the address
of the next instruction in the | oop may be an address register that

r e$i desphifRe thieperitRE pSeWhErs, aélowpg POPERYcEuBBEqhenfPrerations of
the loop, instructions 12-T5 may 10 executed while T6 is being fetched. 16
may t hefhieughmidicarébylingdiakes exeempiivh aft éimeg5lhas bben executed. The
exit condition may be checked during iterations of the loop. FIG 19 is a
fl ow di agnam itll tder dtrenght pensdeyar(i2é4of. 15 FIG 18. As shown, a first
subset of instructions may be |loaded into a set of buffers (330), as the

first subset pok.i nst Auchkersties kSayb#i332)cubexhavihg sbanterg address of
t he second subset of instructions nmay be | oaded into a register (334) and

the Sec?'ﬂdtﬁ\ébﬁtrs@l‘: bey é%%qt&%%fi)staé@ggfﬂh:ﬂa éHPEEﬂEe% 'E&&gw ons  of

the | oop (t e nunber of iterations bein i ned by the eX| condition
the ipeline to execute its instructions O owin a
(338)) HRepipety te it tructi following

termination if an instruction has entered the n™ execution
stage. However, the circuit may adjust an early count
register following a termination if an instruction has not
entered the n*® execution stage. Again, the variable n may

15 define the point at which allowing instructions to flow
through the pipeline takes an amount of time less than or
equal to the branch penalty. In other cases, the wvariable
n may reside much earlier in the pipeline (e.g. where the
branch penalty is larger).

20 Additional loop hardware, such as loop registers and
loop buffers, may facilitate fast hardware loops. Loop
hardware as described herein, may provide several

advantages. In some implementations, loop hardware may
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first subset of instructions may be issued fromthe set of - 29 WO

02/ 37271 PCT/ US01/ ~53~7 buffers (344) while the second subset is being

f et chedy§ 3437271 The second subset may then be issued (34fy1/v80imzder of
operation in accordance with FIG 19 may 5 10 15 realize severa

advant ages. Far instance, every tine the first subset is issued froma set
of buffers, power may be saved if the nenory device is not firing. In

addi ti ompidfeetbvﬂyrng\ 32091 d sSubset ag@iilt%%,f i BYPeGh ks ﬂaxg%%"ﬁy

m nim ze | oop penalties. In one enbodi nent, the”l oop buffer have a

depth, bl GOSN o Bt Leas s brahclienal b TS e henal

associ a the secon set na h en belf
i ssuance of the f'r%& ubset of .instruyctions. This may increase the speed
of the |S§19b§‘ys°[rerﬁR4 %rh&veéfﬁlb&&er@r‘ﬁ‘a“ Ry ,pwhe% hOREMLEving is a
nore inportant design feature (e.g. for circuits inplenented in battery
power ed {H&VileD) hadshiiare B PBeO IRy hedfulveryhdem rst subset of
instructions may be the nunmber of 20 instructions that fit in the set of
| odp bufdfrergranhiarss amid ishisas .of Marstovest,i dieopmbg ridleratrlee m@axt i nstructi on
in the loop followi ng those |oaded in the buffers. Alternatively, the
second subssie rElyi ignemiplrdrsalditcf iens that might otherwise exist in
program memory.
Referring again to FIG. 1, illustrated is a
programmable processor 2 having an execution pipeline 4 and
10 a control unit 6. Control unit 6 may include hardware loop
unit 8.
Hardware loop unit 8 may include one or more sets of
loop buffers connected in series. In addition, the
hardware loop unit may include one or more single
15 instruction loop registers. A collection of loop buffers
and/or loop registers may collectively be loop hardware.
This collection may facilitate fast hardware loops.
Referring again to FIG. 5, illustrated is a block
diagram showing an embodiment of a hardware loop unit 8
20 connected to an instruction fetch unit 50 and a decoder
unit 52 of pipeline 10. Instruction fetch unit 50 may

provide one of a number of inputs to the hardware loop unit

8. Hardware loop unit 8 may comprise a multiplexer 56
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instructions that follow those | oaded in the buffers. - 30 WD 02/ 37271
PCT/USA /-~S3S7 FIG 20 is a nore general flow diagramillustrating the
scenari ego omsnri bed above. As shown, a first subset of ipSHisfldiksds may be
| oaded into a set of buffers (350) and issued (352). If all instructions of
the loop fit into the 5 |oop buffer (354), then a nenory device may be
stalled (355) and the instructions may be continuously issued fromthe set

of buf f efchr(e¥d WY ilodherLrdiaeOrsli i abdps HeldwadeB)54 nldy all the
instructions of the loop do not fit into 10 the | oop buffer (354), then a

second %B}R%Iirpfori@%f%f@rgsel{gayomaﬁmﬂe%@)amg estg}rtd addr ess

of those instructions nmay be | oaded 1nto a register (362). subsequent
iterati f e ( i hed t exi dirt ] 364)), the first
subset g&%ﬁsﬁ%{&cﬁ%nﬁ' ngf/oxgegg‘a%e’i s‘gﬁeed&fetrsoéét r%(eb%rsbetbuoé brl(,l ea)r% (366) while
t he secand supset js.fetched.frommeng 368). The second subset may then
be i ssued'q 2 I‘Jr?qlﬁ'ée et %@er&,‘:gzﬁ“}e@ﬁgﬁq o %4 addr ess

poi nted by VTop gg% be nmade every tine there is a bottom 20 match. In this

marmer , BEF 133t QibsetoRPHSITUIA AT TP @ SSPatGRd A | e fetching a

second subset of instructions. -31
register.

FIG. 14 is another block diagram illustrating one
embodiment of a hardware loop unit 8. Again, hardware loop
unit 8 may be connected to an instruction fetch unit 50 and

10 a decoder (not shown).

Hardware loop unit 8 may include a multiplexer 260
connected to loop hardware. Loop hardware may include a
set of loop buffers 271, 272, 273 and 274 connected in
series. These buffers may provide input to another

15 multiplexer 280. Multiplexers 260 and 280, in turn, may
provide inputs to multiplexer 290. Output of multiplexer
290 may be connected to a loop register 296, which may be
connected back to the input of multiplexer 260. The output
of hardware loop unit 8 may provide input to a decoder.

20 Multiplexer 260 may have a plurality of inputs. These
may include an input from a register (e.g. an emulator
instruction register) and an input from the fetch unit 50.

In addition, multiplexer 260 may have an input from the
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WO (12/ 37271 PCT/USOL/.1a357 By the time the first subset of instructions
in the | oop has been di spatched, the cache/ nenory may have al ready been
accessadoandran ali gnnent buffer prinmed with the secondpgyhsei a7
instructions. The alignnment buffer may 5 hold nmultiple instructions
(depending on the width of each instruction). If the second subset includes
a plurality of instructions, the plurality nay be aligned in the alignnent
buf fer Wbbh thettuesiohnstgisteonanll dheispeontirsmbseé beimngran instruction
associated wth a VTop register. |10 Operation may further include

request bpgekhgap@¥hrbNsbbpchh9Rsf ol  owi ng that associated with VTiop while
the instruction aSSOC|ated with VTop is dispatched. For exanple, in one

mode of 0per§k§8€ﬁ3¥964 gHCEiQG §§985a189p“h5PdN§g8 Eémﬁr?ée@'t

instruction instraction is di spatc e next 64-bit

i nstructi as defined g | et c By
repeatlﬁé ?hg aS@Brsgﬁd %Pogggﬂﬁ?eﬁs s@s%éﬂgﬁ%ylaﬁgﬁﬁ?gﬁanstructlons
in a fast and efficient manner. Prior art programmabl e processor systens
that 20TPApFEREnt HAVEWEFe PBBpBURRSTre§uPrEtwRAyaPE4PFi ctions in the
operating code. However, it is highly desirable to provide for hardware

| oops thaﬁtﬁavélvéryegéﬂﬁﬁrégﬂaﬁﬁﬁngeré§@¢|tﬂl@hberlﬁmbﬁél@ﬁbbabnent a
systemin accordance - 32 WO 02/ 37271 PCT/US(11 /-15357 with the present
i nventi on maynhaxemphhyyomedpsogifanpengtion, loop buffers are

implemented in two different scenarios. In one scenario,
every instruction in the loop fits in the loop buffer. 1In
10 another scenario, every instruction in the loop does not
fit in the loop buffer. Each scenario is discussed in
turn.
FIG. 15 is a diagram illustrating one scenario. As
shown, a 4~deep set of loop buffers may be loaded with a
15 three-instruction loop (I2-I4). As such, one of the loop
buffers and the VTop register may not be loaded with any
data. Instructions I2-~I4 may be executed again and again,
until the exit condition of the loop is met. As shown, the
exit condition may be checked every time the I4 instruction
20 is issued from the loop buffer.
FIG. 16 is a flow diagram illustrating one scenario.
As shown, instructions may be issued (300), instructions

may be loaded into a set of loop buffers (302), and the
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restriction. The single restriction may be that the system cannot have a
branch on a | oop bottom Fast hardware |oops may have situations where a

| oop 5 g égynamal I's for invalidation. These situations ng@hfsdiisisyde
i nval i dati on where a | oop buffer has been populated with a conditional

branch. Thus, in one node of operation, a set of |oop buffers may be
invalidated if one of the first n instructions in a loop is a conditional

branch. mb&omedéa;rllc@bln%yw@axétqg&bae (8@ )depkh 2ah 1hBe A8t mBhokgop buffers
Anot her situation where a |oop buffer may require invalidation’is when an

event | 8aleoei At 4O9BULLELLS ael Bgcbagdeds ki, adbiion, a | oop

buffer require i nval 1on followng yi ng

code. #% tQ%%qu% ntop% atlon |@V%I%%e%§vgbpgz ?gSa | oop buffer

when ei ther “of Se 1o Sit FoRs arlse ps may introduce
addi ti onal challen es. O%Fh ug g¥ er .to Bf di stance betmeen t he | oop
set up 24 Al EVPPP eBF VadtsSaRst FEeri 5A%i A°thetl oop. In
prior art systens, offsets are necessary to facilitate setup of hardware
| 08ps oPUEE S dFNE )-or Theograimung LereePEIvORS i SURE systerndf acilitating
zero offset |oops, - 33 WO 02/ 37271 PCT/ U SO1 /@357 however, is highly
advant ageeus agedausatiitl rne eedticeopdataessi g theelobpensi mea systenlthat
i npl enents early registers and . | oop buffers, zero offset |oops may raise
chal | enge®.8)For
FIG. 17 is another flow diagram illustrating one
scenario. As shown, instructions may be issued (310),
10 instructions may be loaded into a set of loop buffers
(314), a memory device may be stalled (316), and a loop
count may be initialized (312). As long as the exit
condition of the loop is not met (318), the loop count may
be decremented (320) and the instructions may be issued
15 from a set of loop buffers (322). The memory device may be
stalled until the loop count reaches a defined number X
(316). Moreover, X may be defined such that the next
instruction after the loop may be immediately ready in the
fetch unit when the loop has finished. In this manner, a
20 loop exit penalty may be avoided.
In other embodiments, a loop count is initialized

