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PROCESS| NG PROGRAM LOOPS  BACKGROUND Thi's i nvention rel at 88t WY, war e

| oops i npvemeni»des in a programmabl e processor. | n desi gnipiar/ésoRliegrammabl e
processor, such as a digital signal processing (DSP) system two conpeting
design goal s are processi ng speed and power consunption. Conventi onal
processors include a variety of hardware designed to increase the speed at
whi ch software instructions are executed. The additional hardware,

however, typi caMEFTIINENRRPEERATNE PORWEROCRHISIVEHROGRAMLOPA®  processor. One
techni que for increasing the speed of a programuable processor is a

"hardware | oop," which may be d%%d%agggﬁgudmare designed to expedite the

execution of software instructi a | oop construct. Hardware

| oops may reduce the nunber of clock cycles used to execute sof tware

| oop by cachiRé St K& VieRdtPte tedA< S5 9% rdS% gtoté’rl:’sS Jf‘l’?éreérﬁpatr uci ng the
need to fetch the sanme instruction froma nenory device or instruction
cache ainpkupabkgtryprslbliemesocessor.

In designing a programmable processor, such as a

! digital s;gnal processing (DSP) system, two competing
design go;is are processing speed and power consumption.
Conventional processors include a variety of hardware
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
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
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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WO 02/ 042905 F$ 3 Y20 PCT/ US01/ 46337 Hardware | oops introduce se al
chal | enges. These chall enges include avoiding penalties NOAMES tup
penal ti esv@ozénsrsch penalties. Setup penalties are the | essnghi/pssf or mance
(usually an increase in processing tine) associated with setting up a
hardware |l oop. Simlarly, branch penalties are the | oss of perfornmance
(again, usually an increase in processing tine% associated w th a branch.
DESCRI PTI ON & @ave NESORFGLnE rpdugepFe¥R Y dll agRamirrogst r af PR§San exanpl e
of a pipelined programmbl e processor according to an enbodi rent of the
i nventicie LFefye? iscaubkoekodiagpapehklbodesasiing as ex&mpl e execution

pi peline for the programrabl e processor in accordance with an enbodi nent
of the psesentebnyenbirafchFpenaltiesf | osedupgpamaillliest naki ngeexenpl ary
timng of when early registers nay be | oaded in accordance with an

enbodi nept  of £t Per PLERGAL mﬂgagmg- afl Gnchehiea ihl @Wodeagriam i | | ustrating
how a | oop setup I1nstruction nay be used to determne early register

val ues i Acgordance i | AngERedLER! 20hoLaRRLeS8RE i NVeNtion. 2 0 3
Similarly, branch penalties are the loss of performance

(again, usually an increase in processing time) associated

with a branch.

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
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
embodiﬁent of the present invention.

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

in accordance with an embodiment of the present invention.



WO 02/ 042905 PCT/ US01/46337 FIG 5 is a circuit block diagramillustrating
one enbodi ment of a hardware loop unit. FIG 6 is a flowgd gay 2005

il lustrawm@e/a2msde of operation involving adjustnment of peansyi/¥egy sters
in accordance with the present invention. FIG 7 is a flow diagram
illustrating a way of updating architectural register values in accordance

wth an enbqdi of the present. invention. Fl 8 is a flow diagram
illustrati ng%?rgr'gﬁ elrgha i(f/leJPCI%/\Jfaty%o O%po‘%ﬁ%@ar? h:'eﬁa?%‘h]i’?te]c[f%r%ﬁecount

regi ster values in accordance with an enbodi nrent of the present invention.
FIG 9 ie8bedimantdidgrant3fdwumts k99 WHet ti ming  advant ages real i zed by
the use of early registers in accordance with an enbodi nent of the present
i nvention. FIEGG.10 ijss aa fflow diisagzan iilusiteating an edde cdent  way of
adjusting an early count value in accordance with an enbodi nent of the
present dpaeenttiicon.iftdd vildy isdjpuddneake dd gy ¢ | tepidmdtngicounters in a
circuit in accordance with an enbodi nent of the present invention. FIG 12

is a floucdigag idiustemd i adybidebiods,, of operation in accordance
wi th an enbodi nent of the present invention. 3 0 3 MAY 2005

FIG. 7 is a flow diagram illustrating a way of
updating a;chitectural register values in accordance with
an embodiment of the present invention.

FIG. 8 is a flow diagram illustrating an alternative
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.

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
invention.

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

present invention.



WO 02/ 04290--s PCT/US01/ 46337 FIG 13 is a block diagramillustrating a
circuit having counters only in the first n - 1 efdcMAY J8 stages

i n accordaeamsmosh an enbodi nent of the present inventioperfiokérscdd a bl ock
diagramillustrating a hardware loop wunit in accordance wi th an enbodi nent
present invention. FIG 15 is a diagramillustrating a scenario in

accordance w an .enbodi nent_ of,.the present invention. FIG 16 is a flow
di agramil | &#Eat ﬁﬁg 'y sacg)ﬁai)quo Ghe< ca@‘brltsjlglri'bsetwttlﬁlgar‘? dhdifrent of the
invention. FIG 17 is another flow diagramillustrating a

scenar | 61FRY&EC HRTARCE SHYTT e4F SMPddilfefthoffiHE gt esentexqGivieiion. FIG
18 is a diagramillustrating another scenario in accordance with an

enbodi neheges the ymceysiandenvdrith em enfic@iment o fa tfHeovp xh segrtam

hybrid

of the

pr esent

illustr

ating the other

scenario. FIG 20 is a flow diagramillustrating

bot h sceéngaenadoni.n accordance with an enbodi nent of the present invention.
FIG 21 is a flowdiagramillustrating a node of operation for detecting a

fset kgep i1n aceaidan ith ;an i ment
[ oot JFaen 13 AN agiia AN RRHIIRN Hadtdif R REY

unit in accordance with an embodiment of the present

zero of
i nventi

inventionz
FIG. 15 is
accordance with
FIG. 16 is
accordance with

FIG. 17 is

a diagram illustrating a scenario in

an embodiment of the present invention.

a flow diagram illustrating a scenario in
an embodiment of the present invention.

another flow diagram illustrating a

scenario in accordance with an embodiment of the present

invention.

FIG. 18 is

accordance with

FIG. 19 is
scenario.
FIG. 20 is

a diagram illustrating another scenario in
an embodiment of the present invention.

a flow diagram illustrating the other

a flow diagram illustrating both scenarios

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.



WO 02/ 042905 PCT/ US01/46337 FIG 22 is a flow diagramillustrating a node
of operation for detecting and dealing with a single insfgughy @bzero

of fset | evpoi/my2egzcor dance with an enbodi nent of the presegt/uspveiss on.
FIGS. 23A - 23C are block diagrans illustrating a nunber of hardware | oop
units connected to one another in accordance with an enbodi nent of the
present invention. FIG 24 is block diagram show ng power saving circuitry
i n accor dancé& 1t K an Srioddi e dF rahel bl eskr t 0%\ medn. ©DESCRI PTI ON
Figure 1 is a block diagramillustrating a programrabl e processor 2

ar r angedper aduimporiorfddt aning ndvde el 1 ngpei i thosdnglgni fi cant |y

i ncreasi ng power consunption. In order to support hardware | oops, a
processdms? ruet i csuppard @f f00p Sedppin ns¢cocdande tdhpth ismti al i zes the

har dware by setting entry and exit conditions for the | oop.

