; €3e<223D67r <6<T<$W O 02/ 372711 PCT/ USO01/ 46063 HARDWARE LOOPS BACKGROUND
This invention relates to hardware | oops inplenmented 5 in a programmbl e
processor. Wiom2gggiogni ng a progranmabl e processor, such as 3o Bbossi 9N
processing (DSP) system two conpeting design goals are processing speed
and power consunption. Conventional processors include a variety of
hardware to designed to increase the speed at which software instructions
are executed. The additional har dB&RBYARBWeV@PS typically increases the
power consunption of the processor. One technique for increasing the speed
of a 15 progranmabl e processor is a "hardware | oop," which nmay be dedi cat ed
har dwar e desi gned to expedite the execution of software instructions within
a |l oop construct. Hardware | oops he nunmber of clock cycl es used
to execute a software | oop by caching the instructions in |ocal 20
registers, ther@h¥§sréduerrgorheeherest bof batAwahe LaelsiiepieBenbndfrom a
nmenory device or instruction cache a plurality of tines. WO 02/ 37270
PCT/ US01/ 46068 plapdwammabdbeppronessduce several chall enges. These
chal I enges i nclude avoi ding penalties such as setup ' penalties or branch
penal ties. Setupnpesaligheigasepkberbomsbdé pectessancesgasuakl ¥y an increase
in processing 5 tinme) associated with setting up a hardware | oop.

Simlarly,gbgangh Bepakti go868sihg I(@é@)péﬁa%ﬁprﬂwceoﬁggaiﬂ usual l'y an
increase in processing tine) associated with a branch. 10 DESCRI PTI ON OF

DRAWNGS FiGs; ini §0818! 92k giageamhb! Usteat LRE BHwEX20BhEuRbE fon.

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

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 ne fwo éd2r ogr anmabl e processor in accordance with ﬁ@wggpggkgent of
the present invention. FIG 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 instructiBargugrbelased ibtoederqi pevesnlycheyisngesval Teese jn
accordance wth an enbodi nent of the present invention. -2 WO 02/ 37270
PCT/ USOL/ 46p6B1EhGes5insladei aroitiibyopkndl ageansiithussragtng one

enbodi nent of a hardware loop unit. FIG 6 is a flowdiagramillustrating
d node of pgesatien bRvBkuhny pehastient ofeeapl yenaltséeraréntheaccordance
with the present invention. FIG 7 is a flowdiagramillustrating a way of

updat i ng aisgstsgtB@%ko&ﬁgh%@erugagm§§ kR ageordaacenvhib-agsephodi ment of
t'he present 1 nvention. is aflowdiagramillustrating an alternative

0 vay of ngﬂgggmggssf@@aa@reghweﬁt ygeklﬁ ugh Leghshetryaiyss in accordance

with an e the present |nve Is a flow diagram

illustrati ad anta realized, by.the u e of cearly registers
in accorda%gglaffhyan gfg%efharﬁrgggn °PRVE t?%ﬁfofgaéfﬁi 10 is a
fIOM/dlagran1lllustrat|ng an eff|C|ent way of adjusting an early count

val ue in aéeaaaancéswﬁ#HYaﬁneﬁﬁea?ﬁéﬁtlefprﬁéeﬁﬁéggnﬁlmﬁbeﬁﬁﬁeﬁlatﬁé. 11 is

a block diagramillustrating counters in a circuit in accordance with an
enbodi nent watht hebprasént

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.



20 invention. FIG 12 is a flow diagramillustrating a hybrid node of
operation in accordance with an enbodi nent of the present invention. -3

WO 02/ 3727Gy0 02/37270 PCT/ US01/ 46063 FIG 13 is a bl opkyAisgHid
illustrating a hybrid circuit having counters only in the first n -
execution stages in accordance wth an enbodi nent of the present invention.
5 FIG 14 a block diagramillustrating a hardware | oop unit in accordance

with an enbodi mepic ofs the presentit WeME A adiddm ilﬁdétfaﬁﬁreagar esent

illustrating a scenario in accordance wth an enbodi ment o

i nvention. %MK&E(E&&GE&@ J;E_g?‘ ﬁ%?@@%%gﬂ%ﬁ%'dr{#@t rating a scenario in

accor dance an enbodi nmen sent 1nvention. FIG 17 is another

fhow diagramill rafing a scenarjo in accordance with an enbodi nent of
the present inver%;ljtsébné Jl% ¥ %foﬁﬁ}%g%alﬁila]g]r‘é?ﬁlfﬂ%%q ARy oot her

scenario in accordance with an enbodi nent of the present invention. FIG 19
i§ a flow dPRYFAF T LRTPRYIRG aRbudtmert tbrRafly M@strssim fl ow
diagramillustrating both scenarios 20 in accordance with an enbodi nent of
the presentaceoemnon. witig)t2d psesefit cimBrigrem i |l ustrating a node of
operation for detecting a zero offset loop in accordance a with an

enbodi ment of theIgresehs anfeowidbagrdm i11MBO2HBH2Y 0 REy USD1/ 46063 FI G
22 is a flowdiagramillustrating a node of operation for detecting and

deal ing W tfip@a®in@! SrchiPstfushl OPegLs e Of fSRlcd 00D ddcRegdmEanse th an
y enbodi nent of the present invention. 5 FIGS. 23A - 23C are bl ock di agrans

illTustrati ngnaemé@ﬁﬁetg{ gftrgﬂ\@rlgrég&pt um\;esn@i)&ppct ed to one another in

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.



accordance wth an enbodi nent of the present invention. FIG 24 is block

di agram showi ng power saving circuitry in accordance with an enbodi nent of
the presentwoéonventi on. DESCRIPTION Figure 1 is a bl ock dpafgd¢icoss
illustrating a programmabl e processor 2 arranged to support efficient 15
har dware | oops without significantly increasing power consunption. |In order
to support hardware | oops, a processor 2 nay support a | oop setup
instruction thatFlich tliZaliizes Whekharidwarae by 1setttriang nentar Y yaiad dexi t
conditions fox the loop. 20 Entry and exit conditions nmay be defined by

| oop condi tdignrsiit opvibe) tcyuranRd Ccowlly ifheHoFieerdid i-on dafdhes dhe first
instruction (or top) of a |loop. The bottom condition defines the |ast

| NStTUCT 0 defe O] ABooRiancd i8] 312 EhTRETHISRLL6R6 hlebd:00p. ANd
the count condition defines the nunber of iterations of the loop. ' Entry
of a hardware | op may occur at the first "top match.” A top match may
otcur when J“tnh"'eerb loogr}"am counter 5 (PC) is pointing to the top instruction of
a loop. Exit of a hardware |o y occur. .at the last "bottommatch." A
bot Lo mat ch eyt KUkt vihdr e PEGET G T T ehe BOrEshicn et i on of
a loop. By initializing the count at the first top match and to

decr enent i g itthel Te GO Laansse W idt temamhcinate Hatd\wars ap@itkeep track of
when it has encountered the last bottommatch. In this nmanner, the | oop
condi ti ons itropenthigirt om and count nmay define the entry and exit conditions
of a hardware | oop. 15 Processor 2 may include an execution pipeline 4 and
a control unit GIconty as wnididyvey dontstodatiney fd ewesfadinstinuct i ons

and/ or data through pipeline 4 during a clock cycle. For exanple, during

the processjidhadde WSt Uat iiboBiad0lotiide §rEert rigsteriti®onVari ous 20
conponents of the pipeline to decode the instruction and correctly perform

t he colrespondi peyat i el pdis i eXxaml i W idingdhedesults
back to nmenory. nE?IG@' e{%%% 3%%%1%]:419 * (F-:;LCT/ USOll/rggGOGS I nstructions nmay
be | oaded into a,first st age of icpel i_ne O4f atqnole Rr ocesstec&&‘pén({%%ql _subsequent

stages. A accordance with embodimen presen
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.



' stage may process concurrently with the other stages. Data may pass
between the stages in pipeline 4 during a cycle of 5 the system The
resul ts of wamoi/smto ucti on nay energe at the end of the pipeﬁ&ﬂﬁsﬁﬂkanrapid
succession. Control unit 6 may include hardware loop unit 8 that, as
described below, may facilitate fast hardware | oops wi thout significantly
i ncreasi ng power consunption of 1o processor 2. FIG 2 is a block diagram
il lustrating anregganpbke igi pelfiipe. dAapirperl ineus@rhasngukt inphe skages t hat
may facilitate execution of nultiple instructions during a single clock

cycle. In pppekihenl@oradeitRstingt AR ABY11AgeRten Lheihgstruction fetch
(I'F) stage 12 during a first clock cycle. The instruction nay then continue

down the pipeti-necqdun RG 3URFEAUENG o6L0EK G%EL@San EO%EEE_EHStrUCtiO“ L

enter the IF stage 12 after a previous Instruction has exited. Thus,
typically [ i ction enters t | F stage 12 during a subsequent
cl ock cycl§8§%§?Pﬁ§§ 8§ﬁ%%%u §888Rn %ngB?ESPrne during subsequent cl ock
cycles. Simlarl addi_tional, instructions enter the |IF stage 12 during
subseduent cIocE¥GS' 3@2I3%§§0aP€Tg®96¥/ﬂéé@ﬁaméy&EéESFééﬁgEEi9e|y. The
nunber of stages in the pipeline may define the nunber of instructions that
t he pi pel i REBMRRY S&r hpgdvwairgulraResnsty. cPRBegEPHekenPNSt agesher fhe

pi peline nay operate as 5 follows. Instructions may be fetched during the

| F stage l2cbyprdaheecwighi tanld@mbedidecbded fthenprasentctinerntégnsters 15
during the DEC stage 14. During the AC stage 18, data address generators 19
may cal cul ate amycnemar ¥ satdioekses agsen bhopehtopswkhesapenhati on. 1o During
the execution stages (EX 1 - EX n) 22 and 28, execution units 23 and 29 nay
perfOf”1Sp%&k&h@@r?P%&ﬁ%kQﬂﬁd%%%@ ascnf ah exdEBlRendddicngnar pukkhR! yi ng
two nunbers. Execufion units nmay contain specialized hardware for
perfqbningikpﬁ %R% ations including, for exanple, one or 15 nore arithnetic
l ogi c units F s%ﬁ floating-point units (FPU) and barrel shifters,

al t hough the scope of the present invention is not Iimted in this respect.
A

DESCRIPTION

Figure 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)



variety of data may be applied to the execution units such as the addresses
generated by data address generators, data 20 retrieved fromnenory or data

retrieved wom/siaija regi sters. During wite back stage (V\B)P@PU (}]ﬂg 6r3esul ts
may be witten to a nenory |ocation or data registers externa %o t%e

pipeline or to data registers in the _g _ W 02/37270 PCT/ USO1/ 46063

pi pel ine such as architectural registers 32. The stages of pipeline 10 may
i ncl ude onefora Mo .St Ahagehel euwirts cosiddht ias defflihpsf khe, nuabest @ifi ng
data. ' As nentioned above, processor 2 nmay support a |loop 5 setup

instruction¢ekhe ilRep cFete iRy uction may initialize the hardware |oop by
writing the boundaries of the hardware | oop (e. g. top and bottom to

architectural agleileicy 32 b e PlRRM agggm%u'roge TREUR AR byl on may

also initialize a count in architectur isters 32, 10 indicating the
nunber of ti the lqQop is.to be conpleted. In,addition, the Loop setup
i'nstructioff 'd{;fi gdg)n "@ftfcglet"fax r‘l’dn%éléct iwﬂjﬁnt F&enBFSEF 28 GRS dct i ons
that follow the | oop setup instruction before the top of the loop.is
reachéd. AFE&) tife Bodrdhidi%e Hodpa $amilmstinusddon R 85 1RePdware Yo&F may
operate in the pipeline 10 until the exit condition of the | oop has been
satisfied (e hardwaidsotitosh matclPaduth adodte dawdl “betremomatabelii t éct ur al
regi sters 32 are generally | oaded once an instruction has conmtted, e.g.,

at the condatsicom meft 2o ntehe dMB st ader8GheT ey éfsopeinthadertta \thand exi t
conditions stored in architecture registers 32 may not be updated until

several cl gt trcliesdiane ipassed 4 riggpwhen the | oop setup instruction
enters pipeline 10. Because the entry -9
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.