(312) to zero. Adjustment (320) would then increment the

loop count rather than decrement as shown in FIG 17. Still

-28 -



5 instance, in the system described above, by the tinme the early registers
are witten (e. g., in Ex 1) the first instruction of a zero offset |oop

may al r aggdy2Be7in AC. Thus, since the beginning of the | ¢ppnR¥iissPEC even
before Etop and Ebot get witten, the circuit may effectively 10 "m ss" a

top match. Speci al nodes of operation and circuit arrangenents have been
designed to detect and deal with zero offset |oops. In one node of

oper ati oothde shlavdiméfisetw{Bl obésetd appardmopliselight nsf rkE3 on is
conpared to a known 15 value to detect zero offset. In this manner, early
detectiopsof7a zero offset loop is facilitated. In a particul ar enbodi nent,
the S-offset is conpared to 4, where 4 refers to the four bytes of a 32 bit

i nstruction. e fdetectedy; a,Z28h0; Pifsetat IRy Per S§leipreyen before
the 20 early Eggfstgrs get %w?t?%n% FIG.Eifgﬁg a flomfdié%ran1that

illustrages node_ o afiLon ko t i I As sh ,
2 1 0p SbtuBPHRE ot T Snchaye oo tere T et AL B ofeddpa 95 M\ 010"
12/ 3727]. PCT[USQOL/ ~S3S7 th b d fined 382
(116 def FREH HORDEFSCOTFBspbntl HoF o FRickay ot i of S¢hE 1 Bop Serter )
instruction). In this manner, a zero offset |oop may be detected even
before theIe8Eey FayiReetaget Wifktene ?@dgei%r%fog?ge?e¥50p i s detected

(384), the next n instructions in the | oop may be issued and | oaded into a
| oop buf iest¢B88jonsidesbei bedpraboVBop may be an address register

that resides in the pipeline (see FIG. 2, 37). During
subsequent iterations of the loop, instructions I2-I5 may
10 executed while I6 is being fetched. I6 may then be
immediately ready for execution after I5 has been executed.
The exit condition may be checked during iterations of the
loop.
FIG. 19 is a flow diagram illustrating the scenario of
15 FIG. 18. As shown, a first subset of instructions may be
loaded into a set of buffers (330), as the first subset of
instructions is issued (332). Next, the starting address
of the second subset of instructions may be loaded into a
register (334) and the second subset may be issued (336).
20 During subsequent iterations of the loop (the number of
iterations being defined by the exit condition (338)), the

first subset of instructions may be issued from the set of
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FIG 22 is a flow diagramthat illustrates a node of operation for
detecting and dealing with the special case 10 of a single instruction zero

of f set shown, a | oop setup instruction nay be (388). If
zero of\‘k@g’?m?@det ected (390), and the Start Ofset equgﬁgﬂgﬁ@ﬁﬁg O f set

(392), then a single instruction | oop nmay be i medi ately perfornmed (394).
Zero offset may be detected when the s 15 offset equals the wdth of the

900, SCLAE IS 14,00 8.SL0AL GoLBRY UELL0D LaoheTRy Becfgyeetod vher e

s-of fset "an t ‘aré the sa cira dcflitate setting

up and ting a single instruction |oop, as quickly possi ble. 20
Referri éﬁégain%W@ ﬁﬁé%nf4?ugﬁ§%I88§ Fgﬁpspﬁrl §Beﬁa§3gz)used for this
speci al case. Thus, step (394) may be perfornmed by |oading | oop hardware
(such as Iooﬁ-ﬂéﬁ*&@@rOE@GFtWPPhlPhéC§Pﬁ§E§CPn§ﬂﬁécFﬁ6ﬂ,1gnmawepeatedly

i ssuing 55 WD 02/ 37271 PCT/USO /-L5357 that instruction out of hardware
| oop unicea8iget islevielre lexidvacondesi-onFofc tihetshnrgl eevasyr téimeonhkoop i s net.
A single instruction | oop may be detected and then perforned by hol ding the
i nstrucffiest pudbeeadd si nsauepedicalm 2 keapoifnpufiekspnpbegicsinay 86 (see
FIG 14). In addition, nenory devices may not be accessed and everything

upstreagpiy RE Shal hRehodry SRYE cROWRN noDEFeRY 8k, StAcgquheishngl e
instruction |oop may be iSsued out of |oop instruction register 296, the

gﬁs;;gﬁgg%%ggﬁ 2 %%%%?%aﬁg%%eQewkﬁﬁé 50 r1Qsketahsbhe; aexk LR pyti on (e.
minimize loop penalties. In one embodiment, the loop
buffer may have a depth that corresponds to at least the

10 branch penalty. Thus, the penalty associated with fetching
the second subset may be hidden behind the issuance of the
first subset of instructions. This may increase the speed
of the DSP system. In other embodiments, however, where
power saving is a more important design feature (e.g. for

15 circuits implemented in battery powered devices), deeper
buffers may be more useful.

The first subset of instructions may be the number of
instructions that fit in the set of loop buffers. The
second subset of instructions may be the next instruction

20 in the loop following those loaded in the buffers.

Alternatively, the second subset may be a plurality of

instructions that follow those loaded in the buffers.
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the single instruction |oop has finished execution the next instruction may
already be in the instruction fetch unit 50, resulting in zero penalty |oop

exit. Iwoseassyy, zero offset hardware | oops may be brohqﬁ1%§ 14849 three
cases. In the first case, a zero offset single instruction [oop may be

i mredi ately i1 ssued out of decode via a |loop instruction register. In the
second case, a zero offset n-instruction |oop may be i mredi ately detected

and | oaded cefpl ebel yoi At fodd aesteeals@to@f dtaeeaautt@ﬁétrgel din the
third case, a zero offset |oop may be i mredi atély detected and”the first

n-instrygtl gns gt ;1a e%%%Hbe%ag%@v'”tOAQ”tﬂoQﬁep 2S¢y ok | pBBe “ffers The

next |nstruct|on may be asSoci at ed W \Top Tégi st VO

02/ 37271 P | 1/ - L535 ! nbodi nent d bed
her ei n, a%ﬁem@m 58 oGS pBtPnd. ok ggﬁﬁy?%ér“ﬁﬁéﬁ ﬁiranﬁ”' )

advantageous than i npl enenting buffers in a cache. In one node of

oper at | 85UP8op 3PAdtr udthi Grd ARytEECcsiensr 8 RSl 46pPhALGWARECSEBR that t he
instructions are aligned to an instruction boundary. This may be nore
ad@anta@e@@sbuﬁéﬁralgéﬂungtm@@taumem@ﬁy devaneaddrebs boaddady. Once
aligned to an instruction boundary in | oop hardware, no alignnent of

i nstruct(iBéns ray héendoedsarcy ibhswhey beegoateénsovhséguesshgdi szoed fromt he
| oop hardware. To align instructions to an instruction boundary, a set of

i nstructthenseiay theulreaded (3neanuatder tab exeeutbaniitibe tBemkeop hardware
and the address of the next
(358) .
If all the instructions of the loop do not fit into
10 the loop buffer (354), then a second subset of instructions
may be issued (360) and the starting address of those
instructions may be loaded into a register (362). On
subsequent iterations of the loop (as defined by the exit
condition (364)), the first subset of instructions may be
15 issued from the set of buffers (366) while the second
subset is fetched from memory (368). The second subset may
then be issued (370).
In the scenario of FIG. 18, a request for the address
pointed by VITop may be made every time there is a bottom
20 match. In this manner, a first subset of instructions may

be dispatched while fetching a second subset of

instructions.
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instruction may be stored in an address register. In 15 addition, a second
set of instructions may be | oaded in order of execution into a nenory

devi cewdomsihmg i nstructions in an order of execution ip¢pukaaBsdrar dware
may conprise | oading n sequential instructions into n buffexs, where nis a
positive integer. Mreover, the n 20 sequential instructions may be any
sequential instructions including the first n instructions of a | oop or the
| ast n instrByetilmstioie aalodplr87 subWd 02F AAZBARETR/dhSQiln /£Hes 357 | n ot her
enbodi ments (as shown in FIGS. 23A - 23C), a nunber of hardware | oop units

may be lsgmbemeatiesen Tdesit qidd of iadycOind Meenbnpaia pfh e dvereadpop units

may be connected to the respective input of one or nore other 5 hardware

loop unbdsn dAcddisy BAMen & 5SRO hAlSMaY & :00R) YRty BYe be | oaded via
the output of a first hardware Toop unit. Again, this nmay provide power

savi ngssé?ér?cfiaéuﬁeél%@%Q’tﬂ?gffoenéS a tFﬁ La%,l;fi]ec_?r%nyé)noé Ci.'fl.l‘lPIaedr the, second

har dware T oop uni I'n sone cases, ooplﬂW?% may be used
oops COi nci ) nne ardware | oop unit

Ergi/sﬁ(r)?/lia&g%gﬁﬁgf% % Jrrhssél%%tﬁ%‘ﬁ% ?‘ﬁ%ée%$%?92I?@ﬁtgté iH Jﬂbo‘tﬁ F3FRr dwar e

| oop unit. Moreover, the inner hardware |oop unit nmay be | oaded by sending
the 15 WPFEReEtieRt ructt orite rTereithes ey HG'didee 4 dopEmt1tY % he i nput

of the inner hardware |l oop unit. In still other enbodi nents, an independent
pl ural iiystructions, the plurality may be aligned in the alignment

buffer with the first instruction of the second subset
being an instruction associated with a VTop register.