Entry and exit

condi ti ephomEmhe: def ived dhedaop itpwliidons: top, bottomand count. The
top condition defines the first instruction (or top) of a |oop. The

bot t om condi tize defines Jhe JAStp ISt rieLi Pnd Of1 RO M s 25 , VO 02/ 042905

0 3 MAY 2005

number of hardware loop units connected to one another in

accordance with an embodiment of the present invention.

FIG. 24 is block diagram showing power saving

circuitry in accordance with an embodiment of the present

invention.

DESCRIPTION

Figufe 1 is a block diagram illustrating a

programmable processor 2 arranged to support efficient

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.

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)



PCT/ USOL/ 46337 of a | oop. And the count condition defines the nunber of
iterations of the loop. Entry of a hardware |oop may occur &tMAYh20% i r st

"top makEdeinPedsop match may occur when the program counpefsushifessi S
pointing to the top instruction of a |loop. Exit of a hardware |oop may
occur at the last "bottommatch.” A bottom match may occur when the PCis

pointing to the bottominstruction of a loop. By initializing the count at
the firSf fo O%-chAaﬁdt%eEP&%nﬁ%&%%%@@@%@ Exén WobEdmMatat ch,  he

hardware may keep track of when it has encountered the | ast bottom nmatch.
I n thi siranagionshefl 6bp dowdi-ti ons top, bottomand count may define the
entry and exit conditions of a hardware |oop. Processor 2 nmay include an
execution pi pekirye of anthaadwaart Nelopumay @cchantatolthenifti e trayecgontrol t he
flow of instructions and/or data through pipeline 4 during a clock cycle.

For exappten.dur ilngobhRaRRCasS RERfr Aherd RS Wg%m CHHnt@lr unit 6 may
direct the various conponents of the pipeline to decode the instruction

o o TERE! LA BRELRAT e Sl SR PSRt 0 4 4R
a hardware loop may occur at the last “bottom match.” A
bottom mach may occur when the PC is pointing to the
bottom instruction of a loop.

By initializing the count at the first top match and
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.

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
instruétion, control unit 6 may direct the various
components of the pipeline to decode the instruction and
correctly perform the corresponding operation including,

for example, writing the results back to memory.




PCT/ USOL/ 46337 I nstructions may be |oaded into a first stage of pipeline 4
and processed through subsequent stages. A stage nay Pr OCYSP yR ek rently
with the WphepsShpges. Data may pass between the stages in44,R8l P84
during a cycle of the system The results of an instruction nay energe at
the end of the pipeline 4 in rapid succession. Control unit 6 may include
hardware | oop unit 8 that, as described below, may facilitate fast

har dwar e | oop9is BfiuHEANS iRl i aRaded ndtteast g ponesta@nsefpt i on of
processor 2. FIG 2 is a block diagramillustrating an exanple pipeline. A
pi pel i ngilkhias: Mulardler stages thtatoungly sdlesddudrnt estexgest i o of nul tiple
instructions during a single clock cycle. In pipeline 10, an instruction

my ent@faddiend pPrddd dnedhchedd By skage the Brnde scddest Bhegk cycle.
The instruction may then conti nue down the pipeline during subsequent

clock cygcl d chg er e | e eLsa

previ oug[%}?ﬁjsatﬁﬁﬁeehaﬁg(%d i %,ﬁ%pllc&a%ély (g%%%%gra lﬁgﬁ u‘(gz%i on

enters %he | F g%%ge during .a subsequent,__clock cycle and then continues
B ST R dur]

down t he f - SUHSS Eht ) PR SR TUFTYS Rddi ti onal

instructions enter the IF stage 12 during subseqsue,nt clock 7 WO 02/ 042905
he end of the pipeline 4 in rapid succession.

Cont{ol unit 6 may include hardware loop unit 8 that,
as described below, may facilitate fast hardware loops
without significantly increasing power consumption of
processor 2.

FIG. 2 is a block diagram illustrating an example
pipeline. A pipeline 10 has multiple stages that may
facilitate execution of multiple instructions during a
single clock cycle. 1In pipeline 10, an instruction may
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
instruﬁtion has exited. Thus, typically another
instruction enters the IF stage 12 during a subsequent
clock cycle and then continues down the pipeline during
subsequent clock cycles. Similarly, additional

instructions enter the IF stage 12 during subsequent clock



0 3 MAY =5 PCT/USO /46337 cycl es respectively. The nunber of stages in the

pi pel ine may definelthe Runge;fof instruction? tﬂat theI %pﬂk*qﬁﬁnay

servi ce i aneously. The different stages of the pipe E erate as
folloms.ﬁrﬂ%bﬁﬁﬂﬁions may be fetched during the IF stage U%@Xg??étch
unit 13 and decoded frominstruction registers 15 during the DEC stage 14.
During the AC stage 18, data address generators 19 may cal cul ate any
menory Cyaleessespaskdvedyper TbEmMuR®edpetasitaqesDi diet v P&ddast i on
stages (EX 1 - EX n) 22 and 28, execution units 23 and 29 may perform
speci f imsly opef ahé otise sumheaspff ansexaapliensaddiatg tore milpilphyd ®ewt wo
nunbers. Execution units may contai n specialized hardware for perform ng

the opesatioBs snghvdbAgoukl .exanple, one or nore arithmetic logic units
(ALU s), floating-point units (FPU) and barrel shifters, although the

scope Of t heyypr g9enl (LAYCQERALST §NOhel LILLAdrid iyl $BRECis A vari ety

of data may be applied to the“execution units such “as"the addresses

t ed dat d : , t I f dat
e T ovERL T ¥R dathe CFArAPEPe et Pend Saered BHEi T Sg¢ (her IS the

results _nmay be witten to a nenory |ocation or data registers ’external to
the pi pbfiRE 8rfebClatBifedPstBrs derodsd frgm instruction

registers }5 during the DEC stage 14. During the AC stage
18, data address generators 19 may calculate any memory
addresses used to perform the operation.

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
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
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
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regi sters 32. The stages of pipeline 10 may i ncl ude one ojfiQVQ g@%

circuitsweurtmas a flip-flop, for storing data. As nentipepgioR3YE,

processor 2 may support a loop setup instruction. The | oop setup

i nstruction may
t he har

r al
rage

Lt bot t to, architegt i st 32 i
the pipet e LR et et ct BT AT PHERT breSHaFSap <421 i Thal FEBTAS OBt i n

Therefore, the entry and exit condi

architectural  registers 32,
be conplRt
of f set,
i nstructdore befipefldre, t bpr oftohengodatas

initialize the hardware | oop by witing the boundaries of

, i ndi cating the nunber of tines the loop is to
R Ing nlQJeRYi BAClude PRBpOScRepei AEPFaES| ohrAajtdef buehan

i ndi cating the nunber of instructions that follow the | oop setup

is initialized, the hardware |oop nmay operate in the pipeline 10 until

exit

reached. After the hardware | oop

t he

condi t iz mént hend@oPobas, beedceasbsf 2 efayes@pparPoht PgpMat ch with

count equal to zero). Architectural registers 32 are generally | oaded once

an | NStIAtiOn: Ae: COTBA L COrng. Joopabol B LRDCLUSLO0 Yoyt he VB stage 30,

ions “stored In arc ecture registers

32 my nglsbeupdatate wnkih.sevesah £hogk evel os Daye passed. from when the

| oop

setup I nstruction enters pip

ause e entry -

the hardware loop (e.g. top and bottom) to architectural
registers 32 in the pipeline. The loop setup instruction
may also initialize a count in architectural registers 32,
indicating the number of times the loop is to be completed.
In addition, the loop setup ins£ruction may define an
offset, indicating the number of instructions that follow
the loop setup instruction before the top of the loop is
reached. After the hardware loop is initialized, the
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
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