WO 021 37270 PCT/ US01/ 46063 and exit conditions may not be updated until
several clock cycles have passed, restrictions on setting up hardware | oops

may exist.wgoszesanple, if the first instruction in the |og ;
pi peline 10 before the | oop setup 5 instruction has connittggﬁgﬁﬁgﬁas

architectural registers may not be set up to identify the instruction as
part of a | oop. Mreover, this problemmy increase as the depth of the

pi pel i ne i ncreasest rhdt Does adpdbdEIdaddd OLRSS A £1FRY Dfeile these 10
restrictions by maintaining a set of early registers 34, 35 and 36 in the

pi peline. ASSTHON i Nafd Brdee &M Ve KLAIS 88 R34 &Bot 35 may

reside in the decode stage while ECnt 36 nmay reside in AC stage.

il ement g, . Sely b GALLY SEGALALR: 4zw§é1%3&d?en%gr$%ao%é%fesq%gta

processi ng spee rocessor y reduci ng or avoi

penal ties. As descrijbed above, several, clock cycle . pass between_t he
bime a | odLeidin® I ASEYSERi OR° eRtages (HE BARPSl TiR AMFTHE (4 ey iife OF
architectural registers are witten. However, the early 20 registers nmay be
| oadedl .| OFRf bEfDFANt hel Rdobe et td Thsah ukR Fof Gl ieednay AMRESER chi t ect ur al
regi sters, For this reason, inplementing early registers may reduce the .
tine it takes ¢mndsef uphdaptowloné obpbn rd@id swe€Pd ByP70 PCT/ US01/ 46063
The early registers may be specul ative registers used to predict or

specul ate the vabwerol antchiéecdyrabcleds sherdwatdl idep theiarehikees ur al
regi sters, the . speculative registers may not be supported by the systenis

S instructd®onis£tr iDOIBEDER, P4 PUF 881 COEEE dBla NHOth Dedwsed Tso@ecess the
specul ative registers. For this reason, a programer nay not be able to
move data D5y PULi @hi EPantly 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. In 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. Another
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 duéing
subsequent clock cycles. Similarly, additional

instructions enter the IF stage 12 during subsequent clock



specul ative registers the sane way that he or she could with architectural
registers. 10 Loading early registers may be done in several different
ways. For woomvem, the early registers may be | oaded sinplycegesagasul t of
perform ng a regular instruction register nove to the architectural
registers. In other words, the systemmay instruct the architectural 15
registers to load the contents of sone other register, and as a result the

early regi giededhpdpdaiigd. Yole aneer oY thgds0a6 tthe gﬁg:ieiti‘?ﬂés is a
a

"pop" fromnenory. In other words, the systemnay fetch the ta from

remry, | 036 ) b ALAN R ERle S o0 SHERS ML A Gakg AdRGAl 620 the

early regist lemwth regular register noves oOr "pops, ver,
is that theergpxxjnLQRS_%F kggﬁ_setup penal ti es. These penalties nmay occur
because the SystemTmay stall’ the - 11 W O 021 37270 PCT/ US01/ 46063

pi peline until the "nmoved" or "popped" data i,s available to be witten. To
avoi d these pendt§ és-fLen88dp H&AFF iHstFc T IHEF BFRYLSERTSY G8d t he
early registers before the architectural registers get witten. 5 The

fol l oVl ng eSadrsives - | 1 Tusttacdst Qrite maphtex fedichiasy simdg darkhex diplsaagd oop
setup machine instruction: LSETUP (PC Rel ative Top, PC Relative Bottomn
Count er =X Ihé PG Redtath wenifopl I perd fdeepdede fdiogt dmese fucdrndrhe curr ent
instruction to the start of the loop (the Start Ofset). 0 The PC Rel ative
Bot t om speciddiasdhe 18 shaniary forem BBt sHigeents i nShyricld ahd @d e aeprd of
the loop (the End Ofset). In addition, the Counter variable may specify a

counter regigt fa @il LOladdil caf ik, (e AR By infdidty ons in
the loop. 15 FIG 3 is a flow diagramillustrating the timng when early
registers gefyloaded | AGEO"SANRS M L YpSThadTeNt
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



of the present invention. As described, the | oop setup instruction may
contain loop conditions in the formof a count value, a top value, and a
bott om val W0 0207220l | ectively, these three val ues may defi necerishysdps exit
conditions of a hardware loop. 12 = WD 02/37270 PCT/ US01/ 46063 The count
val ue may represent the nunber of iterations that the loop will nake. Once
the | oop setup instruction enters AC (38), the count value nay be witten
to the ECntpipeligistarch 39 addhiitiedtdyral itdqgigttars B2 ECTthea egisies amy 5
be done via a register nove fromdata registers contained in a different

pi peline. Igimsiein®dE0 afawpaiciidn, ontdoE@Erd egicifye Mg v, tdesh Wi th
data contained in PREG registers (see FIG 6) in the DAG pipeline. The top

and bott omal dies fgyridpli cade whichddmstruction is the top of the |oop,
and which instruction is the bottomot the |oop. The top and bottom val ues

in the | oop set [ UGT | we r counter. (PC)
relative. There]l‘#gsr e@a l(gogfécaﬁl%ﬁ(ﬁ}ged \(bze?{)(acé’%%&gezs%ﬁég )P q:eq: uasel 9 obtain

the top and bottom val ues, that will 15 be witten to ETop 34 and EBot 35

r egi sthr 5 rEEpE TV SPC AT (HE 1P SR RS Sk s EX 1 (41),
the top and bottom val ues may be witten to the ETop 34 and EBot 35

regi sters (UphtiahzeTde fuiditaie 30 mPhe idddet the haudaniamneDo first
instruction of the loop (or top of the |Ioop). The EBot register 35 may be

| oaded to pgdimthardvaes |kenp i BsiFucioprand e dwog-q err dvttetwfala | oop).
The ECnt register 36 may be | oaded to specify the nunber of tines -13 WO
02/ 3727(1 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 1s 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



PCT/ USO01/ 46063 that the circuit is to go through the |oop, In one
enbodi nent, ECnt 36 counts downward, decrenenting as the circuit goes

through thewo @70kl G 4 is a flow diagramillustrating onepd®g&Rkoss
operation of hardware | oop unit 8 when a |oop setup instruction is received
and processed by pipeline 10. According to one format, the | oop setup
instruction may specify several setup variables including a Start O fset
(S- O fset) amad eari tEobrdifiSein o maGf heet be ThelaSed igeti Indeviedagpeqicicx t he
distance in the instruction streamfromthe |oop setup instruction to the
first instioyellie@n Havd R d=2en. RDgfidianlivnst e E@hfisql WPhatReaky the
distance in the instruction streamfromthe |oop setup instruction to the
ast 1 NSEIUCIAN ey (e 2t00P Fok> Spn 35! 330 nd 71 Tl ddigbhugli on in
the loop is the instruction imediately followng the ['oop setup
instructio then the . S-Of fset | d be the wi,dth.of the |oop setup
i'nstructi o%ﬁhel ;{,o n et?ﬁgﬁ%;]ﬁl fcmﬁ%nq‘sot r%éeafr%ret ﬁ: e li()scjpor?eetiuﬁ’st ruction

bet ween t he Io%p setup instruction 20 %g{j the first instruction in the
| 0op, % hen {PRFETSGHTe AT AGHE 1o WGt REIGRIHRE GG £8Gd5 trRst F*ddt i on

and the one instruction. Simlarly, if there are two instructions between

| oop set up n@¥d bet we T iupsttq Astanidtfiyofthet Hastitwetdonl 4s pawd ©F/ 372711

PCT/ US01/ 46063 O fset would be width of the |oop setup instruction and the
t wo i nstrudidogns. Masreshman ithid @roblephea$ Qffcseta sand sE-tOkf septar @ £
typically specified by a | oop setup instruction (44). 5 However, the

| oop- set up dhrstoiwetliione speeiddwess the of fsets relative to the program
counter (PC). Therefore, the PC val ue nust also be determ ned (45). The PC

val ue and SO fsety e tdhdbdgndied gro ealsad ot edpTeRrdre@ndt @hedat a (46).
Mor eover, the PC value and E-Ofset may be used to to cal cul at e EBot
regi sfer data Ao A F NLH A GAnd RE 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 -



early register data may be witten to the early registers (48) . Conparing
FIG 4 with FIG 2 illustrates exenplary timng when witing the ETop and

EBot regi stwo9238veps 1s (44) and (45) may occur in DEC stagerddei/ssoss
Cal cul ations steps (46) and (47) may occur in AC stage 18. Therefore, the
wite step (48) may occur in EX 1 stage 22, although the scope of the
invention is not limted in this respect. Once |oaded, the early registers

may be used to Spie Upa0, has gt &rd aOPs n&! Gedul St Ard! ok di

. . . HBed
illustrating one enbodi nent of a hardware | oop unit 8 connect%cgigto an

instruction_fe ) _unj nd de r unit 52 of ipeline 10. In
one enbodi nnte%téf%]%%éga? yérgr%(g\?ls%éer s&n%y&%é?e- 1%9 ar%w%

PCT/ USO1/ - 4Q063 used to_detect a loop in the stream of instructions 57.
Loop har dwaF@953E¢%S t hefP+sRieth i 2 e Oy F§DoPEG St ritke i ons. Once

| oaded, the loop instructions may be issued again and again from | oop

har dware. THRESUIAtITR B RhIIGET dE Bt RRetBRPAREehIY Uehe ofvS ol s t hen
one or nore of the loop instructions may be fetched only once by IF unit
50, and t hehnjssuetiorpeet edl Theéreherew dwer@rdmopodminaB. notnpbe mdd ng
early registers may introduce several 1o challenges. For instance, one

chal | enge itdracoeces tiye tdreetskraoiveardyistegi st erBoartises becsanse 4 he early
regi ster data may need to be adjusted. If the pipeline nust service an

event, the pipgLiMfes Ak et BPEsRte ONS Mdye NBeth tth her teit hatete [f this
term nation occurs after an early 15 regi ster has been witten, but before

its respect] jfec i r it t arly
regi ster da %g%‘%gﬁgté% %%&%t%%gu@%d&?gﬁ ‘gﬁgtrmm%r%%no%e%g%s% t Cg early
registers are_ witten ear a_termnpation in the pipeline before the | oop

|
has conm'tt‘%ﬁt}éoaﬁ%]S}lF%ﬁHil%%laﬁe%ﬂT Sthent of the early register data. FIG

6is aflowdiagramjllustratin node of
10 gLoadllng early rggESters may be done in several

different ways. For instance, the early registers may be
loaded simply as a result of performing a regular
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
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operation involving adjustnment of early registers. Tn -16 WO 02/ 37270
PCT/ USO1 Lt6063 particular, FIG 6 illustrates the timng involved in

adj usting KopEBes§, ECnt registers. As shown in FIG 6, thecfR&dNisos
registers may get witten (76). In one enbodinment of FIG 6, the 1Zar >

regi sters are specifically the ETop, EBot, and ECnt registers (as shown in
FIG 2). If atermnate in the pipeline (80) occurs before the

ar chi t ect updlperldgiesstiartsi hatite bervaar e podPed t et at He wWRaAhAELAE to
instructions may be drained fromthe pipeline (83), and the early registers

10 may be adj ystiad &y, Wid iddbithe dala geentiaiined ian 1thgl diespective

architectural counterparts (84). The node of operationillustrated in FIG

6. may be Paidealaldoh Ynsl Hle Wiy deahidig wih hasy: LaHadk Makdwang | oops.