10 Operation may further include requesting the next
instruction following that associated with VTop while the
instruction associated with VTop is dispatched. For
example, in one mode of operation, the instruction
associated with VTop is a 64-bit instruction. As that 64-

15 bit instruction is dispatched, the next 64-bit instruction
(as defined by alignment in memory) may be fetched. By
repeating this over and over again, a DSP system may
dispatch instructions in a fast and efficient manner.

Prior art programmable processor systems that

20 implement hardware loops may require many restrictions in
the operating code. However, it is highly desirable to
provide for hardware loops that have very few programming

restrictions. In one embodiment, a system in accordance
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of hardware | oop units may be inplenented. However, if two or nore

i ndependent hardware | oop units are used in the 20 sane bSP system a
restrictwoo2smy: be used. For instance, when both | oops hpggkhgyssgre bottom
instruction, one of the | oops may be defined as the outer |oop. Wthout
this - 38 WO 02/ 37271 PCT/ US011. 153s7 restriction the circuit m ght
encounter two bottom matches and not know which one to decrenent. Yet

anot her wingle e qpessdhONih POt VOS RoeiavEaageeiie Grdramengy | oops. Wen
har dware | oops are 5 enabl ed, an ETop register may be conpared to the PC to

account fofreaeh 4P MBER. s ihdEWM 585t AERM F8P11d &fnd@Yce conpared to
the PC to account for each bottom match. However, when hardware | oops are

di sabl e(isoy%?f/%rrl&g{ NG 34 ék@r&%ﬂ)ag@taorl&éé Qi tiS,ay be merely a waste of

power . e, it may be advant ageous to di sabl e bottom match and top
mat ch corrpara%or ctiér%lits en_a hardware Ioo‘F i s disabled. By choosing
inputs to a compardtorEde df 3Bt ' Phe Vit Ardrt WHe %S Har e loop is
di sabl ed, power may be conserved. 15 FIG 24 is an exenpl ary enbodi nent
showi ng rS‘%ﬁ/:HXI@ £QF ciR TR V1 dETRP r egi 8 SO HNPTEBIL FHgi st er 402
respectively (g)rovi de one of a nunber of inputs to nultiplexers 404 and 406.
The out putcbideninypl @t souodherrl A0 mbwef¢nhas ke apratlatord 408 and
410. The 20 other input to conparators 408 and 410 may cone fromthe out put
of multiyltexer &dddiThenahpotanci. mfhugpl ekerodd 2node of operation,

a set of loop buffers may be invalidated if one of the
first n instructions in a loop is a conditional branch.
10 The variable n may define the depth of the set of loop
buffers
Another situation where a loop buffer may require
invalidation is when an event is received while a loop
buffer is being loaded. In addition, a loop buffer may
15 require invalidation following a C _SYNC for self-modifying
code. Thus, other modes of operation involve invalidating
a loop buffer when either of these two situations arise.
Zero offset loops may introduce additional challenges.
Offsets may refer to the distance between the loop setup
20 instruction and the first or last instruction in the loop.
In prior art systems, offsets are necessary to facilitate
setup of hardware loops or to account for programming

exceptions in the system. Facilitating zero offset loops,
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may come fromthe program counter 414 and a | oop disable signal 416 froma
control unit. Miltiplexers 404, 406 and - 39 WO 021 37271 PCT/ USQOL/ - 153s7
412 maywoen2a7eanged such that when hardware | oops are digg®dysishe out put
of multiplexes 412 is different fromthe output of multiplexers 404 and
406. This may ensure that no switching occurs in conparators 408 or 410
when the 5 hardware | oops are disabled. In one enbodi nent, the sane | oop

di sabl e howgvalr, 416 mAyhly sevantegevhisi peexesse 904ma90Geande412. However

an inverter (not shown) may invert a bit before nultiplexes 412 receives
the sigpalocddsitlyi $imanner, the output of 10 nultiplexes 412 may be
different than that of nultiplexers 404 and 406 when a | oop di sabl e signal

is sent 10 th& G XGUil 5 yElEm 342l Si%ﬁjlleh‘éﬁtt%a%‘é%l?ng:h TRIALY Gy Cui t for

i ncrenenting an ECnt register 418. each pass o 15 T oop, nultiplexes

420 may .decr t the t reqister. However, .if Lustnent i s._necessary,
t he adj&g¥%%%£§ﬁgfghafégg.cb. t%é éF%ﬁb@PYc5&%?64§§?&§§€g§§rustOFhe ECnt
accordingly. Once .the | oop has fjnished jts last iteratiqn, conparator 424
nay’ sendg5%§?§ﬁhl1E2§h§05?§9%9ﬁ 9%§9dFP ove4 h¥s&hE td¥er &8s how bot t om
mat ches and top matches may be detected. Wen conparator 410 detects that

t he proGEarhYc GRFLET L2 3Ffd Eid e dicstPer HAVEXt Re $&Fe Lirsb WD 02/ 37271

instruction of a zero offset loop may already be in AC.
Thus, since the beginning of the loop exits DEC even before
Etop and Ebot get written, the circuit may effectively

10 “miss” a top match.

Special modes of operation and circuit arrangements
have been designed to detect and deal with zero offset
loops. In one mode of operation the start offset (S-
offset) in a loop setup instruction is compared to a known

15 value to detect zerxro offset. In this manner, early
detection of a zero offset loop is facilitated. 1In a
particular embodiment, the S-offset is compared to 4, where
4 refers to the four bytes of a 32 bit instruction. Once
detected, a zero offset loop may be set up even before the

20 early registers get written.

FIG. 21 is a flow diagram that illustrates a mode of
operation for detecting a zero offset loop. As shown, a

loop setup instruction may be decoded (380). The s-offset
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PCT/ USO1/ - 4S357 val ue, a Top Match signal 428 may be sent. Wen conparat or
408 detects that the program counter and the EBot register have the sane
val ue, av@orsTem Match signal 430 may be sent. Finally, Fperydth ihso
illustrates a VIop register 432 5 inplenented in a pipeline. As described,
herein, VTop nmay be an address register holding the address of a next
instruction followng a plurality of instructions |oaded into |oop hardware
(not shamary) .thdar it scemzadidrent s e fiibed muemcron 38aye (héen deFidescri bed.
For exanpl e, nunerous hardware | oop techni ques have been described for

i npl enertuaddedn M At ShhdIRCaTS Mhe TAQUN QEEIHQ 1Y Retyppl enented in a
variety of systens including general purpose conputing sySstens, digital

rocessi; | a =Yy er, | di.aital. 15 kSt ant s
p l@&ﬁ%ﬁ%). RUOR GRS, RET3ANAl, (disQi igﬁ%rg% o

(PDA' s) an ul ar phones. In this’'context, the har oops di scussed

above be .readil ) to..ncr e processing speed .w.thout

si gni fin?yiaen elcytelqﬁcerve%nsi neg Oﬁ:(?mé:rh%cgﬁc‘g%%ﬁeﬁ{s eﬁss@@% ﬁ’r&étteélm ttfe processor

may be coupled to a nenory device, such as a_FLASH nemgry device 20 or a
o e

static fs st IRy FeSRANE Y Hat® QYrrorde £9%&psr 4istd USF&dH and

ot her software applications. These and ot her enbodinents are within the
scope ofint &g diqumitey dsaiimsuedand pder) 374p1 apdpobstrtffe3357 Wiat 1S

Claimed is: 1 1. A nethod conpri sing:
(386) as described above.

FIG. 22 is a flow diagram that illustrates a mode of
operation for detecting and dealing with the special case
10 of a single instruction zero offset loop. As shown, a loop
setup instruction may be decoded (388). If zero offset is
detected (390), and the Start Offset equals the End Offset
(392), then a single instruction loop may be immediately
performed (394). Zero offset may be detected when the s-
15 offset equals the width of the loop setup instruction. A
single instruction loop may be detected when the s-offset
and e-offset are the same.
Special hardware may facilitate setting up and
executing a single instruction loop as quickly as possible.
20 Referring again to FIG. 14, the loop register 296 may be
used for this special case. Thus, step (394) may be
performed by loading loop hardware (such as loop register

296) with the single instruction, and repeatedly issuing
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2 loading a first subset of a sequence of instructions 3 into | oop hardware
during a first pass through a loop; 4 issuing the first subset from |l oop

har dwarwodirareg a 5 subsequent pass through the | oop; anp@fydogli&iseVvi ng a
second subset of the sequence of 7 instructions froma nenory device

substantially 8 sinultaneously as the first subset is being issued during 9
t he subsequent pass through the loop. 1 2, The nethod of claim1l1, the

met hod fohetthdnstempriisinngu? iofs hiardwhe deepndndtibsetinafitiechthexfiir st
subset has been 3 issued. 1 3. The method of claim1, the nethod further

conpri sickedi? ioss bifng Heh@ ifigist isuksatticambbe kaopekardware during 3
every subsequent pass through the |oop; and 4 retrieving the second subset

of the sequemcg;ghis &%%k&%e&&%ﬁs1%59”h596b€?a@3§8@§&iﬁﬁdsghéﬁantia"y 6

simul taneously as the first subset is being iss uring every

subsequent s thro t.he loop.. -.42 .. 123 45123451.2.345¢67
50" 10 WO oRTs s L YpEH N &G MReier i Berighnarnad BiteRR: fr TBekErel n
retrieving a,second subset of the _sequence_of instruction froma nmenory
devi ce &G%ErP§é§rP€FFF@vFﬁﬁlét§écéﬁé diB8et16f the -sediteRCEiBEONNst ruct i ons
froma cache. 5. The nethod of claim~, wherein retrieving a second subset
of the IeH@ENCeeyf ciegsmaycmiodn ber esrasrefoapddeveey thdnpr bpeSreatri eving a
second subset of the sequence of instructions from SRAM 6. The mnethod of

cl ai m 1maghéeeistialldadi g aafvier powsubseMookoseseqeence ohei nshglieti ons into
| oop hardware during a first pass through a |oop, and issuing the first
subset fihemrueep orandwir eaduiend sausdbseguetit 1paps ihkreughibhe | oop
conprise: loading a first subset of a sequence of instructions into a set

of | oop daufifs@les G, NG1R finsttruRassnt keeeahuaikoep, magdpessubBgrbhe first
subset fromthe set of |oop buffers during a subsequent pass through the

P o Tl SRR S By YASLE Bt SRR e rssg et o
the single instruction loop has finished execution the next
instruction may already be in the instruction fetch unit
50, resulting in zero penalty loop exit.