0 3 MAY 2005 "O 02/042905 PCT/ US01/ 46337 and exit conditions may not be
updated until several clock cycles have passed, restricti @@ M 265 ting up

har dwar e wbeepsemy exist. For exanple, if the first instpdgiugpsiys the

| oop enters pipeline 10 before the |oop setup instruction has conmtted,
the architectural registers may not be set up to identify the instruction
as part of a | oop. gbreover, this problem may increase as the depth of

t he pipe??ﬂethErgag éFlPﬁsoﬁéyeHBGdLﬁeHP?aE?€CE§§é# SeNgyadvELOSHe t hese
restrictions by maintaining a set of early registers 34, 35 and 36 in the
pi pel i necYaseghbakei RaFped, 2ressrligtipagi shesstEfop 8% hnddEBae 35 may
reside in the decode stage while ECnt 36 nmay reside in AC stage.

| mpl enentoogs amset erfisear | Yoregkatpis, 34f Bheafidr36 iABY ruBEhieaseén
processi ng speed of processor 2 by reducing or avoiding | oop set up

penal ti eghe ASoflesentbed php¥einesevepakoebogkeCYBbps sERYpPasSS between the
time a loop setup instruction enters the pipeline and tﬁe tinme the

ar chi teciiabuLeglst RS BEAmMELELEN:nLOUBYRE LoLDE 1 LYqs gL St gLy MY De

| oaded | ong ore the loop setup’ instruction wité he~ar chrt ect ur al
0 " kB b o A o FE) CERE" g BRLL chegoate g reduce the
' loop. Moreover, this problem may increase as the depth of
the pipeline increases.
In one embodiment, processor 2 may overcome these
restrictions by maintaining a set of early registers 34, 35
and 36 in the pipeline. As éhown 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
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
architéctural registers are written. However, the early
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._



0 3 MAY 2005 WD 02/042905 PCT/ US01/ 46337 The early registers may be
specul ative registers used to predict or speculate the valQug MY 2005

ar chi t ectwoab/io4vegi sters. Unlike the architectural registaicsyydoifessr
specul ative registers may not be supported by the systemis instruction
set. Therefore progran1code nay not be used to access the specul ative
regi sters. thls ﬁeason % ra r not be able to nove data in

or out of the hg et ¥tF9glFE§F§t SQ&ﬁﬁlﬁéﬁvﬁhéﬁgﬁét@FssHéeéould

with architectural registers. Loading early registers may be done in
several t@ipredbat QhysrefFglaitasthrcealumecdarirphiégicsuerd may be .| oaded
sinply as a result of performng a regular instruction register nove to

t he archr¢gtstens.regnitikesthel arochheeconrdd, rehessgsbemeiay i nstruct the
architectural registers to load the contents of sonme other register, and

as a reswécw@teaélye@egté&grﬁaayaﬁoeebepgagﬁertxet pyaBakhey spay ko | oad
the registers is a "pop" from nenory er words, the systemmay fetch

the data; f£0m ﬁysetlOaghEQEfQEEh'%ﬁﬁégéﬁlcBﬁg'ﬁ5§r§0%4E? f,hay data, and

update the early registers. The prob wth regu regis noves or
pons | \EELes < GGk PR LS UG oo sELyp pena Lo, hese
programmer may not be able to move data in or out of the
speculative registers the same way that he or she could
with architeetural registers.
Loading early registers may be done in several
different ways. For instance, the early registers may be
loaded simply as a result of performing a regular
instruction register move to the architectural registers.
In other words, the system may instruct the architectural
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
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

_ll__



0 3 MAY 2005 WD 02/042905 PCT/ USO /46337 pipeline until the "noved" or
"popped” data is available to be witten. To avoid these pgngiyt e@s. a | oop
setup i medopuepEN nmay be used to |l oad the early registerschaiser szt he
architectural registers get witten. The follow ng exanple illustrates the
syntax for invoking an exenplary |oop setup nmachine instruction: LSETUP

(PC Rel ati Top, . Re I\ t,0 Counter,,,= . X_The PC Rel ative Top
specifig%igéyl%§s%§%%g #ﬁ%n1ﬁﬁggéurg%ntpoPﬁggrugPFBanoayﬁéRQE;Ftt8f t he

| oop (the Start O‘fse,%%. Thﬁ PC Rel ati ve Bottom specifies the distance
from the®® TRt t nstPuRVPoA FBeRePeRAlbEeFneal dBPP(EREUEND Offset). In
addi tion, the Counter variable may specify a counter register and a | oop
count i McRTEEYFHe eheravinber uaed teetaadonBei nathy regpstEk& b8fbsea fl ow
diagramillustrating the timng when early registers get |oaded in

accor dande: v tdh bre ebbosl neayisoérshgepresedtennventi on. As described, the
| oop setup instruction may contain | oop conditions in the formof a count

val Ue, a1 op nred o1 EoWi g bekkmp ¥al ueusc £atbecthuelynthhessy Lhr ee val ues
may define entry and exit conditions of a hardware Toop. -12 Q 3 MAY 2005
VO 02/0%%%Q§cﬁ§§7éﬁxg§éﬁ§§zry loop setup machine instruction:
LSET QP (PC Relative Top, PC Relative Bottom) Counter =X
The PC Relative Top specifies the distance from the current
instruction to the start of the loop (the Start Offset).
The PC Relative Bottom specifies the distance from the
current instruction to the end of the loop (the End
Offset). 1In addition, the Counter variable may specify a
counter register and a loop count indicating the number of
iterations in the loop.
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 ?alue, a top value, and a bottom wvalue.

Collectively, these three values may define entry and exit

conditions of a hardware loop.

-12 -



The count value may represent the nunber of iterations that the |gop wll
make. Once the | oop setup instruction enters AC (38), the(8oMit 081 ue may
be writtevobopofebes ECnt register (39). Initially witing perhlyerk35t

regi ster may be done via a register nove fromdata registers contained in
a different pipeline. In one node of operation, the ECnt register nmay be
witten vm'th,[q,tata con%ain d in PREG registers Iésee Fl G 6% in the DAG

pi pel i ne. The top" AHY" bbt oM DAY vePHaS 7 hdFRat BURRENCE| hEBFBEEPBA is the

top of the | ogp, and which instruction is the bottomof the |oop. The top
and bot ttoRtvditfest 9P Whkl |'B8e setpre nshe uteppnsehorelestraayibe program
counter (PC) relative. Therefore, a calculation (40) in AC stage nay be
used t o egidtetish Athe(3d)p, alrlte bovtwim valwesna have wwkittee twi thenECatETop 34
and EBot 35 registers respectively. After the |oop setup instruction

enters Béghdtkl),(3de. t omieisl bptwont ed ues Ry benwr kéyescée hhe ETop 34
and EBot 35 registers (42). The ETop register 34 may be | oaded to point to

the finst ddid UG ion-&fi der |0 (OFort O 0f f@é}iégeag%écgﬁﬁaigggt regi ster

35 may be |l oaded to point to the last instruction o oop bot t om of
a 1 00p) inThe HOHe  dB01SLE0 36 v e | 03fSd, 10 SBEELLY LN pgPer of times
' ECnt register may be written with data contained in PREG
registers (see FIG. 6) in the DAG pipeline.