If, for instance, a sec oop I's termnate it commts, a first
| oop mght still need to execute its remaining.instructions in the
pi pel i ne. 'Fz’éa fdﬁr]&%%?e%‘iuﬁ HA%hFESTT BSE " 1h6Vi'des a way to deal with
this transition by adjusting early register val ues _accordi nglﬁy. FIG 7
i lustrates a waiPoffUpRitity a¥e@Pdiec Riltlettdedie 2 hee givaitex &tue with the
Early Count (ECnt) data. Data may be written to an ECnt Register (90) in
any manner igdexgingedmalrianp iRy EQeP rsefiutt @ediding s trivet isenit down t he .
pipeline (92) so that it gets witten to the architectural -17 WO
02/ 3727(1 PCT/ USARITEBIEL Belative TapyiPEt RalatpePotway iGegrieB=sX age. Then, in
every subsequent iteration of the loop (94) the ECnt Register data may be
decr enment edr{ODc atuh L€rBe Mo W dilTe o3 peld B stance 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 wvalue.

20 Collectively, these three values may define entry and exit

conditions of a hardware loop.
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- (92). This process may continue until the loop has 5 finished its |ast
iteration (98). FIG 8 illustrates an alternative way of updating the
archi t ect uwalo2coamt regi ster. Rather than sending the ECnt ggatgsodqugsst he
pi peline after every iteration of the |oop, the node of operation
illustrated in FIG 8 sends the ECnt 20 data once. Then, in subsequent
iterations of the loop, a single valid decrenent bit may be sent to adjust

the architecturgheCedihtl @41 hnay! RebkBseBt @BbAnTRYRE MW i fttaﬁataen n EO”'t
Regi ster (90) in any manner described above. The ECnt register data

then be seabodognel BeoRl BSHNGLLS) ACLNBL.l LogB! S ublian Ly %hg

archi tectural count re IS er durlng sequen

of the | oo 94 alld decrenent bit (102)

decr enent gﬁg % ﬁ? 3?? ralt @o&ﬁt e&?gggrmﬁVOEf %fﬁ%geﬁr%8eig n§§n§o
continue until the | gop has finished its |last iteration (98) . FIG 9 is a
flom/dlagréﬁSFFFﬁ§tr§9 i ng ﬁﬁétﬂ@%ﬂﬂgwﬁé$éﬁﬁaﬁéstP@aﬁﬁ?édrﬁﬁlﬁﬁéru§éYof
early registers. As -18 WO 02/ 37270 f CT/USOL/ - @063 shown in FIG 9,

| oop ént r ybexideneoNdat Poks oiksf etre Moggdédomntieta segisteaar bpnteghsters
(120). These early entry/exit conditions may then be detected (l22) before
a | oop setuap Enstifdetreon pdpeddma.tt dd EcbR4nodB Ad] opeiregivhe EBRt register
may present additional challenges. Adjustment of the ECnt register may be
done any tipmett keke sits randagr Menatriencaf wike papal coatpined ta arkgop being
finished. This may be because valid instructions may still be in the

pi pel i ne andgthesesvalkld @qc;n$;rq%tkg@ngbgggpgqhy§; the architectural
count reglster val ue once they commit. One way of correcting the ECnt

regi ster data f%bloWb a%d?%f Qﬁﬁ%%ﬂue% b%gaébﬁwb%Qg Mpﬁ%&pCtlons bef ore

the termination'to co Wite regi ster with

Ferat|ons

10 instruction is the top of the loop, and which instruction
is the bottom of the loop. The top and bottom values 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 loop). 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
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~5 its architectural counterpart. However, this may add an additi onal
penalty if the branch penalty is less than the tine it takes to drain the
pi pel i ne. Wio@2/310i | ustrates an efficient way of adjusti ngp@Eny®afbegzcount
val ue. As shown, after a | oop setup 20 instruction enters AC stage (180),
the early count register may be witten (182). At this point, the ECnt data
may be sent down the pipeline (184). If a termnation (185) occurs,
unabort ed ithstr ttiel ciscudy be doaigpedhiloB8Gh ahd bep-19In oWe 02/ 37270

PCT/ USO01/ ~Q0C3 ECnt register may be witten with the data inits

ar chi t ect uealboeauRher, Pacht( 387 Louft seahnRaktiomigeteheh190)y asvahid
decrenent bit may . be sent down the pipeline (192). Wen an instruction

that 5 Cau%%@d%i%ag%%sbkkrbgg?etﬁ%nﬁxﬁﬁltS each pipe stage (194), a valid
decrenent bit nmay be renove romthe Ccounter at that exited pipe stage

(196). In other rds, .the unters may be.increpented when a valid bit is
sent (e. g, at ) znésaﬁ gggﬁV|&3§Faﬁb&§%3F ﬁﬁ&lpﬁeﬁnae@Pgﬁeﬁ?ed (e.g. at
10 196) when the,instru%ﬁion t hat caused tge Kalid decrenent bit to be sent
exi ts>the PPF&EALHERFe Of Pagarki ACPoN G ir ¥NER EhdORPPERIEN® (198), the
early count register may be adjusted (188) by the nunber of valid decrenent
bits in thélESIWCEAoRt 15h&eCeilficRafieh PF9CeFEge. PYhPiradinst ffnt val ue may
al so be represented in the respective counter of every pipe stage that

resi des | afercondimige tigi polei fermadn the Jrage seitape 1niss ruetHonamayn
occurred. The steps in FIG 10 may repeat thenselves until all | oop

i nstructi onpca\fy exviead lt ke tpippeliriab(260)inc20dThg ECStaregicsttertmay be
decrenented at every bottommatch (e. g. for every pass through the |oop).

Hovever, ratheyrddhan RhePagated b Mgl qrEGHIswalue dpwn st makpekdae af ter
every bottom match, only a single valid

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 8-0Offset 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-0ffset
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 ~



-20 WO 02/ 37270 PCT/ USQOL/ -4G0G3 decrenent bit may be sent down the

pi peline. In this manner, a hardware reduction may be realized in the DSP
system Tiwosrs72of counters may nonitor valid decrenment bi peTaR6h/idh&
associ ated instructions that caused those bits 5 to be sent. As such, the
set of counters may keep a running tab on differences between an early
count register and its architectural counterpart. FIG 11 is a block

di agr am i [dfifstertationg. &t duentveirdcH rofa thier duiclp.  sAstughdws t re@ibifcer SineRyeHee

mai nt ai ned at every 10 stage of a pipeline after DEC (210, 211, 212 and
213) . Therwforiesstaduddigmss val i d decrenment bit may be propagated down the

pi peline to account for the difference between the early count register and
its architectunal QU arPartc. We tgRURLRIF AR Be L HMRHLA g he i nput of
a nmultiplexer 15 220. Miultiplexer 220 may determ ne which counter, if any,
nhodi rrents a

is used tq.adj st rd.y regi ster, .36..

termnati oﬁ%ac%anlj hsg’ce%rélﬁaté:c tall‘r%fgj té%é"su% s’{r%t % res(t ri‘cted Wnen a
certain i tructl o reZL i des a certain st age uch errbodl nents, the
circuit h % oy 5t Y B h et &5 OLtFetSe stages

where a term na_tlon i's restrlcted -21 WO 02|3 ~z~0 PCT/USO ~ /-161163
The wi dt h S-adduift S T PERPEam LrUi@ R 1F May Fdesafa st dhendéded. For
i nstance, counter 210 nmay be a one bit counter and 211 nay be a two-bit

counter. Tedus murdl aen fpofdetmnmiaresl A¥D)and THES Rfayadajserrdidor$t he nunber
of 5 execution stages n in the pipeline. Counter 210 may be a one-bit

count er bedfdfised inayaltbeyrs dmised/alaueadfcudiatte ETbrorezgrade f-aatianst ance, it
has a value of one if a bottommatch instruction is currently in AC. Wen
the instruatd)on heswasrAC e mourilele RIUMOARBALMBY 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 té 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
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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 limted in

this respewd02/3fics is because counter 27.1 (e. g, the EX lpEepusiigsissmay
have a maxi mum val ue of two, the EX 2 counter may have a maxi num val ue of
15 three. The EX 3 counter has a maxi num val ue of four, hence, it my need
three bits. Simlarly, the next three counters (e. g. EX 4 to EX 6) nmay be

three-bit goautes ucahabl £ Riop eps esentinghetyeem Ii Meot fo.seveen, val ues
respectively. 20 The counter width for each stage nay be deternlned by

Cor ospond i ChE SERE WarE t%ﬁ@'?oigaed@@w B oop. Thue,

correspon op 1S a single |nstruc i'onToop. Thus,

t he depth of éhe,gounters 0 70 PCT/ U ng [ 60G3 S|nply
cor r espond-t ot he- Hiiber orfc%t]a%ae%e et ee e crbqfrﬁ%? 20y ABY

however, the S|ze na als epend_on whet her a ternlnatlon ma occur in a
parti cul arlST%ed s‘%%‘%e% FR™ RO i Ctif er sTRES anbt Het® node of
operation is hybrld way of adjusting the early count reglster The
counters r%%?%ﬂrﬁﬁ%&sﬁ¢@ﬁs%¢%%@ 2Bt HpREreAticne Nl i Heeregndeonsed to
adjust the early count register if the penalty associated with draining the
pi pel i ne isoxe eaf erh¢ hbawop hien ranchi pemhahdy . be of dHovieadkronly o¢mhee dryi n
penalty is less than or equal to the branch penalty, then the instructions
in the pi perimeirey0 pearad | oivenl 1oscodntépsoddiag fiem eaditdwEosiNtod©gi St er
may be adjusted fromits architectural counterpart. System operation may be
chosen depghgding on where in the pipeline 15 the term nation occurred. In
one case, a pipeline having 3 execute stages nay be drained if the

oo o re TP RN Y R R S L e
beforg thec§9&£%§ég_ 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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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) occup® PBFPwE the n~h stage. However, if terninationﬁéﬁﬁ%nﬂgﬁyrs
after the - 23 WO 02/ 37270 PCT/ USOL/.1G0G3 nth stage then the

instructions in the pipeline may be allowed to flow through the pipeline
and commt (232). The early registers may then be updated with the data in

their archpheetiwidlarGoutar Bailiuc23dkesThtevalimble inviay<a daf i ne the
poi nt at ich allowing instructions to flow through the pipeline takes an

amount of LiggRsk6$g HiYp @@ogqugbngorg%%sQ@ ch penalty (234). FIG 13

illustrates a hybri'd circuit having counters in the first n - 1 execution

stages. The cir%%i%hg%% ﬁ%!%WCLOGth%h%!%%&h&gr%%i%{%%gtﬁgbts i.nstructions

following a termnation ani'nstructionh tére nP®t executi on
stage. However, the _circuit may adjust an ear.l ount register follow ng a
t.er mi nat i oWt tER ﬁﬂébrucgpoﬁnﬁa§mh8915ﬁpgr8& %ﬁé'n%h @EgCGFF&H st age.
Again, the variable n may 15 define the point at which allow ng

i nst rdct i oAS IS tErewaler SRGIeifheapilpeltinge Blakes EB®tandudt E6Ntti ne | ess t han
or equal to the branch penalty. In other cases, the variable n may reside
much earl i eegistehe pliggelsheen( éng FIghere -t hd fhranehkmjeadkt yni $hiearger). 20
Addi ti onal |oop hardware, such as |oop registers and |oop buffers, may
facilitatepiaeatl inar dedr)e dooaps. bedop ehahdwarehds edesenilbed gietexrs, my
provi de several . advantages. In sone inplenentations, |oop hardware may -
24 WO ( 1h2hR7 28dn REEIHE 0 823 GOBRhen 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 counterparts (84).