In summary, zero offset hardware loops may be broken
15 into three cases. In the first case, a zero offset single
instruction loop may be immediately issued out of decode
via a loop instruction register. In the second case, a
zero offset n-instruction loop may be immediately detected
and loaded completely into an n-deep set of loop buffers.
20 And in the third case, a zero offset loop may be
immediately detected and the first n-instructions of that

loop loaded into an n-deep set of loop buffers. The next

instruction may then be associated with a VTop register.
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WD 02/ 37271 PCT/ USQL/.~S3S7 3 device substantially sinultaneously as the
first subset is 4 being issued during a subsequent pass through the |oop 5

conpri seex 028748t ri eving the next instruction in the seqyRe&Pfisss7
instructions immediately following the first subset from8 the nenory

device substantially sinultaneously as the first 9 subset is being issued
during a subsequent pass through the to loop . 1 8. The nethod of claim1,

wherein the nat bad eppprisest? fbBpbshhpawhetr hevabsekibha geeand, subset
before 3 instructions in the first subset have been issued. 1 9. The net hod

of ¢l ai fiafy pherghiaLatLheyhng pipgtond 2 s4bsehaGoder hagn KELLl eving a

nunber i nstructions Instruction in the nu €I'ng a next
i nstruction in 4 theﬁﬁe uenc |nstrﬁg%|ons |nned|atgly follomnng the 5

first sabYef-2gerys QPgFmencéﬁﬁr A§ 5218 2oREFSP unit conprising: 3

an instructign fetch n|t and - 44 WD 02/ 37271 PCT/USO /-~i 357 4 | oop
har dwar e couSPeHnFomPHE PﬁsPPﬁEFF&Hn5 f8PBh1BRAFFUCEAARE B8¥0BE8r coupled to

the instruction fetch unit and 7 the | oop hardware, 8 wherein the control
unbt i sskeagtednt d00p haadvwarei 8ehsbast the LASEFUEELONS RAEO the | oop to
hardware during a first pass through a | oop; 11 ~ issue the first subset
from t helliigopdhawdear éndaruegianl RosudseguenThpasmayhbeugbrehe | oop; and 13
retrieve a second subset of the sequence of 14 instructions fromthe nenory

devi ce gdRshadleallsy thansamibhangousky ragttbasf tbstnsubsieksks bei ng i ssued
during 16 the subsequent pass through the loop. 1 11. The apparatus as in

Clal"11%puw@%&9ln bh%elaqa dchardwane 1 6arRhnEeesnaboliRaakyORE 38bp0f buffers
coupled in 3 parallel. g The apparatus as in cl a|n11¥ mhereln t he set

of 2 bu% %ﬁ%a% ey h%oglggkk%5§ of g%structlons may be necessary

10 when they are subsequently issued from the loop hardware.
To align instructions to an instruction boundary, a

set of instructions may be loaded in an order of execution
into the loop hardware and the address of the next
instruction may be stored in an address register. 1In

15 addition, a second set of instructions may be lecoaded in
order of execution into a memory device. Loading
instructions in an order of execution into loop hardware
may comprise loading n sequential instructions into n
buffers, where n is a positive integer. Moreover, the n

20 sequential instructions may be any sequential instructions
including the first n instructions of a loop or the last n

instructions of a loop.
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WO 02/37271 PCT10S011. h3S7 1 13. The apparatus as in claim 12, the
apparatus further 2 conprising a nenory device, wherein the instruction
fetch 3wani2t372a coupled to the nenory device. 1 14. The piapdoflshzsas in
claim 13, wherein the nenory 2 device is a cache. 1 15. The apparatus as in
claim 10, wherein the control unit 2 is further adapted to issue the second
subset after the 3 first subset has been issued. 1 16. The apparatus asin
cl ai m 10, whergi Bthbe eRPbaheht 2aéSshowhhen adept egzio-33spuesthe first
subset fromthe | oop hardware during4 every subsequent passthrough thel oop;

and5 repiiBye. B@ehﬁﬁﬁgﬂgeslﬂgiéﬁtu9i£g%§§qﬂgn§1§p9&§eﬁg§&[ ucgions from

t hemenory devi ce substantially7 sinultaneously as t Irst subsetis being

i ssued 1 ng8 _ev b u ssth e .. 1.17. A system
conpr i s P18 o8 &R\ P e rae, T PRCSE ShRb =L AT B8R et pd ndyHE U
02/ 37271 PCT/US%& /-28357 4a ggocessor couEIed t ot he nenDrX devi ce, wherein
t he5pr of88RGF PR FRdE8Car BBRET bt VEnT FPAHaBE eB7E0°F BPBRCE $F rst subset of a
seguence of instructions into,, 7the |oop hardware during afirst pass

t hPoughharfvspesi-oeneunhesti r sk ShbsepRbAtt ha £oepnAahrandvareuring
a9subsequent pass through thel oop; andtoretrieve a second subset of the
sequencéoop linmst mayt bensobided wiarchbeydatpue sbst nrsal hyidsanal t aneously
as the firstsubset is being issued duringl3the subsequent pass throughthe

| oop. 1138p whetsyskgmias thigl@aam proviter ppRetheacongsoinsdféri s 2
further adapted to issue the second subset after the first 3 subset has
been isgyed. mémd%y HBGi18¥SEENHAE FDr&haip 4, 1¥hEr ehd tbgoggntrol unit is 2
further adapted to: 3 issue the first subset fromthe | oop hardware during
4 everyh§gg§gggeﬂgoga§§ighrough the loop; and 5 retrieve the second subset
of the sequence of instructions fromthe nenory device substantially 7

si.nul t aneous as_the first_subset.is being issued, during. 8 every
sdfsequent pibs SPRFoGERCCRe?) BoRLohitY SRER0aF 3 571 Pt P edTi SN pas7 1 20.
The systemas in claim17, wherein the Ioog hardware 2 |ncludes at | east
one set “8f SBHFAERseEt8e. LPRRSs{F eRPARCI AR alAPBB) - whBfet A'Ehe set of
buffers 2 are loop buffers. 1 22. A nmethod conprising: 2 loading a first
subset BRravaEguere® ORltnBeyubPLEnSNS Pﬁt@OéeséPSBFuEE¥PEFstHEging a first
pass through a |l oop; 4 issuing the first subset fromthe set of buffers 5
during arsubséguent ipagss vhreughatrfiwakgopeop unit. Moreover, the

inner hardware loop unit may be loaded by sending the
15 aligned instructions from the outer hardware loop unit to
the input of the inner hardware loop unit.

In still other embodiments, an independent plurality
of hardware loop units may be implemented. However, if two
or more independent hardware loop units are used in the

20 same DSP system, a restriction may be used. For instance,
when both loops have the same bottom instruction, one of

the loops may be defined as the outer loop. Without this
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6 retrieving a second subset of the sequence of 7 instructions froma
menory device substantially a sinmultaneously as the first subset is being

i ssued dwoiop@7#19 subsequent pass through the |oop; and }@rjiggHidig t he
second subset after the first subset has 11 been issued during a subsequent

pass through the loop. 1 23. The nethod of claim 22, wherein retrieving a
second 2 subset of the sequence of instruction froma nenory device 3

conpri sesdetfHedMa e SeCand S ubsalt ofnddig =8auUens & ft dh instdeet i ons from
a cache. - 48 WO 02/ 37271 PCT/ US01/-tS3S7 1 24. The nethod of claim 22,

wherein J.6f ri&ving. hﬁbis&go&ge Supset.of i he sequence of instructions from

the nmenory 3 device substantially sinmultaneously as the first subset is 4
bei ng i ssued rin subsequen ass .t.hrough t.he | oop 5 conprises: 6

ot Levi ng.t RSO R o (9P i Bt aded e PR r uct one

i mredi ate%%/ followng the first subset from@8 the nmenory device

subst antTH39PRG T Fa i 3r st RS £ i MdyeT RAMRTS LB F4Ssued during a
subsequent pass through the to loop. 1 25. The nethod of claim 22, wherein

t hed met Mstelelamr e £TOT i pRSGIE tRE may ke gompanash tweddml Ruldset before 3
instructions in the first subset have been issued. 1 26. The nethod of
cl ai m 23 caderei fior etacteVvioy matsdrondiikestibsat aofBaotses=gistirdreviayy a
nunber of instructions, a 3 first instruction in the nunber being a next

i nstructpOncomparddecsesuenee ©f dasdurctiansddmesiai@l ndtdd owi ng the 5
first subset. 1 27. A nethod conprising: - 49 WO 02/ 37271 PCT/ USQOL/ ~s3S7

1 1 oadi nghgeddF Sty DL MGE QNS Hp ASEQUENCE A | Nalf UGH QISLAPES,
| oophardware during afirst pass through3 a | oop, wherein n is apositive

i nt eger; [ ' I fi [ [ t he | oop
har dwar e@% g@#gé}%aet%n%t(ﬁ?dé lgﬂ'esélqg#mr}gei,rﬁe{%&lﬂe{ﬁ%%%rﬁzg&{:%ri sing 2

| oadi ng .an_address of an (n+1)th instruction i.nt n,3 .nstruction address
redf st erﬂb‘%ﬁ?ﬂ%’f‘% het PRy kb%s%é‘ﬁﬂ%%%% tHe 41080%.&1 SR LR & Hetthod of
claim 28, the nethod further conprjising 2 issuing the first n instructions
from t he2dopPhdnaiv@l S P RUF FRE £ é'merb%g“at Wigh 1P 1icbp. 1 30.
The method of claim?29, the nmethod further conprising 2 issuing

i nstructdbpzsbiedm the ¢loops g diwpetdure iy ergarator to disable

the comparator when the hardware loop is disabled, power
may be conserved.