The top and bottom values may indicate which
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
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
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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PCT/ USOL/ 46337 that the circuit is to go through the loop. In one

enbodi ment, ECnt 36 counts downward, decrenenting as the @8rMaYi 20090es

t hrough woeodmems FIG 4 is a flow1dlagran1lllustrat|ng oRETB0B433B7
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 i nQstruchi o pegi Vv rlable |nclud|ng a Start

O fset Qigzﬁﬁﬂer%{g%h g f Egd$$s€$§%%§§}$§8t °“Rne SEPFEet may specify

the distance,in the |nstr$ tion streamfromthe |oop setup instruction to

the firSMAGEMIRTT FChh LReCOTRLD. %W%W?E?Iy?eFﬁ%mEﬁE}PgeFSnﬁ?espe0|fy t he

distance in the instruction streamfromthe | oop setup instruction to the
| ast |nSI¢QRH%QHG@¢ﬁt¢@¢©@@b tierleert ance, if the first instruction in the
loop is the instruction inmediately followi ng the |oop setup instruction,
then the S-OHFX®: 4wold da bEldhedivdgitdmoflli hetrbhbopgsehapmodst egction. I1f, in
the instruction stream there is one instruction between the | oop setup

i NSt ructdRivatiilsh tde Rarshat&sissstundti  then! 0poophesttipe S- O f set
woul d be the width of the | oop setup instruction and the one instruction.

Sim | arlyy,sd f,dhese f‘éerééé‘&!ré‘étéz’:‘&ﬁ%‘ées?@&"‘@?r‘pw&?lﬁ@t ¥p.and the first

|nstruct|on then the S -

According‘to one format, the loop setup instruction may
specify several setup variables including a Start Offset
(S-=0Offset) and an End Offset (E-Offset). The S-Offset may
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.

For instance, if the first instruction in the loop is
the instruction immediately following the loop setup
instruction, then the $-0ffset would be the width of the
loop setup instruction. If, in the instruction stream,
there is one instruction between the loop setup instruction
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-
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WO 02/ 042905 PCT/ USO /46337 O fset would be width of the h%tpﬁA 2905
instruction and the two instructions. As shown in FIG 4 O fset and

E- O f set was @/04y3i cal |y specified by a |oop setup instruchepshffessr
However, the | oop-setup instruction specifies the offsets relative to the

program counter (PC). Therefore, the PC value nust al so be determ ned
(45). Tt’be C vaI ue d S- Ofset nmay then be used to cal culate ETop
regi ster &F ‘(‘21‘63 %r@ng?‘ cofhkhpclogpuechng Enetfsetinnyand tbed to
cal cul ate EBot register data (47) Once calculated, the early register
data maytwe hpstxeptienshe early registers (48). Corrpari ng FIG 4 with
FIG 2 illustrates exenplary timng when witing the ETop and EBot

regi sters. StAapsshdwd)iandi45), mayeosearfsatDEEdSEagerdde Labcul ations
steps (46) and (47) may occur in AC stage 18. Therefore, the wite step

(48) may:|eica11 §%éél§i@&eb%£a P&ébOHQEu?tEﬁsﬁfﬁ@ﬁlgﬁ {hg) invention is

not limted in this respect | oaded he early regi sters may be used

Lo set upndipridoare. | o0ps. LG Prle-achlogkodlagean  Ligstraipg one

enbodi nent of a hardware | oo connect & an fetch

(I'F) unit 5 and a d coder unit 52 of _pi ne_10. L n one enbodi ment, the
early rergell erse ney oS -HECIESID g9 puSs0 E(SBSS There%ore, the PC

value mus% also be determined (45). The PC value and S-
Offset may then be used to calculate ETop register data
(46) . Moreover, the PC value and E-Offset may be used to
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
(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.

Oﬁce loaded, the early registers may be used to set up
hardware loops. FIG. 5 is a block diagram illustrating one
embodiment of a hardware loop unit 8 connected to an
instruction fetch (IF} unit 50 and a decoder unit 52 of

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

-15 -



0 3 MAY 2005 PCT/ USOL/ 46337 used to detect a loop in the stream of
instructions 57. Loop hardware 54 is then | oaded with one £y s | oop

i nstruct iwas2oee | oaded, the | oop instructions may be Q%guégzgg@§n and
again fromloop hardware. Thus, if the wearly registers detect an
instruction |loop, then one or nore of the loop instructions may be fetched
only once by, IF ynit 50, and then issued repeatedly from hardware | oop
unit 8. ulsr?%i &S GRS et 13 Feditstiets SHRPIhitlodiss Wekdrodis Thal | enges. For
i nstance, one challenge introduced by the wuse of early registers arises
becauselope damdyarsyist drs tdera Inpdatked ttho dye adj wstred . 1ddp t he pi pel i ne
must service an event, the pipeline's current operations may need to be

t er m natiedt rivfc ttilnrss .t erGrigeratliceieatc s dfdogr iars teardty onfse@iast @fe has been
witten, but before its respective architectural register has been

witteniskhed theieardnd deedinstffondaicdg ik Red-d.0 Bead) Ut gdhe | N ot her
words, because the early registers are witten early, a termnation in

(ne ELrFoty Betae e danp g samRLL gk et M SYpSEnL o
operat| %Briemé%l \éihrég l%dépusitn%?:rftucocfio%asr ln}layr %%I Sfte%rc 'edI rc]m_l]y on\clz\g %Zyl 04290. 3
IF unit 50, and then issued repeatedly from hardware loop

unit 8.

Implementing early registers may introduce several
challenges. For instance, one challenge introduced by the
use of early registers arises because the early register
data may need to be adjusted. If the pipeline must service
an event, the pipeline’s current operations may need to be
terminated. If this termination occurs after an early
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
terminétion in the pipeline before the loop has committed
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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0 3 MAY 20(1 PCT/US01/46337 particular, FIG 6 illustrates the timng
involved in adjusting ETop EBot, ECnt registers. As showf 3 MAFI2008 6, the
early regv@ozpneimay get witten (76). In one enbodi ment elcTiide1/46337t he
early registers are specifically the ETop, EBot, and ECnt registers (as
shown in FIG 2). If a termnate in the pipeline (80) occurs before the

architectural r.eqist ave been witten (82), then the upaborted
instr ucpla&jfslcﬁrgfq"’b 'aiér:e]dﬁfurso T4 dilpel é%%r(%%?v%ﬂe‘flhénearl y
registers may be adjusted by witing the data contained in their

r espect 2@ Ugtdma &tanr ABtoufi@rtparasi {8#s . The node of operation
illustrated in FIG 6 may be particularly useful when dealing with
back-t o- back Asarsdwawre id dtjss. 4,f ,tHeoreamnkst aneel steesecoy deop is tern nated
before it commts, a first loop mght still need to execute its remaining
i NSt ruckirarsdm (7e pi Rl idie el dididist eAtrI¢ echnithe éa: G 6 provides
a way to deal with this transition by adjusting early register val ues

accor di ngl.stiehG aird |dgistiratas 1B, Waye airdpdatidng, thes afEhit ectural
regi ster value with the Early Count (ECnt) data. Data may bhe witten to an

ECnt  Regi L_i%:te( gsgﬁ)q(%% sar{%r{mir}pgrl(cg;?)r.i bteﬁfataaibé[)engmtr;ramee Eﬁgéﬂq egi ster data

may then se e pipelin SO ets Wi n'To the

arChite%E%%Tiﬂé %%O) occurs before the architectural registers
have been written (82), then the uﬁaborted instructions may
be drained from the pipeline (83), and the early registers
may be adjusted by writing the data contained in their
reépective architectural counterparts (84).