The mode of operation illustrated in FIG. 6 may be
particularly useful when dealing with back-to-back hardware
loops. If, 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
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hi de branch penalties. In addition, |oop hardware may save power by
renovi ng the need to access nenory devi ces such as cache or SRAM for every

iteration @foabRep. Furthernmore, the | oop hardware descri bpgrogdPHndRY
have very few 5 progranm ng restrictions. Mreover, |oop hardware nmay

renove alignment restrictions that m ght otherw se exist in program nmenory.
Referring again to FIG 1, illustrated is a programuabl e processor 2 having
an executi oy Ripelddiestb AnhI0 &Ll e dide 6. ral j may include
har dware | oop unit d‘E} Har d\%ar)e | oop urﬁgt 8 %ﬁy i nc udeqonnelgvoe:ry?mre sets of

| oop buffers.,connected.in series..l.n additio t h re l.ogp unit may

i ncl ude one&(ﬁser%}egqtgilneg?%atlgrf ns rtlr}]ce[ ﬁoonoq o{;bp“r gg]es%‘{ac%? RSt i on of

| oop buffers ,and/ or | oop regqister col | ecti vel e | ogp hardware. This
col | ection Cf‘?atf 8 19% éfeemf an%eaCde%ﬁY)e 3 d%‘?‘ﬁ?é?%r‘f‘?% Hfaiktbed imsG. 5,
illustrated is a bl ock di agram showi ng an enbodi ment of a hardware | oop
uhit 8 20 clotflect et REPTHDBT riRY | AN FidtUsh Wil steadPap defoder unit 52
of pipeline 10. Instruction fetch unit 50 may provide one of a nunber of

i nput s5to thHadwhrethartes | loogt urier8tiddarBfare | oop unit 8 may conprise a

mul ti pl exer 56 - 25 WO 02/ 37270 PCT/ USU1/ ~GOG3 connected to | oop

har dwar e 54. Lo@rdarsivialipnSdr afeys caontedl tre mreet iore nore aetgpddtimppdauf fers
and/or one or nore |oop registers. Mreover, the sets of |oop buffers may
include a dgfdiiedtaumler @ubdffefssannedtachdh 880 efendifkpaheseicdf | oop
buffers may have an associated | oop register. FIG 14 is another bl ock

di agram i | ldstd alding ane enhodigenisl: ahanfdvaledoom Wi tuft Ragn

har dwar e | oop u?lc%t 8 may be connected ];[O an §?nstruc% on fet cl‘ﬁE uni t '50 and

10 a deCOdQ5u£qg&k?W%Mgperation illustrated in FIG. 8 sends the ECnt

10 data once. Then, in subseguent iterations of the loop, a
single valid decrement bit may be sent to adjust the
architectural count register.

In FIG. B, 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 (924), 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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Hardware | oop unit 8 may include a nultiplexes 260 connected to | oop

har dware. Loop hardware nmay include a set of |oop buffers 271, 272, 273 and
274 connecwedzismmgeries. These buffers may provide input t@caanaohgisdd

mul ti pl exes 280. Multiplexers 260 and 280, in turn, may provide inputs to
mul ti pl exes 290. Qutput of multiplexes 290 may be connected to a | oop

regi ster 296, which may be connected back to the input of nultiplexes 260.
The out put sabwhai@waIe .| 99p lubpt B tIgy epidVicdadi Bpbhst Nag Becodated20

Mul ti pl exes 260 may have a plurality of inputs, These may include an input
froma regisstel a( @etloraBa®Myl 2L shRsr L{qtzlogn regeskee)ygnd an input from
the fetch unit 50. In addition, nultiplexes 260 may have an input fromthe
26 WD Q2/ P [;~ I i ngtr i eqi r n_i nput
from one o%%%éiézgfﬁgﬁgﬁgg ﬁgggcﬁﬁgggﬁﬁﬁtg% é%%%%PS?yQE?E§ f%ggfgugtrates

| oop hardware _caonprised of a. 4-de set of. .l oagp ffers and a single
Lnstructigﬁogprggﬁ eﬁ?s rﬁ&&éP? §%ﬁ a0 éthg ngﬁifs and/ or instruction
regi sters could_be used in_other enbodi nents. In exenplary ngdes _of

oper afi on, | oop MUPEEILIa RS FiPéndreeFten PRY BrPFEPENEIEdEAQPRes. In one
scenario, every instruction in the |loop fits in the |loop buffer. In 1o

anot her scehadilgndeger y Adggsitienitofi fheh&ECngopeddeseromati e donke | oop
buffer. Each scenario is discussed in turn. FIG 15 is a diagram

i | lustrati magyortdmec emarico isAs sleowinad idndedp thet pabelloop pufiber $omay be

| oaded with a 15 three-instruction loop (12-14). As such, one of the |oop
buf f ers anddde béliep rfagiished .mymict g beatedawskthvanyddata. | nstructions
| 2-14 may be executed again and again, until the exit condition of the |oop

is met. AsishewhctliR@xaly Gendint ien iRy ke pahacked aviar ¥ nidsee vhhe T4
instruction 20 is issued fromthe |loop buffer. FTG 16 is a fl ow di agram

illustrati i Q. , hNStruet:i L ; ),
| nst et i ond ey e o dad T e e hr Toan ot Fers (305, taddotne 27
WO (1213727(1, PCT/ 11 SQ./ ~GOG3 nory device may be stalled (304). Stalling
the menory “Ray prd\icdd 5awsP ings to the DSP system After |oading the
instructions into the set of buffers (302), the instructions nay be
subsequent |y i sSU&d Yot KO LEECIMSB Tt FERE £866)5 FeFh&3tRs G OYdRY may
be issued over and over again until the exit condition of the |oop is net
(308) . Fl @ ternmigiadrictrhds ficowldicagrtdm ilnsisuciions drdosceddsi o. As
shown, instructions may be issued (310), 1o instructions may be | oaded into
a set of | deprbufafter (E324)ommd themet ychdey iwge teahibe ESNEl rediic3e6) widhd a
| oop count may be initialized (312). As long as the exit condition of the
| oop 158 noti vetaddiliFectifial eoum@ydartay bewdeeremehtied ma32@kdana t he
instructions may be issued

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). If a termination (185)

occurs, unaborted instructions may be drained (186) and the
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15 froma set of |oop buffers (322). The nmenory device may be stalled until
the I oop count reaches a defined nunber X (316). Moreover, X may be defined

such that eeymexdy i nstruction after the | oop may be innedhqﬁg y in
the fetch unit when the |oop has finished. In this manner, a %%Pégggexit

penalty may be avoided. In other enbodinments, a loop count is initialized
(312) to zero. Adjustnment (320) would then increnment the | oop count rather

than decr ement asgikewr mayFbe ¥FitSkhl With28he dWPa02H3724(|
PCT/ USQL/ - | GOG3 ot her enbodi nents will become apparent in |light of FTGS.

15-17. FIG%rgﬁikgc%uggqg%%@hkggggggaqh@g)qnother scenario. As shown, a
4-deep set of |oop buffers may be I oaded with 5 four instructions of a | oop

((12-15). In additiaqn,..a regi.st.er el e i e d s of the
next instructioﬁkiﬁgfﬁeb¥§ggm @%g%hné%@@é gnVggggegggkégﬁépepgghé?§resides
in the pipeline (see FI 2, .37). Dur sub uent i.terations of the | oop,
Pnstructioﬁ? FSNts Ao %éeéfég éaewﬁﬂgg)PG %@gﬁeﬁﬁglpéF5H85?0P6t9§§ t hen
be i medi ately ready for execution after |15 has been executed. The exit
condi 5 on FAYSBE ehdakdd diti kg PeesgNitos¥ise RSN pdpe FFage191Pd)a flow
diagramillustrating the scenario of 15 FIG 18. As shown, a first subset
of instructi gadidayesecneadediitnmgyabsetregioviegf ffgom £B80Fouaterhetfir st
subset of instructions is issued (332). Next, the starting address of the
second subséhtokxinsld wdpeons anmey (A8 6l)aadad ionherawoedisst ehe( 33dhtamd t he
second subset may be issued (336). 20 During subsequent iterations of the

loop (the AERDBE ahdriegicafd-nshkel ag vaafidned by st Renexi(k .gondit ion)(338)),
the first subset of instructions may be issued fromthe set of - 29 WO

]92{ gzggo PCHAUIA! indi G AR 3 48)y Wde delie cfRreRE FUbget ais being
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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(342). The second subset may then be issued (344). A node of operation in
accordance with FIG 19 may realize several advantages. For instance, every

time the Sydiosshreubset is issued froma set of buffers, p?@?ﬁm@ﬁﬁm@ﬁ saved
if the nmenory device is not firing. Tn addition, fetching a second subset

while a first subset is issued may minimze |oop penalties. In one
enbodi nent, the | oop buffer nmay have a depth that corresponds to at | east

the 10 br tys+ T T D n i it e i ng the
second sugﬁsl%?r%g%eyﬁ cf@%ﬁ'%éehlg%lg@t e&%sﬁe;(r)‘rﬁieﬁ%ﬁq%%e PJ}IIE s%ﬂ;gubset of
instructions. This I ncrease.the, speed qf the DSP syste | n, ot her
enbodi nentlg?nrlﬁ%ﬂiev%pr?gﬁé]%ar%e poTe CJ%Ja‘?/r?rf&aﬁl 23% TRt et 7oty a‘lnntﬂe o[g%‘? gn feature
(e.g. for 15 circuits inplenented in battery powered devices), deeper

buf fers nmayy BeThor et MR ef @it . OTHECFRT3ES STbs ot tohstatied | SRS RS be t he
nunber of instructions that fit in the set of |oop buffers. The second
subset of Ph&$rand o dMSCHLateR Hextryeiiongtikat 2rused HehoP#tei | owi ng
those |l oaded in the buffers. Alternatively, the second subset may be a
plura$ity od bastenicti obs shalt, fohé ovelt hoSecdwatkds imay heedufd ers. - 30