15 FIG. 24 is an exemplary embodiment showing power
saving circuitry. ETop register 400 and EBot register 402
respectively provide one of a number of inputs to
multiplexers 404 and 406. The output of multiplexers 404
and 406 may be inputs to comparators 408 and 410. The

20 other input to comparators 408 and 410 may come from the
output of multiplexer 412. The inputs of multiplexer 412
may come from the program counter 414 and a loop disable

signal 416 from a control unit. Multiplexers 404, 406 and
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3 subsequent pass through the loop. 1 31. The nethod of claim 29, the

nmet hod further conprising 2 retrieving an (n+l)th instruction substantially
3 simul aneeissty as issuing the first n instructions durgig %"ﬂg ybsequent
pass through the loop. - 50 wo nz/3n71 PCT/USOL/ ~S3S7 1 % . The net hod
of claim 28, the method further conprising ~ 2 aligning a next (m
instructions in a nmenory device, 3 wherein mis a positive integer. 1 33.

The ”EtQQQORa§I%E”b§%aan9 gRERodnbyr LRAgh RAFRLLSENYsdpEehkbevi ngan (n+1)th

i nstructionsubstantially3 sinultaneouslyas issuing the first ninstructions;

f
9 issui t n+1)th instructi on;an retrieyi ngan. (R+2)r
instrucgggﬁggggfaﬁéﬁapk§§h§i%%Iﬁg%géggﬁggé ﬁgéu%%gaﬁﬁgegﬁgg)éﬁpﬁstruction.
1 34. The method of claim33, the t hod fyrther _conprising: 2 issuing the
(122) ~h CPRS CRIGRTORE A LPLEEPTEVING BRY( 405yt NS, FAZt FOT Z8bat ant Lal Iy
simul taneously as issuing the (n+2)th instruction. 1 35. The nethod of

cl ai m 2FhathaometiéEhinet RECUESTHRI SPRgazaketsadf8ssirndLly HBrdr Fheevi ce
while issuing at | east one 3 instruction fromthe | oop hardware. 1 36. An
appar at be reovmmel dioegps a%¢ diswp®ed2137271 PCT/ USOL/-15357 1 a control unit
adapted to load a first n instructions 2 of a sequence of instructions into
| oop har dwar @ ndwhieng@mdodifehst, paes skhkeolgbpadieeplewséneaian Hlies a positive
integer, . 4 the control unit conprising: 5 an instruction fetch unit; and

6 1 oop hardwar egenneched ttiplthefetonl  uniol; aaad4722 deeedeergornected to
the control unit. 1 37. The apparatus as in claim36, the apparatus further

25COMPr L8l AG 3 MY ARVh(enGanaecked LOLhReLbRSLEURLART oI dkebch unit, 1

38. The apparatus as in i wherein the nmenory 2 device is a cache. 1

39. The parat us_as .in cl.aim.36, .t he,appar furth onprising an
instrucﬁﬁ n "address F@SigﬁgPFlWheFéi%hﬁﬁe %%%%frgﬁeuﬁpF%Pg g%épted to | oad
an address of an (ntl)tn 4 instryction into the instructiqn_address
r édi st ePUddritHG 6% He % MRt ﬁagﬁ%ifﬁrr&&&h% |t§8|5. of %‘E‘Etl%xﬁ‘é/ssnn
PCT/ L1SI | 1/ - 4S357

404 and 406 when a loop disable signal is sent to the

circuit.
FIG. 24 also illustrates an exemplary circuit for
incrementing an ECnt register 418. On each pass of the
15 loop, multiplexer 420 may decrement the ECnt register.
However, if adjustment is necessary, the adjustments signal
(e.g. the clobber count 422) may adjust the ECnt
accordingly. Once the loop has finished its last
iteration, comparator 424 may send a signal 425 so
20 indicating.
FIG. 24 also illustrates how bottom matches and top
matches may be detected. When comparator 410 detects that

the program counter 412 and ETop register have the same
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1 40. The apparatus as in claim39, wherein the control unit 2 is adapted
to issue the first n instructions fromthe | oop 3 hardmare during a
subsequend oP#e% t hrough the loop. 1 41. The apparatus asp %hﬂ
wherein the control unit 2 is adapted to issue |nstruct|ons rontthe | oop
hardware 3 during every subsequent pass through the |Ioop. 2 42. The
apparatus as in claim40, wherein the control unit 2 is adapted to retrieve

an (n+1)ih dd)star ucdd %tscqbsstlaﬁtalalzﬂz)e %y el taRgoUshy RS do%@la'r%&ofrhe first
n instructions during a 4 subsequent pass through the Ioop 1 43. The

t
appar at Up @ dis A QiR 37 tﬁé”ﬁljbf#ﬁ nst{saptgﬁi LtCtIJe%g’ ?t%ssezfs an

regi ster, wherein the control
(n+|)t" i_nstruction |nto thel trucéi?t(%n addres Lf(cait ster during the first

pass 5 tHrSudh S Koo aifr & iR o hakR P i | IRy ©F 5688 nenory

device, wherein mis a positive integer. 1 44. The apparatus as in claim
43, wherein tH&addntr dl@mi44 2lise dd at@s a Vigp reggpterusB37271 PCT/ U
SU1 /@357 3 retrieve an (n+l)th instruction substantially 4

si nul t adewdsimendsed siguign@iel e st A idestomidtgdondie®iings & ophaayn+1) t h
instruction; and 6 retrieve an (n+2)th instruction substantially 7

si mul tarh@ouasi yadardsssurangi dtheer (o Dity ithst radcidess off 45.nekte appar atus as
in claim44, wherein the control unit 2 is adapted to: s issue the (n+2)t~'
i nst r uctindtriwd ch r&dYi@vienre (Pruddll oyt ueid uciikeisanidaalddy 5

simul taneously as issuing the (n+2)th instruction. 1 46. The apparatus as
in clai M3t 1y appahaus adaptahdg 2 not access the nenory device while
instructions are being 3 issued fromthe |oop hardware. 1 47. The appar at us

as in claim 3/63 Vgl? eén‘lbé em%rpé)ip Oifgrﬁ’%h%rveeﬂﬁ% uqleds, bé ast one set of

buffers couple para e a paratus as in claim47, wherein

the set of 2 are Io buffers 2/ 37 1 PCT/ USOl/4S3S7 1
49'° A sf(s)et lg)oert{)rls E}’t?éiﬂ O\:?H JSF AN e and 4

a processor coupled to the nenDry deV|ce mherel the 5 processor includes
a Contr(ﬂaqﬁnqe%ﬁkﬂﬁ%ﬁF%Q?d for implementation w1th1n a processor. :

The processor may be implemented in a variety of systems
including general purpose computing systems, digital
processing systems, laptop computers, personal digital

15 assistants (PDA’s) and cellular phones. In this context,
the hardware loops discussed above may be readily used to
increase processing speed without significantly increasing
power consumption. In such a system, the processor may be
coupled to a memory device, such as a FLASH memory device

20 or a static random access memory (SRAM) that stores an
operating system and other software applications. These
and other embodiments are within the scope of the following

claims.

_41_



6 load a first n instructions of a sequence of 7 instructions into the |oop

hardware during a first pass s through a | oop, wherein nis a positive

i nt egenyo d2/9B71 The systemas in claim49, wherein the | pepulayduer e 2

i ncludes at | east one set of buffers coupled in parallel. 1 51. The system

of claim49, the systemfurther conprising 2 an instruction address

regi ster, wherein the control unit 3 is adapted to | oad an address of an

(n+1) t WHastrduliaamddtis 4 the instructi on address register during the

first pass 5 through the Ioop 1 52. The system of claim51, wherein the
controly unity is2 ad O dssue the first n instructions fromthe |oop 3

hardware dur| ng a subse uent pass through the loop. - 55 WO 112/ 37271

P | USO1/ -t 387 53 The system of Ia|m52 C\Qevnerfel the antrol unit is 2
aptedt0|ssue & s Bt Of PS8 1 14, “ffAdwar e duri ng

every subse uen as thro h the I 1 54. s of claim52,

wher ej nt C]&ﬂﬂrh% Gﬁ“r‘ﬁ Zl%aaptétfpstto te[\fé’“%‘ ¥ i nstruction
substantlally 3 S|nultaneously as ISSUIng the first n instructions during a
4 Subsequent! §FENG HMGugh-tHe TBIRT £33 1o HPRCERTST MTding 51, wherein
the control unit is 2 adapted to align a next (m instructions in the
meior y Sidemduset pleerseithmugh alposliadpre angt eger, 1 56. The systemof claim
55, whereinthe control unit is2 adapted to:3 retrievean (n+l)rh

i nstructi onstdistiantiiral lay e <sdond tanesuslofashes stiquerddee 4 rstn i nstructi ons;
5 issue the(n+l)th instruction; and6 retrievean (n+2)th

I nat r uctd ansulsitay idldny %éﬂﬂﬁﬁﬂﬁiﬁ%ey%%kis&%lﬁtﬁ&ﬂlﬁﬁ (n+l)th instruction.
1 57. The system of claim56, wherein the control unit is 2 adapted to: -

o6 W%&%&J{J%FHSU% ARV Jdnsue d ft%l(rfy%)gghéatsﬂ Gl on; and 2
retrieve an I nstruction substantlally 3 sinul taneously "as i ssuing
the (n+ i.nstruct.iqn. emof claim51, wherein the system

9eada tt d Siﬂtseqacecnetsgo THe tr57nern%ur%/ dteV| ce i | e i ssui ng instructions from3
the Ioop hardware. 1 59. A nethod conprising: 2 loading a first n
instructions of a sequence of 3 instructions into | oop hardware during a
first pass t hrough 4 a | oop, wherein n is a positive integer;

1 . The method of claim 1, the method further comprising

2 issuing the second subset after the first subset has been

3 issued.