The mode of operation illustrated in FIG. 6 may be
particularly useful when dealing with back-to-back hardware
loops. 1If, for instance, a second loop is terminated
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
register value with the Early Count (ECnt) data. Data may
be written to an ECnt Register (90) in any manner described

above. The ECnt register data may then sent down the

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

-17 -



0 3 MAY 2x15 WO 02/042905 PCT/ USOL/ 46337 count register (93) during WB
stage. Then, in every subsequent iteration of the |oop (983 MAYe2088nt

Regi st er walew29may be decrenented (96) and re-sent down tlertpispeldsie (92).
This process may continue until the |loop has finished its last iteration
(98). FIG 8 illustrates an alternative way of updating the architectural
count re is%gr; Rat her hﬂ@n(fendin he ECnt ata down the pipeline after
every i &MY PDE tHe 1H0p, THEHHY e’ B3 9%perbitdn 111 8¥EF4ted in FIG 8
sends the ECnt data once. Then, in subsequent iterations of the |loop, a
si ngl e FANSE e R 3 HohelE e ekor o( 34l) uthe thent aResiseerural count
register. In FIG 8, data may be witten to an ECnt Register (90) in any
manner deder inget halacrenrntEcht (@i st@rrelasent ndywh hehe bpisebindown t he
pipeline (92) so that it gets witten to the architectural count register

(93) dur(igzg MBTistsaagerodessubsequentinderait Dnstid 1hep! e (94), a single
val id decrenent bit nay be sent (102) to decrenent the architectural count

regi st ersiiQed Tis HOHCESS MBYi ofONddnue until the | oop has finished its
last iteration (98). FIG 9 is a flowdiagramillustrating the timng
advantages reald zed joy e U8 ofn AL X O PL 8ISy ¥ GpdBring the
architectqral count register. Rather than sending the ECnt
data down the pipeline after every iteration of the loop,
the mode of operation illustrated in FIG. 8 sends the ECnt
data once. Then, in subsequent iterations of the loop, a
single valid decrement bit may be sent to adjust the
architectural count register.
In FIG. 8, data may be written to an ECnt Register
(90) in any manner described above. The ECnt register data
may then be sent down the pipeline (92) so that it gets
written to the architectural count register (93) during WB
stage. In subsequent iterations of the loop (94), a single
valid decrement bit may be sent (102) to decrement the
architéctural count register (104). This process may
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 registexrs. As
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0 3 MAY 2005 WO 02/042905 PCT/USQ /46337 shown in FIG 9, loop entry/exit
conditions may be loaded into a set of early registers (DZOMAYT3¥se early

ent ry/ exiwoa@hgiehs ons may then be detected (122) before a pdi90R);5654P
instruction has conmtted (124). Adjusting the ECnt register may present
addi tional challenges. Adjustnent of the ECnt register may be done any
tinme there is atermnation of the pipeline prior to a |oop being

fi ni sheghomn somdi e bed@pre amimdpexirtstcrmiitdr@am}asstba |Lldzdédh t he

pi peline and these valid instructions mght adjust the architectural count
regi st eintwalaisanceE tdweyl caagistdde 0 )of dhgsctdaxyly he ECnt regi ster
data followng a termnation is to allowthe instructions before the

ter m naten@? /2 :GHMidn ARG dhe My idied e EEtedtRM Stier2 Widd¥odd S _
architectural counterpart. However, this may add an additional penalty if

t he br aqg@lpoesr@:l insd itc!}?rhaté‘ecorﬁi"igccﬁ& {18kgs, to drain the pipeline.

FIG 10 ilFustrates an efficient way o usting an early count value. As
shown, after a. 0 set inhstructian enters AC st.age, (.180 the early
count " regi ot 4IRS Wi Al (T A SR Wit Edhe kit a ey be
sent down the pipeline (184). If a termnation (185) occurs, unaborted

i nst r ucthGrs STEE e d\‘%ﬂi%ﬁd‘teﬂ%ﬁf e it register may be done

any time there is a termination of the pipeline prior to a
loop being finished. This may be because valid
instructions may still be in the pipeline and these valid
instructions might adjust the architectural count register
value once they commit.

One way of correcting the ECnt register data following
a termination is to allow the instructions before the
termination to commit and then write the ECnt register with
its architectural counterpart. However, this may add an
additional penalty if the branch penalty is less than the
time it takes to drain the pipeline.

FIG. 10 illustrates an efficient way of adjusting an
early éount value. As shown, after a loop setup
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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- 19 WD 02/042905 0 3 MAY 2005 PCT/USO 1/46337 ECnt regi ster may be
witten with the data in its architectural counterpart (g87yay Abgseach

bott om mat@b2/(49) a valid decrement bit may be sent dowpdhg,pyighi ne
(192). Wen an instruction that caused a valid bit to be sent exits each
pi pe stage (194), a valid decrenent bit may be renoved fromthe counter at
that exited pipe stage (196). In other words, the counters nay be

i ncreneffBd wREASESFaMEY Kie Wi tdem Widhg thet ded®) irarddsan indi vi dual
counter may then decrenmented (e.g. at 196) when the instruction that
caused thehi&kicdudedr ememtedpiatrtt of U8 )sent exits the pipe stage. If a
termnation occurs in the pipeline (198), the wearly count register nay be

adj usted (183k bychheotwdaemadich v@ldod deczg@rRniqelidesnddt e gpupter at the
term nation stage. This adjustnent value may al so be representéd in the

[ espect bye seauntislmOLheY g dliRe $1309 ! NfherCellhs d: A ) difle Pl pel iy”e

than the stage where the'téermnation occurred. The steps In

r epeat #EggEngegagggikitaE? hQOR, J ARSI %%i%g%hggé eeg%%gghiﬁﬁﬁﬁipeline

(200). regi ster may be decrenmentéd at Y ch (e.g.

for ever t.hrough the .l oop). However, . rather than propagate the whol e
ECnt xaﬁﬁggggandﬁﬁég%ent %it ng§'be ré&oved from the co nté% %t

that exited pipe stage (196). 1In other words, the counters
may be incremented when a valid bit is sent (e.g. at 192)
and an individual counter may then decremented (e.g. at
196) when the instruction that caused the wvalid 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
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 loép instructions have exited the pipeline (200).

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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pi peline after every bottommatch, only a single valid - 20 WD 02/ 042905
03 MAY 205 PCT/ USOL/ 46337 decrement bit may be sent down & MW pdS§ ne. In
this nanRpghogetar dware reduction may be realized in the go§RigosMefs¢m The
set of counters may nonitor valid decrement bits and the associ ated
instructions that caused those bits to be sent. As such, the set of

counters may keep a _running tab on differences_between an early count
regi st erdSERNG's 2t ehRECPEr 8PP EotRYRr ARt PLPREINET | dnatBléck di agram
illustrating counters in a circuit. As shown, counters may be maintai ned
at ever yramtage afhardrvpedi n@dlatf:tépnm@y(QQO}:eali;zedlznahdezmS)’.
Therefore, a single valid decrenent bit may be propagated down the

pi pel i nesgotaccollite f oett be dodficeenacmrapenvrttorhealédr Hgceemahtr egi st er
and its architectural counterpart. The counter nay be connected to the

i nput  ofy A MU Ad Phiexes ss820at Ml L hpt exet i 8RO EHXtdéhégghn%hWQbCBlﬁgum er,
if any, 1is used to adjust the early count register I n ot her

enbodi Mt o &, 4,8¢ 1 NAL T Qo AY: AR 50ECUE aa%nesgg%ggergggn Sor may be

restricted certain ihsfruction resrdes in a _ tage. In such
Crbod TRl A0l b RPLOUREE, B Befegiced by 1Sk TR eTeIL NO
' and its architectural counterpart.