WO 02/ 37270 PCT/USOL/.tG0OC3 FIG 20 is a nore general flow diagram

i [ Iustratipgnihieg scaehash 081 flescenbes lodiovesn Asn séomly @oliht Stegidiset of
instructions may be | oaded into a set of buffers (350) and issued (352). If

all instrugfionssof rthecdOoprii tcbibetperd, | 0op buffer (354), then a
menory device may be stalled (355) and the instructions nmay be conti nuously

)T Al the TRGLr et one BIotRett e o T T TR o8 TRES 0 bu for

(354) then, & second, subact., of LORELUS A0P % I O PRUE % 30N pNT the

10 stage of a pipeline aftexr 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

15 220, 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. 1In 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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instructions may be | oaded into a register (362). On subsequent iterations
of the loop (as defined by the exit condition (364)), the first subset of

instructi Gg o8B¥%7pe 15 issued fromthe set of buffers (366pcishBido
second subset is fetched fromnenory (368). The second subset nmay tﬁgn be

issued (370). In the scenario of FIG 18, a request for the address pointed
by VTop may be nmade every tine there is a bottom 20 match. In this manner,

a first subset ohel Rsttucbironsunyrbezdiospatechediphbhe begchipgpa second
subset of instructions. -31 WO 02/ 372711 PCT/ USO1/-1G0OG3 By the tine the

first subsgfi@belnalkl Hekhens i Bothenkeanchas BegRdi spat ﬁagdbet P?one—

cache/ nenory may have al ready been accessed and an ali gnnent buffer prined

ith th £, ' e 1h i buf .5 _hol d
mul Ui pl | BeEr GEPHORE. CHp@ndi RBY oRSL Ae U GPh of CRBERET nsERBCETBAT2LI T 1 he

second subset [ncludes a plurality of instructions, the plurality may be
aligned in FﬁEhapﬁgﬁﬁBHFeﬁﬁf?g? ﬁ%?hgﬁﬁemﬁyrgﬁpﬁﬁgtPBCFPSnHHWbFHeO§econd

subset being an instruction associated with a VIop register. to Qperation
may fBrthePXpRELEGE BEGFESt Pnglt KBenBkPelaBerucErBhtesl Rofi Rgvt kat 2
associated with VTop while the instruction associated with VTop is

di spat chedonEobiéxapphnéeri hecaesrodes efiweper Aeson, vehsei ast rdthieonl
associated with VIop is a 64-bit instruction. As that 64 15 bit instruction
i s di spatchedzetrtbe néxtr 64shehcepstitubbison fadudebitnedebyfahki gomepm i n
menory) may be fetched. By repeating this over and over again, a DSP system

may di spat ghtAsthe&lcheRsonnia baskeandyefihi acent wABANEhe Phi@fudtion
programuabl e processor systens that 2o inplenent hardware | oops nay require

many restrigtionscn A8 QRGHALLNG.EAdRs Hanewer, it is highly desirable to

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

single instruction loop. Thus, the depth of the counters
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provi de for hardware | oops that have very few programm ng restrictions. In
one enbodi nent, a systemin accordance - 32 WO U2/ 37270 PCT/ USOL /. 16U63

wi th the pwes@mzinvention may have only one progranm ng rqfdﬁﬂ]%ﬁh%s The
single restriction my be that the ' system cannot have a branch on a | oop

bottom Fast hardware | oops may have situations where a loop 5 buffer calls
for invalidation. These situations m ght include invalidation where a |oop
buf f er hasnagerimpayl atcedtrasptdnd twondict namdle rbivdNcitagERuse tiveeaneheode of
operation, a set of |oop buffers may be invalidated if one of the first n

i nstructi oRpunfted l@@P Acs. a 1eRNdi ! iR LY, areRk. s1geThaywanisabhepRnimy
define the depth of the set of |oop buffers Another situation wﬁere a |l oop

buf fer may J.equi i.nvali i i vent i s .r j Lle.a | oo
DUt or 15 B0 e asiod 1y o A" BT AR o BPApMaY HRage 2 100P

invalidation follow.,ng a C SYNC . faor self-mdifying code. Thus, other nodes
of operati of VGl \?écal% alnfad’atl}%tg néeeldggﬁu%%fefrgr. when either of these two

situations arise. Zero offset | oops nmay introduce additional chall enges.
O fsets may ref &RTHSFHh IS (U P FEWEIN 15hé PaGFisetdy oF eddtetdfi%n and

the first or last instruction in the loop. In prior art systens, offsets
are necessahy @ lacidaurdt eegialipof FRcdweaudtegspsesridigdaddolifie f or
programm ng exceptions in the system Facilitating zero offset |oops, - 33
WD 02/ 3727 & eREEHES0 b t/age@OEX hdweEmpeliisichingiyl Yoeadwsaat dge el Usécahse it may
reduce processing tine.
early count register if the penalty associated with
draining the pipeline is greater than the branch penalty.
10 However, if the drain penalty is less than or equal 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. In 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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" Even in a systemthat inplenents early registers and | oop buffers, zero
of fset | oops may raise challenges. For 5 instance, in the system descri bed

above, by Wwoanisyma the early registers are witten (e. 9., pcr/d61/4do6s Ne
first instruction of a zero offset |oop may already be in AC. Thus, since

t he beginning of the |oop exits DEC even before Etop and Ebot get witten,
the circuit may effectively 1o "mss" a top natch. Special nbdes of
operation aftl ctagelitheai rengeirent sudevendean esiginesd e dedeate and deal
with zero offset | oops. In one node of operation the start offset (S

of fset) inadile 39 W N HHRIgHO R HeS AP sh@ 2w (B32val uaHo
detect zero offset. In this manner, early detection of a zero offset |oop

Is facilitaled., Tna Hadd ?rEx' ; e Rl ’tetdh‘%riﬁh‘)ftfh%etdait%]ggl #e8q to 4,

where 4 refersto tthe four es of a 3 it 1 nstruction. etected, a

zero offset | QQq he set. up _even bef t he,20 ear.ly.reqgi sters get
witten. Flaéc(%i'%elcs a gﬁu&%ae&pé‘ﬂr#t%a(tzg{ﬁl'us&rhéat e&tad 3e%ofmaé’perati on for
detecting a zero offset |oop. As shown, a |oop setup instructiqQn may be
decodéd (38®Einmmdhe aigdt at apich idlexide i@ spErrisers-tecE ity then be
conpared to a defined nunber (382) (the defined nunber corresponding to the
wi dt h of tH&gogh ddraupiinestingctiad®s am i thgdndrimea 1esro tdes et | oop
may be detected even before the early registers get witten. If 5 zero
of f set | oopduwaldetedthed H(r38%h pamaliext(AB4)nstructions in the | oop may be

i ssued and | oaded into a |oop buffer (386) as described above. FIG 22 is a
fl ow di agram t hatrd | lusstinates ravede: ofyafer atiirefuiftomadaimectdowtang deal i ng
with the special case 10 of a single instruction zero offset |oop. As

shown, a | 0Qp SR up: JStT UChi Qi IR iR dacRiRd (388) oildeBd il f38lod S
detected (390), and the Start O fset equals the End O f set
10 the pipeline to execute its instructions following a
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 variable
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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(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

| oop setupwdedsnation. A single instruction | oop may be de];@ﬁbgq“%n t he
s-of fset and e-offset are the sane. Special hardware may facilitate setting

up and executing a single instruction |oop as quickly as possible. 20
Referring again to FIG 14, the |l oop register 296 may be used for this

speci al casa.deThisinct eper{@9d)edtny e faRtiftdrored lyod eadidig deoa yhar=dmar e
(such as loop register 296) with the single instruction, and repeatedly

i ssuing 35 gowe\&D&z/M@nP@Tm&%ed E3 ddas Istd e tdean QU Rfcrhargvar e

| oop unit until the exit condition of the single instruction |oop is net.

A SIngl e 1 RAHE!d O Q0P SRV e IGURBLAG AN £ NN R T OB R LAILI N9 the

instruction 1n decode in a speci oop Instructi regi ster ('see

FIG 14). In additiqn nory, devi.ces not he .accessed d everything
upst r eam nat;}‘eogloscfpaﬂ?ée]ﬁ&? FR AR d %%my; réaivr?ceve[nr}’ea%‘”hgl e
instruction |loop may be issued out of |oop instructiqgn register 296, the

i nstrutt i oRFWETHNE B9 alF BT ee MAFERY §%t P dFRR G uct i on (e.
g. froma cache). Thus, when the single instruction |oop has finished
execut i on tUeEgIEsKtad rEmeRt i bas heyc tH A dih afe Biphtheo thestwitie iasd Stetigh uni t
50, resulting in zero penalty loop exit. In sumary, zero offset hardware

| oops nmay lperdymkemerfornto three cases. In the first case, a zero offset
single instruction |loop may be imredi ately issued out of decode via a |oop

instruction regird®irring tdgs Secondrim@se,, a e wftfeadtin-d nstruction | oop
may be i medi ately detected and | oaded conpletely into an n-deep set of

| 00p bUTT Ergyo Z0,rfifith1d SHGcdNddl Lanfrirdy 28] @:dS0lod MAHIMODY and
i mredi ately detected and the first n-instructions of that
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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| oop | oaded into an n-deep set of |oop buffers. The next instruction may
then be associated with a VTop register. - 36 WO 02/ 37270

PCT/ USULl/ .wE@&3727m one enbodi nent, | oop hardware as descri lpegiel/fiogs nay
be inplenented in a pipeline. This may be nmuch nore advantageous than

i npl ementing buffers in a cache. In one node of operation, |oop
instructions may be 5 stored in |oop hardware such that the instructions

are aligne@ohﬁeaeean§5rmebeRaQQ%@Q@r$4.ThhéoﬁaMaQangéesadeQtageous than

aligning instructions to an address boundary. Once aligned to an

| nstructi opohedidapyel B, g8RcN3dwaLe. 188,abLGRIROL 0k LOSELUCLLOAS, By be

necessary y are subsequently i oop hardware. To
align instructions.tg an instructiaon ?ﬁundag , g zet oL igstructions may be
| oaded in &N°8r §8F18FEZacul PSRV e tHE P5 % Rar 4R8PePEAd SERe™addr ess of
the next instruction may be stored in an address register. In 15 addition,

a second séfcépPdendt Aeéinshs P ese dfoRdéders 6PRBECERLdetBCEEFSRSINt0 a
menory devi ce. Loading instructions in an order of execution into |oop

har dwar e mipcbompti o8 Loawi vy fifegsquent havei ast pagprdasedntioon buffers,
where n is a positive integer. Mreover, the n 20 sequential instructions
may be any regquesti.al instructions including the first n instructions of a
| oop or the last n instructions of a |oop. - 37 WO 02/ 37270 PCT/ USO |

/ Q63 I n other enbedimeAks ahat oW oick Gh&GraR3AliuvddChtiagnuaber of
hardware | oop units may be inplenmented. The output of any of the nunber of

har dwar e | Q@R Rk tMBY Be hards@eabegd Laithe . reapgethi,vaai-aRdt-c0hogpe or

nor e ot her

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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5 hardware |l oop units. In this manner, a second hardware | oop unit nmay be

| oaded via the output of a first hardware | oop unit. Again, this may

provi de powsyos@yiongs insofar as a nenory device is not firgeyydigoesoad
the second hardware |l oop unit. 10 In sone cases, a plurality of |loop units
may be used to service nested | oops (or coincident |oops). An inner
hardware | oop unit may hold one or nore instructions that are aligned in an
out er har diao® lieeq tirdtiionVofeedwtler tahel iamndnhar dwaie oheop rumictramay be

| oaded by sending the 15 aligned instructions fromthe outer hardware | oop

unit to thethRRUhaHavdie i1y Wrakdware | oop unit. In still other
enbodi nents, an independent plurality of hardware |oop units nay be

| npl enent ed. HoyexRla dify e 0n 4TS JAASRENAANL NG | @il dey ar @

used in the 20 sanme DSP system a restriction nmay be use I nstance,
when both | Qops have the sa bottomdnstructjaon, .one of. the | oqps may be
defined as ¥h& SUtETH 6P, W ekt %“‘rﬁfsqeﬁ’s Wi @ fﬁngﬁe\/\bn@f/ré}f%?@n

PCT/ USO1/-4G0G3 restriction the circuiit m ght encounter two bottom nmatches
and not kn&RIMHET ond! AW dor STenRUBRRT é%tbr‘r’éfrferﬁ?dém&f/o(?per ation invol ves
power managenent of hardware | oops. Wien hardware | oops are 5 enabl ed, an
ETop regi stieys tiaye o e grfshrsd@ iso advd P a dssct duntother eabledisentet.ch.