1 3. The method of claim 1, the method further comprising:
2 lssuing the first subset from the loop hardware during
3 every subsequent pass through the loop; and

4 retrieving the second subset of the sequence of

5 instructions from the memory device substantially

6 simultaneously as the first subset is being issued during

7 every subsequent pass through the loop.
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5 | oading an address of an (n+l1)th instruction into an 6 instruction
address register during the first pass through 7 the loop; 8 aligning a
next (Mwigwissagtions in a menory device, 9 wherein mis gpAQeLL4ie | Nt eger
10 issuing the first n instructions fromthe [oop 11 hardware dhrlng a
subsequent pass through the loop; 12 retrieving an (n+l)th instruction
using the address 13 loaded in the instruction address register

substant yal | yrid %ie%bﬁaﬂ%ok!ihimai '%ﬁ@!r@gnt B@tzhe%n hNgbEyghi ons during
a 15 subsequent pass through the oop, - 7271 PCTIUSA /-153S7

1G i ssui + tian t i ng +
|nstruct?gngg§b%?a%%galIgﬁgg%g g?nﬁ g%&%éé?@ %ES%SEUF§§O%R g%bpf?th
i nstruction. 60. The .nmet.hod of claim g & nﬁ hod further conprising 2
i ssdi ng Fﬁ@PEﬁEEFtIEtr&§WF88tPoﬁ508H8 §UPEEFi 8Fi h§caf @RS8N nst ruct i on
substantially sinultaneously as issuing the (n+2)th instruction. 1 61. A
" et Hod cHAPELECHGON® EEQH Agcacheér of instructions into a first set of |oop
3 buffers; and 4 .loading at | east some of the set of instructions fromb5
thesfirst set of Ioop buffers into a second set of loop G buffers. 1 62.
The nethod of claim6l, wherein |oading a set of 2 instructions into a
firgat seb.of [rbhepnethber ®fcodpimsés @hkeadnngeédrsevionf anserootli ons from a
menory device into a 9 first set of |loop buffers. " 1 63. The nethod of
cl aizm 61 syuphereior e isesfuenck ofs idskeadedonntreomhe hemskysatvatel oop
buffers are part of a - 58 WO 02/37271 PCT/USO1 /-15357 1 first |oop
and st he bagﬁo&%tésoa%tlﬁ%%%gl @t%eEB%ds%ﬁ%@@tS%tf Znef skeapnbuf bers are part
of a seco | oop. 1 64. The nethod of claim63, wherein a first instruction
of t he,secaqnd [ 0 inthe first set of |loop buffers. 1 65. The
met hod oﬁ 5%5 %H&§%%Wﬁ§fEI%%§ﬁflrst instruction of 2 the first loop is
Ioaqu in the second set of |oop buffers.

1 6. The method of claim 1, wherein loading a first subset

2 of a sequence of instructions into loop hardware during a

3 first pass through a loop, and

4 issuing the first subset from loop hardware during a

5 subsequent pass through the loop comprise:

6 loading a first subset of a sequence of instructions

7 into a set of loop buffers during a first pass through a

8 loop, and

9 issuing the first subset from the set of loop buffers
10 during a subsequent pass through the loop.

1 7. The method of claim 1, wherein retrieving the second

2 subset of the sequence of instructions from the memory
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223456789i01l1l2 & An apparatus conprising: a control. unit
conprising: an instruction fetch unit, a first set of buffers coupled in
par al | gygafsh2¢pnnected to the fetch unit, and a second pef/ Qb Ryf ers
coupled in parallel and connected to the fetch unit and the first set of
buffers; and a decoder connected to the instruction fetch unit and the
first and second sets of buffers. 67. The apparatus as in claim®66 wherein
t he contevlicanstbssaatapieg samuitdBeous) & 02W3727LsPCIOLSOELL1S3S7 1 | oad
a set of instructions into the first set of 2 buffers; and ' 3 |oad at

| east spaBngf itbeegetiuefingnst kuskbgasntrpasEhendohihhstneetogh buffers into
the second set of buffers. 1 68. The apparatus as I n claim66, further
cogpri sipg,a; d.genory device connected to the instruction fetch unit, 3
wherein thg control unit is adapted to |oad the set of 4 instructions from
the nenory in the.fir set _of . fers, 1 6 The apparatus as in claim
68? wher ei n F%grﬁ%§6P9 %hge§F§g ﬁgggr35§ﬁ8? %n7gbeTﬁ%q8 §S?a?§s as in claim
66, further conErisi038§ 2 third Sfﬁ of buf%er .coupled in garallel and
codnect eB5EEUSELABSt dPRRIGALEL Yt AR PFEPIsERCof 1BEFf BRESCENETPRe second 9
set of buffers. 1 71. The apparatus_as in claim70, further conprising a 2
folrth &g @ﬁmBEYfé?§l§§uﬁpgétﬁﬁtﬁaiéylé%mahHaEQﬁHééYeéstéhs thestet ch

unit, the first set of buffers, the second set of 4 buffers, and the third
se® of bubbetsis-beOng iweued| 8u2yng a subsequent pass through the

10 loop.

1 8. The method of claim 1, wherein the method comprises
2 finishing retrieval of the second subset before

3 instructions in the first subset have been issued.

1 0. The method of claim 1, wherein retrieving a second
2 subset comprises retrieving a number of instructions, a
3 first instruction in the number being a next instruction in
4 the sequence of instructions immediately following the

5 first subset.

1 10. An apparatus comprising:

2 a control unit comprising:

3 an instruction fetch unit; and
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1 72. A systemconprising: ' 2 an SRAM nenory device; 3 a first set of |oop
buffers; 4 a second set of |oop buffers; and 5 a processor coupled to the
menor y wievt/se71 PCT/ US01/ ~S3S7 1 73. A system as in clai ppfdsoiMigsei n the
processor 2 includes a control unit adapted to: 3 load a set of
instructions into the first set of 4 buffers; and 5 | oad at | east sonme of
the set of instructions fromthe 6 first set of |loop buffers into the

segond set of |oop 7 bifdgrsardwdbe dbEpsystem Qe o pdip(2ridart her
conpricsing a third set 2 of buffers. %5 The system of claim 74, further

cogpri sing a fourthe 2, sgﬁ bugfers. 1 76. A method conprising: -61 WO
02/ 37271 PCT/USA | ~s3S [oading a set of instructions in an order of

exegcution 2 into | har d torln a dress, of next
|n§truct|on fndgRe g%gr%p%pﬁaregl2€§§_l&s€5ucq%] ré&?? G A aim 76,
wherein the_ set of 2 instructions is a first set of instructions, the

met hod 8¢ utPREID %6%%@¥§1ng 4 | oading a second set of instructions in
order of 5 execution in a nmenory device. 1 78. The nethod as in claim 76,
whéer ei n | oadivhgreisetomdeonteel ofnihsis uedapbediwoorder of execution in a
menory 3 device conprises |oading a second set of instruction in 4 order of
exgcution i nlaadaghfirdt 79ubJae oft hodtasciboxs aimtdSthehkoepn | oadi ng a
set of 2 instructions in an order of execution into |oop hardware 3

coopri Sksrlivadenguaiseta of it ot paski ohsough of deso®f ( execution into a set
of buffers. - 62

11 issue the first subset from the loop hardware during a
12 subsequent pass through the loop; and

13 retrieve a second subset of the sequence of

14 instructions from the memory device substantially

15 simultaneously as the first subset is being issued during
16 the subsequent pass through the loop.

1 11. The apparatus as in claim 10, wherein the loop

2 hardware comprises at least one set of buffers coupled in
3 parallel.

1 12. The apparatus as in claim 11, wherein the set of

2 buffers are loop buffers.
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WO 02/ 37271 PCT/ USOL/-tS3S7 1 80. The nethod as in claim79, wherein the
set of buffers 2 conprises n buffers coupled in parallel, n being a
positivwo ox@7ent eger, and 4 wherein |oading a set of ingdygidiQRs,in an
order of 5 execution into |oop hardware conprises |oading n sequential G
instructions into the n buffers. 1 81. The nethod of claim 76, wherein

| oading n sequential 2 instructions into the n buffers conprises |oading a
first ni3.i nsheusppanatat asl oepclaie 1he shbusppssatds 82urJher net hod of
claim 82, wherein |oading n sequential 2 instructions into the n buffers

COEDVIS@§mb9§QhH? a haﬁbrg detDSE! UGKEPBSNOEhE | R9PriBE Do NEccRuUffers. 1
83. The nethod of claim7 furt her . conprising issuing the 2 set of