FIG. 11 is a block diagram illustrating counters in a
circuit. As shown, counters may be maintained at every
stage of a pipeline after DEC (210, 211, 212 and 213).
Therefore, a single valid decrement bit may be propagated
down the pipeline to account for the difference between the
early count register and its architectural counterpart.

The counter may be connected to the input of a multiplexer
220. Multiplexer 220 may determine which counter, if any,
is used to adjust the early count register 36.

In other embodiments, a terminatioh may not occur at
certain stages, or may be restricted when a certain
instruétion resides in a certain stage. In such
embodiments, the circuit hardware may be reduced by not

implementing counters in the stages where a termination is

restricted.
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restricted. -21 WD 02/0-42905 PCT/US01/ 7 The wi dth of counters 210, 211
212 and 213 may be altered as needed. For instance, counter 21 y be a
one- bit vemomeesesand 211 may be a two-bit counter. The i §ixMAY #8bih of
counters 212 and 213 may depend on the nunber of execution stages n in the
pi peline. Counter 210 nay be a one-bit counter because it always has a
value of either 1, or zero. For instance, it has a value of one if a bottom
mat ch i nstruc %ﬂW%éiQnﬁ eTRYE SRS A Oaehl t Hel? nand U2t Bonay | leaves AC, the
counter returns to zero. Counter 211 and the next counter (e.g. for stage
EX 2) -9 d s Biaederint eFfet bhs g, tdeustape2 DE hdg 196 e5eBhe-
invention is not limted in this respect. This is because counter 211

(e.g. thdtEXoundmmtaard Y nay @ ATEIFAKE &V addign10d r I WorLd hes £X,.2) count er
may have a maxi num val ue of three. The EX 3 counter has a nmaxi mum val ue of

four, hepts dft gaynteed 21T egdidss milydad g & counters
(e.g. EX 4 to EX 6) may be three-bit codﬁléﬁi cé%ggﬁggéém@g%fé%%nting

betmeenetqe\é@tti@ns%\.{:%rbé/@rpqsﬂ g 1V . unt.er . width for each
stage may be determ ned by conk?lgg&%énlglﬂ%e -rlrgl}%nrruen% U P& the count er

may need 0, ;Rold, TS By, Gorres %clrev%ytso htahse & a\/'_saeluv!eorfe etihtehelroolp 's @

Or Zero. Eor instance, it has a value of one if a bottom
match instruction is currently in AC. When the instruction
leaves AC, the counter returns to zero.

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
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
respecfively.

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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single instruction |oop. Thus, the depth of the counters - 22 0 3 MAY 2005
WO 02/ 042905 PCT/ USOL/ 46337 may sinply correspond to the n &(Qﬁﬁstages
bet ween e o260uest er and AC. Again, however, the size may phs&odeeghd on
whether a termination may occur in a particular stage; so sone stages may
not need counters. Another node of operation is a hybrid way of adjusting
the earl aGount iegister. The counters residi at the selected stages of
the pi pel'fhe” Wy Be Ca5&§ SPE [ Qs - PENDUBREILy Odo e Fosyibatatesy thige penal ty
associated with draining the pipeline is greater than the branch penalty.
However , CPENERE @REi ACpendLiynirs howsyerhakher sdqeamayo all depench penal ty,
then the instructions in the pipeline nay be allowed to conmt so that the
early countwheghsrer faymibetddpuskgdotrcam iiths aapehitiestiluralsteeent er part .
System operation nay be chosen dependi ng on where in the pipeline the
term natsonseasusteges! Ragnactaseedacpupekixge having 3 execute stages may

be drained if the termnation occurs in EX3 stage or WB stage; but the
Cermnati on oeene b e ther By Shage ety By, o hikifa,
ST 4 08B Py bl oA GCo00°T A5 S0 Ay SUIL e my 2] st
' selected stages of the pipeline may be used to adjust the

early count register if the penalty associated with

draining the pipeline is greater than the branch penalty.

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

the termination occurred. 1In one case, a pipeline having 3

execute stages may be drained.if the termination occurs in

EX3 stage or WB stage; but the pipeline may not be drained

and the early counter may be adjusted if the termination

occurs before the EX 3 stage.

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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nth stage. However, if termnation (230) occurs after the -23 WO 02/ 042905
0 3 MAY 2005 PCT/USQGL/ 46337 nth stage then the instructiggsyiyn2805e

pi pel i newmey/amosal | owed to flow through the pipeline andp€pifsdilys§r32) The
early registers may then be updated with the data in their architectural
counterparts (233) . The variable n may define the point at which all ow ng
instructions to flow through the pipeline takes an amount of time |ess
than or® edqUi9% - BRantRShEnGFt9n% 252 the pipaBing | mayrges a hybrid
circuit having counters in the first n - 1 execution stages. The circuit
may al | 8hlowre Biopdiliove thy asdde uthe itipeligte wotd amsufidl | @d2g a The
termnation if an instruction has entered the nth execution stage.

However gatrhg ceodsitte mmynaadjtiisdn dre eadatecbwitth g stata fiel owiing a
termnation if an instruction has not entered the nth execution stage.

Agai n, bhenvaecabhe 1n B tdgfd e thg ol nirrat WY ieh1al [PWRE i nstructions
to flow through the pipeline takes an anount of tinme |less than or equal

Lo e, BERRAR RRAALnd! DONIAICIOBa9% P (ARLE o) TR sigp) de mueh

earlier in the pipeline ere the “branch penalty is larger).
A0 1 008k oL GEPLHRY JRLE1 UYL 38 LAORLSHSY L8001 J0R Y TS
| equal to the branch penalty (234).
FIG. 13 illustrates a hybrid circuit having counters
in the first n - 1 execution stages. The circuit may allow
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
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
branchlpenalty is larger).

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



har dwar e as descri bed herein, may provi de several advantages. |In sone
i npl enentations, |oop hardware may -24 0 3 MAY 2005 WD O ﬁns

PCT/ USO AdB@2042491sde branch penalties. In addition, |oop h ﬁiéfg(ﬁ?y save
power by renoving the need to access nmenory devices such as cadhe or SRAM
for every iteration of a loop. Furthernore, the |oop hardware descri bed
bel ow may have very few_ programmng restrictions. Mreover, |oop hardware
may refod® AeGTtemenastiseti dis adshitt inyhtl outheraw der eximsty i saver ogr am
menory. Referring again to FIG 1, illustrated is a progranmmabl e processor
2 havi ngoar redec wemmyipipdiinaebdane oo mEmaty tddvi Gantdodh st 6 may
i ncl ude hardware loop wunit 8 Hardware |oop unit 8 nmay include one or nore
sets of cakbep oruisians monnees.d itersefi®s of m adid ] onpudhi riirdvar e | oop
unit may include one or nore single instruction |oop registers.

col | ect kag 9bokonR il Sio AL 1RAR B SIERS: M- aldpetivel y be | oop

hardware. This collection nay facilitate ardware 1 oops. Referring

again t ] t is a blaock diagram showi ng an enbodi nent of a
grﬁg%mﬁm A 't o?]lgnreloﬁfset ’ugﬁo@n %t M2¥50 and a

har dwar op uni connecte
decoder _ unit 5%.ofHPiQ§Iine 10. .Instruction fetch unit 50 may
remove alignment restrictions that might otherwise exist in

program memory.