Li kewi se, an EBot register may be conpared to the PC to account for each
bott om mat ch. Hdwewerempitrery herdbsarcet |apeps tEran dilsely édif fams swiet ching in
the conparator circuits may be nerely a waste of power. |0 Therefore, it
may be advamiagemiscdd i sahl liFdd@mndratadhanictd.0p IReheC GaEatial,
circuits when a hardware | oop is disabled. By choosing inputs to a

conparat or 4,4} sall &6 £OMRARALON IS rE e if}ﬁfﬂ%véﬁfl%&go%%ﬂﬁrdﬁ safy] ed,

power may be conserved. 15 FTG 24 is an exenplary enbodi ment show ng power

savi circuitry. ET gi St and it Qi r respe vel y
provinl e on@n&t%ernlfsréegr}ar%f%’i nepuetlép%on mu IF‘F%]Oer&Zl?{ssct 4%%3 fg%?% %éet out put
of multiplexers 404 and 40 be i ts to conparatars 408 and 410. The
20 ot her 1 i b AR (MU CRTS althol IR e R St of

mul tiplexer 412. The inputs of nultiplexer 412 may cone fromthe program

counter 414 a | oop disable signal 416 froma control unit. Miltiplexers

404, 406 and - 39
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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WO U2/ 37270 PCTI US011~6063 412 may be arranged such that when hardware

| oops are disabled, the output of nultiplexes 412 is different fromthe

out put of walihispiexers 404 and 406. This may ensure that necgwWidosRédes
occurs in conparators 408 or 410 when the 5 hardware | oops are disabled. In
one enbodi nent, the sanme | oop disable signal 416 nmay be sent to

mul tipl exers 404, 406 and 412. However, an inverter (not shown) may invert
a bit bef omemoulyt delvexes mdl?2 beceialasdt H80gi) gnabralaihl sheameebryt he
output of 10 nultiplexes 412 may be different than that of nultiplexers 404
and 406 wheayapkeql ddi Rl FHa@ndlgsi $oSeft Hept BGsGkhcui h-ft@r_e‘lo%ﬁi‘ﬁ%so
illustrates an exenplary circuit for increnmenting an ECnt register 418. On
each pass.?EetB%s%§dd%ﬂ5n§“ﬂﬁﬂdﬂﬂﬁée§e%2gf”Bﬁf?%%%eq%@b)Eh%hgcnt register
However, if adjustnent is necessary, the adjustnments signal (e. g. the

cl obber count , 422) .may adj ust the ECnt cordingly.. Once.the | oop has

i niohed | ABSFACP HAPBPa o e s eedisP eI 54 ey el 1308 ErBnartass so 20
indicating, FIG 24 also illustrates hqow bottom matches and top nmat ches may
be detect eQuIHRER dovParat I o4 iR SdSUECLOPEh ALYt RE FPSYREMCYSINEBE 422 and
ETop regi ster have the sanme - 40 WO 02/ 3727U PCT/ USOL/ . | GOG3 val ue, a
Top Match sivgkalk9sig mwaykie tdentexihepnddipanarsdr thes lgepedissmelat t he
program counter and the EBot register ' have the sane value, a Bottom Match
signal 430 (3@g)be sent. Finally, FIG 24 also illustrates a VTop register
432 5 inplemented in a pipeline. As described, herein, VIop may be an
address regi stertml dimg 4 headde s ol ddag@sin iNStsteitand @nkowi ng a
plurality of instructions |oaded into | oop hardware (not shown). Various
enbodi nment g Qf, 41 I nventdin,have heertiendeser bed; fsleexamplg, nunerous
har dwar e | oop techni ques have been described for inplenmentation within a

pr OCESsor. Jﬂec rc%(i%%ssormargﬁ%éjﬁltd;a@%lc? e 's%itg.o\farlio %b‘?ff £24 3t ens

i ncl udi ng general purpose “conputing systens, ital processing systens,

| apt op conput.ers, personal digital 15 assistants (PDA s) d cel lul ar
phones. In(ﬁﬂﬁQ'céhf¥§W?r¥ %Eﬁébﬁoﬁﬁ§agﬁgcdgégg’aﬁ@%@an&fogé readily
used to increase processing speed w thout significantly increasing power

consunpt i oFOUF &iFch Re sysitteRl 435 pddcdssoPSmiy e acodhie ¢ a menory

devi ce, such as a FZASH nenory device 20 or a static random access nenory

( SRAM t hatcosiddrtdrarp fogdratliane sissteh aed RSN -s dhendro@rasisiundatiaons.

These and ot her enbodinments are within the scope of the foll ow ng clai ns.
be decremented (32C0) 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. 1In 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
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-41 WO 021 37270 What is clained is: PCT/USO1 /.461)G3 " 1 1. A nethod
conprising: 2 loading | oop conditions of a loop into a set of Y 3
specul ati vavoegsRters, and 4 executing a loop in a processopchasedicoss t he
|l oop 5 conditions. 1 2. The method as in claim1, the nethod further 2
conprising detecting the |oop conditions fromthe 3 specul ative registers
before the loop conditions are 4 witten to a set of architectural

regi sters. 4tBerThebogimedtaswiblcbacomd, appereet hod fighbesf2rTtoespri sing
setting up a hardware | oop using the loop 3 conditions |oaded in the
specul ati versegysters. 1 4. The nethod as in claim2, the nethod further 2
conprising termnating the loop early based on information 3 ,contained in
the speculative pegisigrss 4 @iadPemeiNQde 28 1Ay ClRbMey YBERELN L Ne
processor 2 includes a nufti-stage execution pipeline, the nethod - 42

WD 02/ 37270 /-tgxg? t her ! L Ustin val of at
| east one 0?§2§§§§52pécu|a ?éeggéngté?gg?%kf%§?%§g%§t%%n?%%??%nwﬁgﬁan "5
instruction_in the pipeline. 1_.6. The od_as in claimb, wherein the set
of ' shecul SPPFetRERFBEbt 856 nEF el 0GR GhETYSfop TRoPaibriand S TREPser o
architectural registers includes an 4 architectural top register, the

met hod furthegliebfpringyngesladfadt vaght kbeeadfiyesppof egiiet Bexhi th data
contained in the 6 architectural top register followng a term nation of at
7 | east oneinastnotieoninnthbelpppel i KEoplmdy Theameaiddeas kagitbhem

5, wherein the setof2 specul ative registers includesan early bottonregister
and3 the sethat aeehitecinraherpgpsiens iinebudes. anQ archi t bakungl bottom
regi ster,the nethod further5 conprising adjusting the earlybottom

regi sterw t Buygatafenont abnedibAst Be anehibep) uiabbphtomnegistesfahl,ow ng
aterm nation of at |east one instruction in thepipeline. Z 8 The nethod as
in clabm 5, YHELELR hRe18Ck¢0L s258RAGUEBLEKEL O BIRLS LRChudes an early
count register, the 3 netho urther “conprising adjusting the early count -
o str it oaiiheinataiflinal L SYBEcBohohELRR 18l Bbeh®BRboAR8A2

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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PCT/11S01/.~60G3 1 9. An apparatus conprising: 2 a control unit, 3 a set of
early registers; and 4 a set of architectural registers, each architectural
5 regi st erwaeizpyzmssoci ated respectively with an early 6 ragSt&iaciks10.
The apparatus as in claim9, wherein the control unit 2 is adapted to | oad
the | oop conditions of a loop into the 3 set of early registers. 1 11. The
apparatus as in claim 10, wherein the control unit 2 is adapted to use the
| oop condi biudife dsoad@ed )i mthd tcheehsetseRoofd ealdsetr dgi Sledng tfetskiedup a
hardware | oop. 1 12, The apparatus as in claim10, wherein the control unit
2 is adapt q@4tg detrerd ddiwdPepmpzerdiddyonhdy @A tike et (3f243 .early

regi sters before the | oop conditions are witten to a 4 set of

archit ectural 1 aOhslRl ¢ odbdaci WOIGZLEERTURCY WSl freClUhiod 13, The
apparatus as in claim9, V\/r?ereln the early 2 registers include an early top
regi ster that .paints to 3 top.nstruction.of .a |oop. 1 14. .The apparatus
as in clai %eﬁ,lﬁﬁ?erse(elvnert%e aeéé’r n)}ca?erségi sE!toerr slnlsr%:calnucc?é an “&ar It)}mﬁott?] m
register that points to a 3 bottominstruction of | oop. 1 15. The
appar at us as-55F cﬁ‘%isrﬁ%,lﬁ/\ﬁeﬁséﬁeﬁ & dr 157 22 Orfegﬂ%ftaf@r@l ROVGde ™Y &5 1y
count register that specifies a 3 nunber of iterations of a loop. 1 16. The
appar at us &avied difaithiel anemgier slayiafe icomatolfirHing -2 il adadttdeno
termnate the | oop early based on information 3 contained in the set of
early regi Stedrching ¥ .sedmdppdrsattuyhds 6 @ dligish Ehibastens n stshwe dc oty ol
unit 2 is adapted to adjust the value of at |east one of the early 3
registers hildiasizayg JBodergidaElidies. 1 18 onEBhenppanaints ahd Nodpai m 17, the
apparatus including =~ 2 an execution. pipeline, wherein the set of early

registers L Fadiclfdes A eardop PR HRY &iefe Hthdha et AfeiChidect ural -
A5 WO 021 37270 PCT/ U SO1 /.1Q063 4 registers includes an architectural

top rggist %rvﬁﬁ&‘g a,%se,faolngrg ol Tgﬁj%,nbc?jhé;q;aé?%%mf%sts%&cgﬂéﬁ Wil %rtlc%ﬁitrf:bo