'n§trucﬁh9951Er88hE28dl@8ptﬁ ﬂ@ﬁéfy %eglceAn apparatus conprising: 2 a
control unrt adapt . a set”of Instructions 3 in order of execution
into | oop hardware and store an 4 address of a next instruction in an
address register, the 5 control unit conprising: - 63 WO | 12/37271
PCT/t1S011. 15357 1 an instruction fetch unit, 2 an address register
cohnect 8-t oTRRe2PBREATES ARt 1N aRY2AM bdp KAPBRAPELRBNR®RPEY to the fetch
unit; 5 and 6 a decoder connected to the instruction fetch unit and 7 the

| o8p hafleviare. 13 85caTheé-apparatus as in claim84, further conprising a 2
menory devi ce connected to the control unit, 3 wherein the set of
instructions is a first set of instructions, and the control unit is
adapted to load a 5 second set of instructions in order of execution into
the 5 neporyTHevepparit86. athenappaiat us, ashepethatie8bonwhel eunithe [ oop 2
har dwar e i ncludes a set of buffers. 1 87. The apparatus as in claim 86,

whgre'nlgh@u§%he9faaa wkhers 99§9&I§ﬁ§ Qe@HBBeéﬁbSQHpéﬁgek”tH@ra'|e| n

being a 3 positive integer, and - 64 WO 02/
3 first subset has been issued.
1 16. The apparatus as in claim 10, wherein the control unit
2 is further adapted to:
3 issue the first subset from the loop hardware during
4 every subsequent pass through the loop; and
5 retrieve the second subset of the sequence of
6 instructions from the memory device substantially
7 simultaneously as the first subset is being issued during
8 every subsequent pass through the loop.
1 17. A system comprising:
2 an SRAM memory device;
3 loop hardware; and
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PCT/ USOL/ - ~S3S7 1 wherein | oading a set of instructions in an order of 2
execution into | oop hardware conprises | oading n sequential 3 instructions
into thewooaffers. 1 88. A systemconprising: 2 an SRAMpggiRoy43eyi ce; 3
| oop hardware, 4 an address register; and 5 a processor coupled to the
menory devi ce, wherein the 6 processor includes a control unit adapted to:
| oad a set of instructions in order of execution in 8 the |oop hardware;
and 9 store amr addressof cpupddd iHIs tHhec tredid riyn diclve cagd e el g ster. 1
89. The systemas in claim88, wherein the | oop hardware 2 includes at

| easl Ongraflesior AR IMHSLIS coht31 ThE t5¥efa@eds tgl claim 89, wherein the
set of butters 2 conprises n buffers coupled in parallel, n being a

posigive 3 int , VhgI £l GRS, loURid s 34RRY tq.hoad n 5
sequetenti al i nsltecgﬁlcr:tal (ﬁl%sidtnt 0 tsﬁéeﬂqn&ﬂgﬁaf fer s.e(?‘-ceG?ft 111\%\0 02/ é%%?slqnt%
PCTI.USO01/.5S3s7. 1 91.  An t C I.Sinag; trol, uni.t conprising:
3 Io7op hécrhc?WZLronpl %calrlﬁang gcﬁiﬁaiengta ?r%sécepa%fs ih%l? et & éLr?c?pét | east one
single instruction 5 register; and 6 decoder, coupled, to the |00

har dvar e, 1 92°SHfe Wifparattls HDRSF EIGE, 18 G W AR Gnit 2 i
adapted to load the single instruction register with the 3 contents of at

| east onesURFFBIEN RS SQrBIhdterl9ory ¢8d The apparatus as in claim91,
further conprising a 2 first multiplexes connected to the | oop hardware,
wher®i n 3 t he mwuntircote unigedendadaptsat taf |tdad selgpiegigrylaf | nstructi on | oop
register via the output of the first nmultiplexes. 1 94. The apparatus as in
cl aiim 91,idfatrddvari conids g meendd Ay rdstvirad tduyblseoees icdrinect ed to the | oop
hardware and a 3 second nultipl exes contained within the | oop hardware, 4
wherei n tdgnd RO 1 ¢ hes sacond vBY tduRXes < rfg A dRe] 2usaingof

buffers. - 66 WO 021 37271

13 the subsequent pass through the loop.

1 18. The system as in claim 17, wherein the control unit is
2 further adapted to issue the second subset after the first

3 subset has been issued.

1 19. The system as in claim 17, wherein the control unit is
2 further adapted to:

3 issue the first subset from the locop hardware during

4 every subsequent pass through the loop; and

5 retrieve the second subset of the sequence of

6 instructions from the memory device substantially

7 simultaneously as the first subset is being issued during

8 every subsequent pass through the loop.
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PCT/ USO01/ ~s3S7 1 95. The apparatus as in claim95, further conprising a 2
third nmultiplexes contained within the |loop hardware, ' 3 wherein the

i nput s wh ebBe7i hird nultipl exes come fromthe ~ outputs ppiplshpsfks st and
second mul tiplexers, and the 5 output of the third nultiplexes is connected
to the single 6 instruction register. - 67
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"1§9109§E$}ceL§£b9%§££lékf§1g%§%£%énégu%9y as the first subset is

4 being issued during a subsequent pass through the loop

5 comprises:

6 retrieving the next instruction in the sequence of

7 instructions immediately following the first subset from

8 the memory device substantially simultaneously as the first

9 subset is being issued during a subsequent pass through the
10 loop.

1 25. The method of claim 22, wherein the method comprises

2 finishing retrieval of the second subset before

3 instructions in the first subset have been issued.

1 26. The method of claim 22, wherein retrieving a second

2 subset comprises retrieving a number of instructions, a

3 first instruction in the number being a next instruction in

4 the sequence of instructions immediately following the

5 first subset.

1 27. A method comprising:
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1 28. The method of claim 27, the method further comprising
2 loading an address of an (n+1)®™ instruction into an

3 instruction address register during the first pass through
4 the loop.

1 29. The method of claim 28, the method further comprising
2 issuing the first n instructions from the loop hardware

3 during a subsequent pass through the loop.

1 30. The method of claim 29, the method further comprising
2 issuing instructions from the loop hardware during every

3 subsequent pass through the loop.

1 31. The method of claim 29, the method further comprising
2 retrieving an (n+1)™ instruction substantially

3 simultaneously as issuing the first n instructions during a
4 subsequent pass through the loop.
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2 retrieving an (n+1)®™ instruction substantially

3 simultaneously as issuing the first n instructions;

4 issuing the (n+1)™ instruction; and

5 retrieving an (n+2)™ instruction substantially

6 simultaneously as issuing the (n+1)®™ instruction.

1 34. The method of claim 33, the method further comprising:
2 issuing the (n+2)™ instruction; and

3 retrieving an (n+3)™ instruction substantially

4 simultaneously as issuing the (n+2)*" instruction.

1 35. The method of claim 27, the method further comprising
2 not accessing a memory device while issuing at least one

3 instruction from the loop hardware.

1 36. An apparatus comprising:
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10%6&7(é7.>>fﬁ§?§852E@EBQY§§ in claim 36, the apparatus further

2 comprising a memory device connected to the instruction
3 fetch unit.

1 38. The apparatus as in claim 37, wherein the memory

2 device is a cache.

1 39. The apparatus as in claim 36, the apparatus further
2 comprising an instruction address register, wherein the
3 control unit is adapted to load an address of an (n+1)®"
4 instruction into the instruction address register during

5 the first pass through the loop.

-52 ~



10" 10: 10:

10: L9g10% & ()-5Y10% & ()-3110% & ()-1110% & ()-S/ "10% & () - | ?2V?2e????" @EYN
C 10" IwekoM%:() - QO%E ()-&10%VE ()- 10%VE&' () - PCT/USO1/45357

“109VE () - 10%VE () - " @X@EE®At ADEYNC 10" @ " 109v& () - f

1090/& () - MLOYME! () - 109K () - L0 () - YI0%VE! () - t AAABABZ BBAEYNC 10"

&L09VE () - $#100& ()-" 100v& ()-y 109 ()-° 109%VE& ()-Y: 109 () - BBC[ CCC
DAEYNC 40" 3ThQ%BphlattBlOYVEN( bi&&fhlgw/ewﬁér&lh'w%@bﬁirol unit

+10%v& ()- (MLO%VE' {) - DDDU DKDLDVDYDhDDoC

LY 110 % S O
TOMM: (V- DR TEER R 07 R 0 o Lot Bodh b ) F b gof aai( = o8

10% o0&’ 10%.0 1 L)L EF. FVFFFF hC. 10"
10% o0& ‘(“%‘ 359850 %&%5‘918 %S%%‘ "Lobssz: ?Frﬁu%t% 3% 1$°8109% o0& () - F! GZGGGH
>HJEbC 10" - MLO% 0& () - Y+y

10% o0& () - @ mL0% o0& () - &' 10% 0& ()-% ! 10% 0& ()-"10% 0& ()->H HHSI *1 +I, | -1:
| xmbC 10" L10%V&' ()- 10' o 10' o 10' 09f 10% 0& ()-5& 10% o0& ()-110% ;

& 1) -/ Ms1o 8&=( FPPRIAFIF(IBIAENEL210" 481 169RRE () - the control unit

Z109%Vv&' () - yGLO%VE' () - 10%V&' () - 310%VE () - & "~ 10%V&' () - bJJJIKNKKAENDC

2 is adapted to issue instructions from the loop hardware

3 during every subsequent pass through the loop.

1 42. The apparatus as in claim 40, wherein the control unit
2 is adapted to retrieve an (n+1)“‘instruction substantially
3 simultaneously as issuing the first n instructions during a
4 subsequent pass through the loop.

1 43. The apparatus as in claim 37, further comprising an

2 instruction address register, wherein the control unit is

3 adapted to load an address of an (n+1)™ instruction into

4 the instruction address register during the first pass

5 through the loop and align a next (m) instructions in the

6 memory device, wherein m is a positive integer.

1 44. The apparatus as in claim 43, wherein the control unit
2 is adapted to: ’
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4 retrieve an (n+3)™ instruction substantially

5 simultaneously as issuing the (n+2)*™ instruction.

1 46. The apparatus as in claim 37, the apparatus adapted to
2 not access the memory device while instructions are being

3 issued from the loop hardware.

1 47. 'The apparatus as in claim 36, wherein the loop

2 hardware includes at least one set of buffers coupled in

3 parallel.

1 48. The apparatus as in claim 47, wherein the set of

2 buffers are loop buffers.
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8 through a loop, wherein n is a positive integer.