Referring again to FIG. 1, illustrated is a
programmable processor 2 having an execution pipeline 4 and
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
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
diagraﬁ showing an embodiment of a hardware loop unit 8
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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provi de one of a nunber of inputs to the hardware | oop unit 8. Hardware

| oop unit 8 nay conprise a nultiplexer 56 - 25 0 3 MAY 2@0% MAY\2085

02/ 04290%, PE2Jd4blwa1/ 46337 connected to | oop hardware 54. LQQQAEﬁﬂgy e 54
may contain one or nore sets of |oop buffers and/or one or nore oop

regi sters. Moreover, the sets of | oop buffers may include a defined nunber
of buffers connected in series. Each set of |oop buffers may have an
associ afeEEEY Ryl N angy 345 anRPRrhdTdeRreli 2grmayil | ustrati ng
one enbodi nent of a hardware |oop unit 8. Again, hardware |oop unit 8 may
be conn€fPE@ o O INBRAKR ITRES e hlapp tbEf ensl amd decostes ¢nohosbown) .
Hardware | oop unit 8 may include a nmultiplexer 260 connected to | oop

har dwar écoboapgiatdnar e Myrdaedtideciee sefs of £ | Dogo i f eL 85 241y 272, 273
and 274 connected in series. These buffers may provide input to another

mul tipl exen ud®0.a Mefind EXRige260 AN 280 s | dbiik &b o I8 ?é%i’%g? inputs to

mul tipl exer 290. Qutput of nultiplexer 290 may be connecte o a |loop

regi ste 6, i~Gh ck to the input of multiplexer 260.
22865 Mhigd \/J\'/a% %%fﬁwﬁ%}aq\% Ky d adsesc?clqupa:}fec%ol

The output of hard I '00p uni ey provi FRiecoder
Mul tipl exer 260 may have a plurality of inputs. These may include an input
froma reglster‘(e.g. an emnul at or

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

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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instruction register) and an input fromthe fetch unit 50. In addition,
mul ti pl exer 260 may have an input fromthe -26 WD 02/ 042903 WMAY3200BY 2005

PCT/ USOL/w633¢120@0p i nstruction regi ster and an input froRQngolieiIpr €
ot her hardware | oop units. Exenplary FIG 14 illustrates |oop hardware

conprised of a 4-deep set of loop buffers and a single instruction

regi ster. However, any nunber of buffers and/or instruction registers
coul d be-RREIT-BERk} OBt FEPE s2nF ntxERBREr fX A dRRE 0P X oBREEL i on, | 0op
buffers are inplenented in two different scenarios. In one scenari o,
every i nsthercthardvare hkodtpopnitss in the loop buffer. In another
scenario, every instruction in the |oop does not fit in the |oop buffer.
Each scenari EiampllscysBeE. ih4 tlrustratd& 135pisapdwhagr esmpklisstr ati ng
one scenario. As shown, a 4-deep set of |loop buffers nay be | oaded with a

three-inst raiciigeh09pt (d2-14dp KSrH4EH, aRACa0fithe| 0RPL BUEE GRS and the
VTop register may not be |oaded with any data. Instructions 12-14 may be

r my not | d y " data. ons 12-14 may be
Chown, -tk {C A Per, by b B0k BORRCH PRSI Ty Tl ietion T

i ssued fromthe | oop buffer.
instructionpregisgérs could be used in other embodiments.

In egemplary modes of operation, loop buffers are
implemented in two different scenarios. In one scenario,
every instruction in the loop fits in the loop buffer. In
another scenario, every instruction in the loop does not
fit in the loop buffer. Each scenario is discussed in
turn.

FIG. 15 is a diagram illustrating one scenario. As
shown, a 4-deep set of loop buffers may be loaded with a
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 cﬁndition may be checked every time the I4 instruction
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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FIG 16 is a flow diagramillustrating one scenario. As shown,
instructions may be issued (300), instructions may be | o8dB=MAY 2085 a set of
| oop buf was 62/44382) , and the -27 WO 02/ 042905 0 3 MAY 200pcThGd{/143941/ 46337
menory device may be stalled (304). Stalling the nenory nmay provide power
savings to the DSP system After loading the instructions into the set of
buffers (302), the instructions_nmay be subsequently issued fromthe set of
buf f er smeBOBY. dFHécEnBeyubei 6631AaH BEOitdsuedtavétngngheoPerogdai n unti |
the exit condition of the loop is net (308). FIG 17 is another flow

di agrammay| psovatiengosae ssvéngsi 6o AbesPOBNsyEhstr uchifdes Aepdiad ssued
(310), instructions nmay be | oaded into a set of |oop buffers (314), a
nmenory gryi cRsiBMcheosbalhed €Ba6ketand dulfdeps ¢60QY ,mahebe initialized
(312). As long as the exit <condition of the loop is not net (318), the

| oop coupL XFiBﬁsdﬁQPeB’@ms@gs%%%_%ﬁtﬁ@/dirslgﬁetlnﬁcbﬂcﬁch%n%e@bfbe i ssued

froma set o oop butfers (322). e menory device nay be stalled until

o hooBaERHRE  138BIS° BpEethagduauTEE Koy (BLOL. MBLERURE LTy be

defi ned I'nstruction er the T'oop may be I medi ately
; - : - _ hi
eady Iové?eaggggcﬁnggittﬁgegxggecgggth%% E%nkEQEQOOLnl%h%%tnanner’ a

(308) .

FIG. 17 is another flow diagram illustrating one
scenario. As shown, instructions may be issued (310),
instructions may be loaded into a set of loop buffers
(314), a memory device may be stalled (316), and a loop
count may be initialized (312). As long as the exit
condition of the loop is not met (318), the loop count may
be decremented (320) and the instructions may be issued
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 ﬁnit when the loop has finished. In this manner, a
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 ingIG 17. still
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| oop ex
initial

it penalty may be avoided. In other enbodinents, a Ioo&écoun
ized (312) to zero. Adjustnment (320) would then i nBrde

tis

t20he | oop

count ratnen2bhass decrenent as shown in FIG 17. Still - 2§cride1 Q63942905 0

3 MAY 2

005 PCT/ USOL/ 46337 ot her enbodi nents will becone apparent i

of FIGS. 15-17. FIG 18 is a diagramillustrating another scenario

shown,

a 4-deep set of |oop buffers may be |l oaded with four instru

n |ight
. As
ctions

of a | o@Fhem-amyodineniyiwibh, bacomeparpegestetnnbyIbe PaBEESwi th the

addr ess
regi ste
iterati

of the next instruction in the |oop. VIop nay be an addres
r5+1at resides in the pipeline (see FIG 2, 37). During su
ons of the loop, instructions 12-15 may executed while 16 i

S
bsequent
s bei ng

fetched. 16 nenG ! hem be aidikgianeiylnsedyting execneéioscahherol5 has been

execut e
| oop. F
shown,
(330),
startin

d. The exit condition nmay be checked during iterations of t

_ f _ y _ h !
g@;.&%m 3 49%\%9%5 agé@%f_wéyeafggrg ﬁggg}g@aibedea Wit

iTst subset nstructi ons nmay | o into a set of

Fobfo e SloSphae o L0skr ebLonr, [ ophouat(3R0), Vephy
register may be loaded with the address of the next
instruction in the loop. VTop may be an address register
that resides in the pipeline (see FIG. 2, 37). During
subsequent iterations of the loop, instructions IZ2-I5 may
executed while I6 is being fetched. I6 may then be
immediately ready for execution after IS5 has been executed.
The exit condition may be checked during iterations of the
loop.