regi ster 6 a contain t'ectural top register

fol |l owi ng term nation._.of at |east .ane instructj in the 8 pipeline. 1
19. The ap%a“reatsljescoa{gi i HRT S rﬁlaﬁ,%et ﬁlelcgdpeﬁlaﬁoaethulsndl (r)%eud‘lsnsdl caeﬁ (%e(écchu i on
pi peline, wherein the set of early registers 3 includes an ?}ﬁ{l y botf{om

regi ster ardhfe BHSF A WA - r dgtst Y iIRATRRSE diear®fi®®ct ur al

bottom5 register, the control unit being adapted to adjust the 6 early

bot t om r egich drh &\ RIF dafstont diheéxFhat e od igadHi e draedie hot G egi st er

followng a termnation of at 8 | east one instruction in the pipeline.
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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1 20. The apparatus as in claim 17, the apparatus including 2 an execution
pi peline, wherein the set of early registers 3 includes an early count
regi ster, Wweeoxnpiorol unit being 4 adapted to adjust the egdwyusdiies
register following a 5 termnation of at |east one instruction in the
pipeline. 1 21. A systemconprising: 2 an SRAM nenory device; - 96 WO
02/ 37270 PCTIUSO /-Q063 1 a set of early registers; and 2 a processor
coupled to the remprydew ce myerfidetde £103 Q{i%%%%prim%%%%éﬁj‘_
execution pipeline and a control unit 4 adapted to | oad | oop condi'tions of
a loop int f | i sjers. . Th st em of cl.aim 21,
further cogcp%glfsl%eg%aaﬁsoeﬁ dsoﬁsecggﬁk%/ec#]?%eoé{eu'r aIASrlesé%gtnérg‘% sfysresﬁ:eisﬁlbﬁ'ueé: Sont r ol
unit is 3 adapted to detect the |lo conditions fr t ear regjsters
bot or 6t he OB ST GHY A1 WHATREARE the et it e
registers. z 23. The system of claim 21, wherein the control unit is 2
adapt ed to BHIRE the hal U dlatinsdasictdnopod fdedrap Litedindtertde
following a termnation of at |east one 4 instruction in the pipeline. 1
24. The systeop dfultfet ni384) wharesi e tenaet dsfviag ma Y hedgitstldresd | ncl udes
an early top register that points to the 3 top instruction of a | oop. 47
WO 021 37270{ F3Y UHA 1t H 6063 Au 25l onldhemesy Hee macoft ichwus 131, i atherdkifirdnhe set
of early 2 registers includes an early bottomregister that points to 3 the
| ast instrugld ofe®ofof diooferd 266)Thantsystian ofxiad aldRRkiwerLined he set
of early 2 registers includes an early count register that specifies a 3
nunber of i{ @)tions of aloop. 4 1 27. A nethod conprising: 2 |oading |oop
conditions of a loop into a first set of 3 registers in a pipeline froma
| oop-setup instrugtion;,,and. 4 1] | oop. congdi t | fraom.,t he first
set of 5 regist eirst Eblg‘lf otrﬁ(jale t%%sgﬁss%lué:'ﬁgoérﬁ]ﬁ%{lse g'Looo t Oecf“’)[qgsﬁ%te tpol peline
and the | oop conditions_ hav en itten to a, 7 second set of registers. 1
28 THE rot i HEOK (P S SFTE et AR 1o Hithar 5 ot | G e AR ng
the value of at |east one register in 3 the first set of registers
fol | owi ng dnaerhg neds@e oS i#rd rthe v nhadsigrds i Bhas® A net hod
conprising: - 48

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 VTop 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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WO 02/ 37270 PCT/ USO1/~60G3 1 conparing a |oop register with a program
counter when 2 a hardware |oop is enabl ed; and 3 di sabling a conparator
when the hgy@ly@smaz]d oop is 4 disabled. 1. 30. The nmethod as pErELALINAES
wherein conmparing a loop 2 register with a program counter conprises
conparing a 3 register that points to the first instructionin a loop to a
program counter. 2 31. The method as in claim 30, wherein conparing a 2
regi ster that pawtishé otime fhd siiddistgusddorod mesdOAr fons3 i pgram
counter conprises conmparing an early top register 4 with a program counter.
132. Thenmethadh asad b&d i dfsha Ml N O At R AP AR YIRS W e A4y
program count er conprises conparing a3registerthat point’s to thelast

| nstructi onddy, al 090, 1.0 4T 00f ACONMES: Yic NSO A 6] ai B2,

wher ei n conpari nga2regi sterthat poi ifonin aloop to a
WO 02137270 PCT/1JS01/.i G063, 1 program counter conprises conparing an early
bottom 2 refiSIRF WEFCh ‘b’?o]d}sd ‘E‘gifn‘fré?'. 1nItrS‘34.a %ﬁ@%ﬁ‘bﬁf sing: 2
a register coupled to the input of a first mutiplexer; 3 a program counter
coupl & t o RPkA i MpbtiRte ol RECHHF RS pl BRENING Forids SR RUpIKAFER 0 t he
output of the first and 6 second multiplexers; and 7 a control unit adapted
to out put opposiietsoghal sIf rigm SSed¢rnd | Tusehdinelosiat rulriprakidrs akhen
har dware | oops are 9 disabled. 1 35. The apparatus as in claim 34, wherein
t he controlimsttultisnadapte d twraldipytmd héa egl isirerd sirdadtlee tdirioygieithe
first 3 nultiplexes and the program counter's data through the 4 second

mul ti pl exesowhear hat et e | POPSE ares enabl Bsh Jdf 3he HWampPan@idse as in
claim 34, wherein the register is 2 a first register and the conparator is

a first co o i i [ofalgrs TQIESTRITIOR second register
coupl ed toq%) eﬁén%%tg%%gguﬁ%% %sgn%%%%lﬁ%xes; aénd\nlf;bpSf)1ré3g WD 02/ 37270

PCT/ US01/ ~1063 np. C t e .0 f 2 second
and tﬁlprd mul ti [lj?é?(g%g? r\%\ﬁ%éré%%t'}?%re glgcgj[?% lgenﬂbsf slq{agga%pk%egdn%%@out put
opposite 9 signals _fromt secon nd third nultiple ) en 5 hardware

| oops are d+%§5¥%8?l‘ing}%9f§$ LOP AL IR FCTHE a"i’ﬁi%ﬁg%\é&* © t HeS
register is 2 a register that points to the first instruction in a |oop. 1
38. The apphHrabfdchionn2efafasyd Whieh eV TOR heS réhiRtEred: 2 B early top
register. 1 39. The apparatus as in claim34, wherein the register is 2 a
regi ster thexapplet sinoondenddstof nspenetion ofha irpprudti4n The appar at us

as in claim39, wherein the register is 2 an early bottomregister. 1 41. A
system conpassotfjated with VIop 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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2 an SRAM nenory device; 3 a |loop register; 4 a programcounter; 5 a
conparator; and -51 WO 02/ 37270 PCT/ USOL/ -t @063 1 a processor coupled to
t he nenorxv(glgy,kﬁ% wherein the 2 processor includes a cont f,@,].,UE@ll}O(%dapt ed
to: 3 conpare the loop register with a program counter when ware | oop
i s enabled; and 5 disable the conparator when the hardware loop is 6
di sabled. 1 42. The systemas in claim4l, wherein the |oop register is 2 a

register thaty pa&@tﬁréaeﬁ@elﬁvééélémﬁw%@ d @ 001 @%éa?ram {le system
as in claim42, wherein the oop registler IS aan ear y op register. 1
44. The sysi cl ai 41, e 0 a register
t hat point’s fg}?ﬁei% |?F?§ r tict fé ﬂ? ép]at% (%) tIlhe sys emas in

claim 44, vvherel n the register is an 2 earl bottom regl ster. 1 - 52

AF] 1. AF, . EAL. TR . ‘%@V?\hi %@“‘%{9"%@ P ARG Y: Al & A9. A{L. Ay{L. AL. A
89 AL. Al " . AL. A9. Ah9. AL. A{ . AS . AyAL. A{L. A{ & AhL. A9. A, 9. A9. A9. A(" . Al A" . AAL. A
{L. AAL. A9. A9. ASER. md%@reAamw{rﬁamh%@e 0L b o B ki R\ MeR a] cal ca]
ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] c<a] ca] cRa] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] caj chalaftat/cal Dp Boh iny@ b@gS(oni. These situations might
5| w mhc”Y] c] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca
] ca] ca] ca] brad tadie al wad tadlaal cn] wlag £a! H P o ANES fie ricd Y] 1od & | e ehd icad cal ca
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca
]calcal & PO® a conditional branch. Thus, in one mode of operation,
W wgke [ V] ca] ca] ca] c”a] c"a] c"a] ca] cal ca] ca] caJ ca]ca] ca] ca]ca ﬁ)ca] ca] caj] ca] ca
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444445 wr mhc”™Y] ] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
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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 zero 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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zero offset loop is detected (384), the next n instructions

in the loop may be issued and loaded into a loop buffer
(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). 1If 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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5 loop instruction register 296 (see FIG. 14). In addition,
memory devices may not be accessed and everything upstream
may be stalled to save power. Moreover, since the single
instruction loop may be issued out of loop instruction
register 296, the instruction fetch unit 50 may be free to
10 fetch the next instruction (e.g. from a cache). Thus, when
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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109 () - 7728nB88B8JEYNE than aligning instructions to an address
boundary. Once aligned to an instruction boundary in loop
hardware, no alignment of instructions may be necessary
10 when they are subsedquently 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. In
15 addition, a second set of instructions may be loaded 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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as a memory device is not fired up to load the second
hardware loop unit.
10 In some cases, a plurality of loop units may be used
to service nested loops (or coincident loops). An inner
hardware loop unit may hold one or more instructions that
are aligned in an outer hardware loop 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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However, when hardware loops are disabled, any switching in
the comparator circuits may be merely a waste of power.

10 Therefore, it may be advantageous to disable bottom match
and top match comparator circuits when a hardware loop is
disabled. By choosing inputs to a comparator to disable
the comparator when the hardware loop 1is 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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may be sent to multiplexers 404, 406 and 412. However, an
inverter (not shown) may invert a bit before multiplexer
412 receives the signal. 1In this manner, the output of
10 multiplexer 412 may be different than that of multiplexers
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

- 40 -~



040! 3 10%& ()-11 109& ()-1S/ #10%& ()-9- 310%& () -

+ 109& ()-) 109%& () - kKkRkSkTkUkakgkkbCSl 940!