1 50. The system as in claim 49, wherein the loop hardware

2 includes at least one set of buffers coupled in parallel.

1 51. The system of claim 49, the system further comprising
2 an instruction address register, wherein the control unit

3 is adapted to load an address of an (n+1)™ instruction into
4 the instruction address register during the first pass

5 through the loop.

1 52. The system of claim 51, wherein the control unit is

2 adapted to issue the first n instructions from the loop

3 hardware during a subsequent pass through the loop.
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1 55. The system of claim 51, wherein the control unit is
2 adapted to align a next (m) instructions in the memory

3 device, wherein m is a positive integer.

1 56. The system of claim 55, wherein the control unit is
2 adapted to:

3 retrieve an (n+1)™ instruction substantially

4 simultaneously as issuing the first n instructions;

5 issue the (n+1)*® instruction; and

6 retrieve an (n+2)™ instruction substantially

7 simultaneously as issuing the (n+1)th instruction.

1 57. The system of claim 56, wherein the control unit is
2 adapted to:

-56 -



10 1099! & 109%VE () - 109%VE' ()- S109%VE' () - 10%VE () - 109%v&' ()- MLOYVE () - Z>zdEHC
10 1099! $@109%VE ()-" YL0%WE' () -

10%VE ()wdeIdR() -1 910%v& () - @ 10%W& () -z(ddEHC 10 PCT/US01/45357

1099! 110%V&’ () -f/y109%v&' ()-L-' 1 109%v& () - 3+ 109%VE () -

109VE () -' 109V& ()--4567S2b@ 10 1099! L3&10% ] & ()-9! 10%& ()- 10M 10M
10Ms9g109%VE’ () - 510908 () - 3MLO%VE' ()-2J)}[ 9b@ 10 10! H

| MBRO%& () - 9! QlsMBEOME & ) (19%) 1 0% t{ud 3 dnk0%ad ) - 910%& () -! C

L38&10%I0u08 ()-Hm) uj @ 10 10! H& 109%& ()- 10 10 10s9gl0%& ()-!>

103 ?3“‘32‘2&@&2 Y foval (§3>L‘2‘1/ e 1T b ] e @ 10 101 Ho
1ore (GRS Qo s Onal b i s ey Tt @0 o

10F 9f 10%&' ()-s3g 10%& ()-Y1lg 10%&' ()- @' 10%& ()- & 109& ()-*109%& ()-LxY:/

109" 10% & ()-y 10% & ()-& F10% & ()-3MO% & ()-! 10% & ()-L10% & () -

102ndE: /
1 58. The system of claim 51, wherein the system is adapted

2 to access the memory device while issuing instructions from
3 the loop hardware.

1 59. A method comprising:

2 loading a first n instructions of a sequence of

3 instructions into loop hardware during a first pass through
4 a loop, wherein n is a positive integer;

5 loading an address of an (n+1)™ instruction into an

6 instruction address register during the first pass through
7 the loop;

8 aligning a next (m) instructions in a memory device,

9 wherein m is a positive integer

10 issuing the first n instructions from the loop

11 hardware during a subsequent pass through the loop;

12 retrieving an (n+1)®™ instruction using the address

13 loaded in the instruction address register substantially

14 simultaneously as issuing the first n instructions during a
15 subsequent pass through the loop;

=57 -~



109&'10% & ()-10% & ()-y 10% & ()- 10% & ()-%40% & ()-yl0% & ()-nRJE:/ 109
YI0% & ()- 10% & ()- 10% & ()-S& 10% & ()-9110% & ()- 10% & ()- 7SdE: /
109F+91W0 &/327V 10% & ()-,)10% & ()-' 10% & ()-$YL10% & ()PCT/GQM04&3%7) - / f AYNC
10 10: 10:

10:s9f10% & ()-310% & ()-1"10% & ()-y/10% & ()- -10% & ()- 1l dBYNC 10!
&10%D& () -y 10%& ()- !'10%& ()-310%& ()-& s109& ()-L10%& ()-T\dEYNC

1006 $109R ()P0 (Dhed TOVARY t(‘) AYE@¥Rct)io8g 209R ()-L 109%& ()-:t"dEYNC
100" 1109 ()-9% 109 ()-"109%& ()- 109& ()-10%& ()-110%& ()-"8n"dEYNC 10! 3
1008 () - 1S10%8e 1) tepfithlD %R (In+2 )R 0YRs € yubtHlOVRs (s dRRa()y" () *+91} bC

100 & 109%&' ()-109% ()- L109& ()-f&L0%& ()- 10 10 10s9f 109%& () -' ddEbC

10§ D10%E {rhr? R (9 T ! D %S ) £8P HABYE! {) 1) 2 ML QUR' (v 1 3QY& () - HY XdEDC 10! "
10% ()-f 109 ()-LI0O% ()-3109% ()-y!10%& ()-10%& ()- X8f dELC

10!,/ @10%& ()-- 109& ()-*109& ()-(10%& ()-&10%& () - $#109& () - LSTUVbxnbC
10! L10%& ()- 10 10 10s99f 109&' ()-y5mlO0%& ()- 3 10%&' ()-F110%& () - bt D dEnbC

Tovk e ()L oL T e Y & Y1 s TS E b s comprising

101.910%& ()-&Ss! 109%& () L&1OYe& ()-L: 1092& () 191 10%& ()-9: ! 10%& () -

DAETLC issuing the  (n+ uction; an

3 retrieving an (n+3)®™ instruction substantially

4 simultaneously as issuing the (n+2)*™ instruction.

1 61. A method comprising:

2 loading a set of instructions into a first set of loop
3 buffers; and

4 loading at least some of the set of instructions from
5 the first set of loop buffers into a second set of loop

6 buffers.

1 62. The method of claim 61, wherein loading a set of

2 instructions into a first set of loop buffers comprises

3 loading a set of instructions from a memory device into a
4 first set of loop buffers.

1 63. The method of claim 61, wherein the instructions

2 loaded into the first set of loop buffers are part of a
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the first loop is loaded in the second set of loop buffers.

1 66. An apparatus comprising:

2 a control unit comprising:

3 an instruction fetch unit,

4 a first set of buffers coupled in parallel

5 and connected to the fetch unit, and

6 a second set of buffers coupled in parallel

7 and connected to the fetch unit and the first set

8 of buffers; and

9 a decoder connected to the instruction fetch unit and
10 the first and second sets of buffers.

1 67. The apparatus as in claim 66 wherein the control unit

2 is adapted to:
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1 68. The apparatus as in claim 66, further comprising a

2 memory device connected to the instruction fetch unit,

3 wherein the control unit is adapted to load the set of

4 instructions from the memory into the first set of buffers.
1

1 69. The apparatus as in claim 68, wherein the memory

2 device is a cache,

1 70. The apparatus as in claim 66, further comprising a

2 third set of buffers coupled in parallel and connected to

3 the fetch unit, the first set of buffers, and the second

4 set of buffers.

1 71. The apparatus as in claim 70, further comprising a

2 fourth set of buffers coupled in parallel and connected to
3 the fetch unit, the first set of buffers, the second set of
4 buffers, and the third set of buffers.
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3 a first set of loop buffers;

4 a second set of loop buffers; and

5 a processor coupled to the memory device.

1 73. A system as in claim 72, wherein the processor

2 includes a control unit adapted to:

3 locad a set of instructions into the first set of

4 buffers; and

5 load at least some of the set of instructions from the
6 first set of loop buffers into the second set of loop

7 buffers.

1 74. The system of claim 72, further comprising a third set
2 of buffers.

1 75. The system of claim 74, further comprising a fourth

2 set of buffers.

1 76. A method comprising:
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1 77. The method as in claim 76, wherein the set of

2 instructions i1s a first set of instructions, the method
3 further comprising:

4 loading a second set of instructions in oxrder of

5 execution in a memory device.

1 78. The method as in claim 76, wherein loading a second
2 set of instructions in order of execution in a memory

3 device comprises loading a second set of instruction in
4 order of execution in a cache.

1 79. The method as in claim 76, wherein loading a set of
2 instructions in an order of execution into loop hardware
3 comprises loading a set of instructions in order of

4 execution into a set of buffers.
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3 in order of execution into loop hardware and store an
4 address of a next instruction in an address register, the

5 control unit comprising:
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6 a decoder connected to the instruction fetch unit and

7 the loop hardware.

1 85. The apparatus as in claim 84, further comprising a

2 memory device connected to the control unit,

3 wherein the set of instructions is a first set of

4 instructions, and the control unit is adapted to load a

5 second set of instructions in order of execution into the
6 memory device.

1 86. The apparatus as in claim 85, wherein the loop

2 hardware includes a set of buffers.

1 87. The apparatus as in claim 86, wherein the set of

2 buffers comprises n buffers coupled in parallel, n being a
3 positive integer, and
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2 comprises n buffers coupled in parallel, n being a positive
3 integer, and
4 wherein the control unit is adapted to load n

5 sequential instructions into the n buffers.
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1 91. An apparatus comprising:

2 a control unit comprising:

3 loop hardware including at least one set of
4 buffers and at least one single instruction

5 register; and

6 a decoder coupled to the loop hardware.

1 92. The apparatus as in claim 91, wherein the control unit
2 is adapted to load the single instruction register with the
3 contents of at least one buffer in the set of buffers.

1 93. The apparatus as in claim 91, further comprising a

[y

first multiplexer connected to the loop hardware, wherein

3 the control unit is adapted to load the single instruction
4 loop register via the output of the first multiplexer.

1 94. The apparatus as in claim 91, further comprising a

2 first multiplexer connected to the loop hardware and a

3 second multiplexer contained within the loop hardware,

4 wherein the inputs of the second multiplexer come from the
5 set of buffers.
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85. The apparatus as in claim 95, further comprising a
third multiplexer contained within the loop hardware,
wherein the inputs of the third multiplexer come from the
outputs of the first and second multiplexers, and the
output of the third multiplexer is connected to the single

instruction register.
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