1092& () - " siO¥&gs260 - | LLO9ZE& ()- 10 10 10f 9f 109& ()-5 PCT/USO1/46063

109 ()-kkI D }111dEbCSI 940! 109@& () - 10%Z& () - #10%Z& () -

1092&' () - S1092Z& ()-9 109%Z& ()-1"m nmmEndEbCSl 9%40! 10%&Z& ()-s 109%Z& ()-Y
1092& () - @109Z& () - 109%2& () - 109&Z& () - Ennnn50noodEbCSI 040! L- 10928& () -

+ 109%Z2& () -9a 10978 (Yo MOPEE §) g BLOIFX &L - sent, comparator
10%Z& () - oooSpopvpmpxpydeNCSI )i 10z 10 1OZ 9910%2&'() 51 Az&f(? 3y

109Z& ()-11 / B %4.0! o 10%
g ()-& 1100 haT 5o T0% FAREE )Gy preRs BRI NCHL ?Qm%%%% b A
%d0! ,f 10% h& ():''10% h& 0% 0% h&: ( % 110%

h& ()-rr)sd%%%‘?d c%?m%ﬁ?ﬁ‘)éﬁo ‘?‘5‘% “J‘%@/h % 3%)@9& RS -5§nt 100
h& ()-910% h&'&%_ 10% h&'i ~t Nttt t uDUdEYNCSI 0/<1oI $310% h& () - Y110%

h&' ()- @ S#10% h&F i}2&l ¥ 105 &'%3 a1990d hRughravea 0se RO ) c o9l Stk utddbCSl
940! : ! 10%| & ()-# 10%4| & ()-910%| & ()- 10 h 10 h 10 hL9g10% h& ()-5%$10%
h& () - VW VimeShestedd in g3 opdpel 1) e : | 1894fies¢ribadph@réiny) t¥YTop may
"10% | & ()- @ 10%| & ()-:110%| & ()-w, wwwwwoxdEbCSI 940!y 10%4| & () -

- 10%| & ()bd198MAEAESsS $268EEREL ) hold 08| Bhé ) add D&M 85 € )a UxdMkiy2yj yydELCS
%40! @! 10%!| & ()- & 10%4| & () -

+10% & () - &Y OPAEEL 6 - Bo¥1OWEhE 4) pl 038 & (dfyyEMETELZ VENE CEbG dEDl

%4 0FL109%& () -
into loop hardware (not shown).
Various embodiments of the invention have been

10 described. For example, numerous hardware loop techniques
have been described for implementation within 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.
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1 2. The method as in claim 1, the method further

2 comprising detecting the loop conditions from the

3 speculative registers before the loop conditions are
4 written to a set of architectural registers.

1 3. The method as in claim 2, the method further

2 comprising setting up a hardware loop using the loop
3 conditions loaded in the speculative registers.

1 4. The method as in claim 2, the method further

2 comprising terminating the loop early based on information
3 .contained in the speculative registers.

1 5. The method as in claim 2, wherein the processor
2 includes a multi-stage execution pipeline, the method
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2 speculative registers includes an early top register and

3 the set of architectural registers includes an

4 architectural top register, the method further comprising

5 adjusting the early top register with data contained in the
6 architectural top register following a termination of at

7 least one instruction in the pipeline.

1 7. The method as in claim 5, wherein the set of

2 speculative registers includes an early bottom register and
3 the set of architectural registers includes an

4 architectural bottom register, the method further

5 comprising adjusting the early bottom register with data

6 contained in the architectural bottom register following a
7 termination of at least one instruction in the pipeline.

1 8. The method as in claim 5, wherein the set of

2 speculative registers includes an early count register, the
3 method further comprising adjusting the early count
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register following a termination of at least one
instruction in the pipeline.
9. An apparatus compfising:

a control unit,

a set of early registers; and

a set of architectural registers, each architectural
register being associated respectively with an early

register.

10. The apparatus as in claim 9, wherein the control unit
is adapted to load the loop conditions of a loop into the

set of early registers.

11. The apparatus as in claim 10, wherein the control unit
is adapted to use the loop conditions loaded into the set

of early registers to set up a hardware loop.

12. The apparatus as in claim 10, wherein the control unit
is adapted to detect the loop conditions from the set of
early registers before the loop conditions are written to a

set of architectural registers.
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1 14. The apparatus as in claim 9, wherein the early

2 registers include an early bottom register that points to a
3 bottom instruction of a loop.

1 15. The apparatus as in claim 9, wherein the early

2 registers include an early count register that specifies a
3 number of iterations of a loop.

1 16. The apparatus as in claim 10, wherein the control unit
2 is adapted to terminate the loop early based on information
3 contained in the set of early registers.

1 17. The apparatus as in claim 10, wherein the control unit
2 is adapted to adjust the value of at least one of the early
3 registers following a termination.

1 18. The apparatus as in claim 17, the apparatus including
2 an execution pipeline, wherein the set of early registers

3 includes an early top register and the set of architectural
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5 control unit being adapted to adjust the early top register
6 with data contained in the architectural top register

7 following a termination of at least one instruction in the
8 pipeline.

1 19. The apparatus as in claim 17, the apparatus including
2 an execution pipeline, wherein the set of early registers

3 includes an early bottom register and the set of

4 architectural registers includes an architectural bottom

5 register, the control unit being adapted to adjust the

6 early bottom register with data contained in the

7 architectural bottom register following a termination of at
8 least one instruction in the pipeline.

1 20. The apparatus as in claim 17, the apparatus including
2 an execution pipeline, wherein the set of early registers

3 includes an early count register, the control unit being

4 adapted to adjust the early count register following a

5 termination of at least one instruction in the pipeline.

1 21. A system comprising:

2 an SRAM memory device;
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2

3

a processor coupled to the memory device, wherein the
processor includes an execution pipeline and a control unit
adapted to load loop conditions of a loop into the set of

early registers.

22. The system of claim 21, further comprising a set of
architectural registers, wherein the control unit is
adapted to detect the loop conditions from the early
registers before the loop conditions are written to the set

of architectural registers.

23. The system of claim 21, wherein the control unit is
adapted to adjust the value of at least one of the early
registers following a termination of at least one

instruction in the pipeline.

24. The system of claim 21, wherein the set of early

registers includes an early top register that points to the

top instruction of a loop.
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1 26. The system of claim 21, wherein the set of early

2 registers includes an early count register that specifies a
3 number of iterations of a loop.

4

1 27. A method comprising:

2 loading loop conditions of a loop into a first set of
3 registers in a pipeline from a loop-setup instruction; and
4 detecting the loop conditions from the first set of

5 registers before the instruction has committed to the

6 pipeline and the loop conditions have been written to a

7 second set of registers.

1 28. The method as in claim 27, the method further

2 comprising adjusting the value of at least one register in
3 the first set of registers following a termination of an

4 instruction in the pipeline.

1 29. A method comprising:
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1 comparing a loop register with a program counter when
2 a hardware loop is enabled; and
3 disabling a comparator when the hardware loop is

4 disabled.

1 30. The method as in claim 29, wherein comparing a loop

2 register with a program counter comprises comparing a

3 register that points to the first instruction in a loop to
4 a program counter.

1 31. The method as in claim 30, wherein comparing a

2 register that points to the first instruction in a loop to
3 a program counter comprises comparing an early top register
4 with a program counter.

1 32. The method as in claim 29, wherein comparing a loop

2 register with a program counter comprises comparing a

3 register that points to the last instruction in a loop to a
4 program counter.

1 33. The method as in claim 32, wherein compafing a

2 register that points to the last instruction in a loop to a

- 49 -



& ()- #10% & ()- '# #10% & ()- !"kL. @#4 #10% & ()- #10% & ()- #10%
& ()- '# #10% & ()- #10% & ()- "CS_ oUs@ #10% & ()- #10% & ()-

#10% & () WO t3miDY% & ()- #10% & ()- #10% & ()- Bl IKLFMesciRddQ&10&
“9g109%&& ()- 1'' 10%H&H& ()- 1'' 109%.?!' L& ()- #10% & ()- '#LXy|f:YL?'

6" 10%t& ()- 6"10%& ()-& 6"109%& ()-& " 10%t& ()-! 10%t& ()-)

3&10%4#&' ()-y8|[: YL?' ~ *#10%t& ()-3 *#10%& ()-3& "#10%& ()-& "#10%& ()-!
S#10%E& () prbgkGnl @¥EntrrMebhp r$ 5% oBmplrr 150 UNVE a&l ) bo¥tbk0% +' L& () -
&10%.+ L& ()- 10#10#10#) &9z10%#& ()-M|[:vU4 (#1094 + L& ()-, V

#10%. %' L&' () 15@%0%1%#% g> og@%@ ARible&y() - #10%+' L& () -

#10%." L& ()-50|}~vUA Y 1096R°S& ()- LIOYSR s& ()-10L+ L10L+ L10L+ L

99f 10%4.+' L& () - F1&10%_+ L& () - @ Fl&lO%_&L&'()-@_@[:vU4 #10%! s& () -
#10%%68& () - #10%&s&' ()- F&lO%&& ()-s PF&IOWR & ()-5s)

FELO%& () mgNu| [ - 410SR % 1096R S& ()- H Ys3' 10%R & ()-9 MYs3' 10%& ()-9
"@10% Y5 & ?) ANaPTERR é‘é PP o696 R s&'() b@10sR s !y3&10%k& () -
y3&10%828S& () - y3&10% & ()- , #510%828S& (

10962838 () - 10§Rr§ﬂe§ﬁe§) CeMp @ilémt@eswm%ﬂé&a( Firstzmpsdpdsgery- 3

3" 10%528S& () - 3 #100/62&8&'() #1098G' S& () - #1098$S&' ()- " *;rvualo
SSH10By y& () - - 2 PrOAWRRIEQUALer0 TOMPURPE tO) the2 410RL1 08 30 SLTOVRES: () -
3+#109628&S&' ()-rhj O] [: vU410 fDSH10%X#y&' ()-b p&LOW X#y&' () -

f 3" 10%y X#y &ult)ipleSRIQWy X#y &' () - SH10WY& ()- SSH10%X#y& ()--Oh| [: - 410y X#y
C9g10% X#Y &' ()- y310%X#y& ()- f)SH10WX#y& ()-3 f)S#H10% Y& ()-3

FDS#1Q%! y& ()-B d %t &upiedl tALHRQY ¥t puft# 5@ Y84 ( )hE:st EHE0%HE () -

f #1098& () T109%&& () - | LI0YRS&' () - 10y X#y 10y X#ty" W] =A410yX#ty & ' 1098& () -

& ' 109%&’ (s Kndl MBS Choxe rSELQUES () -3 Y#10%5'& () -3 -
FHI09RS () -F& )2 yYOAAL0y Xity& ' 109&&' ()- & ' 109%&& () -

7 a control unit adapted to output opposite signals from

8 the first and second multiplexers when hardware loops are

9 disabled.

1 35. The apparatus as in claim 34, wherein the control unit
2 is adapted to output the register’s data through the first
3 multiplexer and the program counter’s data through the

4 second multiplexer when hardware loops are enabled.

1 36. The apparatus as in claim 34, wherein the register is
2 a first register and the comparator is a first comparator,
3 the circuit further comprising:

4 a second register coupled to the input of a third

5 multiplexer; and
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2 a register that points to the first instruction in a loop.
1 38. The apparatus as in claim 37, wherein the register is
2 an early top register.

1 39. The apparatus as in claim 34, wherein the register is
2 a register that points to the last instruction of a loop.
1 40. The apparatus as in claim 39, wherein the register is
2 an early bottom register.

1 41. A system comprising:

2 an SRAM memory device;

3 a loop register;

4 a program counter;

5 a comparator; and
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3 compare the loop register with a program counter
4 when a hardware loop is enabled; and

5 disable the comparator when the hardware loop is
6 disabled.

1 42. The system as in claim 41, wherein the loop register is
2 a register that points to the first instruction in a loop.
3 43, The system as in claim 42, wherein the loop register
4 is a an early top register.

1 44, The system as in claim 41, wherein the loop register
2 is a register that points to the last instruction of a

3 loop.

1 45. The system as in claim 44, wherein the register is an
2 early bottom register.

-52 -