FIG. 19 is a flow diagram illustrating the scenario of
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
registér (334) and the second subset may be issued (336).
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

-20 -
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18. As
buf fers
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regi ster (334) and the second subset may be issued (336). During
subsequent iterations of the loop (the number of iteratigrpsyaeizn®g defined
by the exydog@aoistion (338)), the first subset of instrugkir@R§/BY7 be
issued fromthe set of - 29 WD 02/042905 0 3 MAY 20(5 PCT/USQOL/ 46337
buffers (340) while the second subset is being fetched (342). The second
subset may then be issued (344). A node of operation in accordance w th
FIG 1%wkiersehbi@t whibeathadvarragesubpst iAsbahed, fetebpdtime the

first subset is issued froma set of buffers, power nmay be saved if the
menory dey2rce iBhaostetbndngubkataddiyt tbrp bet ¢hengda (34é¢ond subset while a
first subset is issued nay mnimze |oop penalties. In one enbodi nent, the

| oop bufferamaygbaye apdepthohhah eecbespardswieharIiteas® thg branch
penal ty. Thus, the penaFty associated with fetching the second subset may

be hi ddep, be%“9e5gﬁagsaggaﬁeaggstheFo&'5%%tguééeteegngn%ahHCEh@ns Thi s

may incfease the spee the DSP system 1In ot odi nents, however,

wher e ower v a ortant de i Lur g (o] circuits
inpleneﬁ%%ﬁtlﬁaB ge?ﬁ bBﬁE?gdngV|8es geggFEg% ff o@%r ma&egﬁbre
useful. The first subset of |nstruqt|ons nay be the nu er of i nstructions
that fisavadthé 5Be BEMPEYpdYAFeEr 45 FRE tiring. ditio

fetching a second subset while a first subset is issued may
minimize loop penalties. In one embodiment, the loop
buffer may have a depth that corresponds to at least the
branch penalty. Thus, the penalty associated with fetching
the second subset may be hidden behind the issuance of the
first subset of instructions. This may increase the speed
of the DSP system. In other embodiments, however, where
power saving is a more important design feature (e.g. for
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
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.

R

-30 -



second subset of instructions may be the next instruction in the |oop
follow ng those |l oaded in the buffers. Alternatively, the gcm«pm’gbset
may be a mologddabgs of instructions that foll ow those | oadq%Tim@' 10837
buffers. - 30 0 3 MAY 2005 WD 02/042905 PCT/ USO1/ 46337 FI 28 is a nore
general flow diagramillustrating the scenarios described above. As shown,
a first subset _of _instructions may be | oaded into a set of buffers (350)
and issued (B3%)r. 20f 18 B Meste E@AGR Flavhedagsn il lurtorathierd | oop
buffer (354), then a nenory device may be stalled (355) and the

i nstruct thassoenale osonlcismurdlsddy akssieed fAsomhdwrg setfiofsthufuleres: (S56)

until the exit condition is net (358). If all the instructions of the |oop

do not fihsthtietibhe hegp uffRiddBidto ther @ et stbselIs®f and
instructions may be issued (362) and the starting address of those

i nstruct | oa i-nt I+Sit a0 U i ations
igeﬁeaﬁxﬁg_) ) qgﬁ a![lg _r@dﬂﬁﬂfg}ﬁst ﬁ%fgl!ﬁ@t AU, 1

of the | oop (as i ned e exit e first subset of

i nstructign i ed fromthe s Q ffers (366 ile the second
subset i%gf’ét gﬁééggré%%%gr‘mrt?e (?B)I[}emﬂe%té’ sJeeé’ngﬁL‘(? Enu sét® tyavﬁt%agn be i ssued
(370). In ége scenario . of FIG 18, a request for the address pfoi nted by

VTop nay (Be>maa8delafy iiSkd udidiods fay s qptinuously issued from

the set oﬁ,buffers (356) until the exit condition is met
(358).

If all the instructions of the loop do not fit into
the loop buffer (354), then a second subset of instructions
may be issued (362) and the starting address of those
instructions may be loaded into a register (360). On
subsequent iterations of the loop (as defined by the exit
condition (364)), the first subset of instructions may be
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
pointea by VTop may be made every time there is a bottom
match. In this manner, a first subset of instructions may
be dispatched while fetching a second subset of

instructions.
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match. In this manner, a first subset of instructions may be dispatched
while fetching a second subset of instructions. -31 WO @2% Q42208 03 MAY
2h  PCT/ U 2kd4@337 By the tine the first subset of instruetriyg@issdssrthe

| oop has been di spatched, the cache/ nenory may have al ready been accessed
and an alignment buffer prined with the second subset of instructions. The

al i gnnent buffer na hol d t|pIe |nstruct|ons pendi ng on the w dth of
each |nstrugﬂlaﬁf Wetﬁé n§E§ (%FHﬂQﬂ%u%ﬁy tht

instructions, the plurality nmay be allgned |n the alignnment buffer with
the firspopndasubersn déspeite hesoorides wse / nsEoRy amy fsveacaleerdgsoci at ed
wth a VTop register. Operation may further include requesting the next

i nstrucbeen hakkewsikrngandatnasddgmatesd WU VT ided evittte thenstructi on
associated wth VTop is dispatched. For exanple, in one node of operation,

the i nsteUehidoRupBeS0Girati @ tWildt IVHRD | The GA-iRjrimddiStetd Oma s that 64-
bit instruction is dispatched, the next 64 b|t Instruction (as defined by

I
o P AL T e e Bpiches g Ty s

again m nmay s In a fast I ci ent
ranner. Prslt?:ru 1on‘?r Ongame%bl ech): L rse%ysitnec u&ehsata plurality of

instructiops, the plurality may be aligned in the alignment
buffer with the first instruction of the second subset
being an instruction associated with a VTop register.
Operation may further include requesting the next
instruction following that associated with VTop while the
instruction associated with VTop is dispatched. For
example, in one mode of operation, the instruction
associated with VTop is a 64-bit instruction. As that 64-
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.
Pfior art programmable processor systems that
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

-32 -



i npl enent hardware | oops may require many restrictions in the o ating
code. However, it is highly desirable to provide for har dhWrMAY| s that
have ver W eup4p@&gr anmi ng restrictions. I n one enbodi mentpcTAISHY/$438M 1 N
accordance - 32 WD 02/04290; 0 3 MAY 2005 PCT/USOL/ 46337 with the present
invention may have only one programm ng restriction. The single restriction

may be th t cannat. .have a hranch on a | oop bottom _ Fast
har dwar Féqll%%otgg%ng%}é%ae\%}e@ slﬁvueﬁqlooﬁls R e?lea”"ae Iodjglﬁ' %f%o%%‘—l‘ml?%r
invalidation. These situations mght include invalidation where a |oop

buf fer B&STEER1PO0uUl atlétf SHRH S TOHE AT G WAk . thafusthe n one node of

operation, a set of |loop buffers may be invalidated if one of the first n
i nst r ucsiyehem gaanogopave & duradiall ohala braarethottidie vari able n may define
the depth of the set of |loop buffers Another situation where a |oop buffer
may require Fasvtalhadaiwaore iloodemagn rearents ituateioni s ethars |& odwop buffer
is being loaded. In addition, a |loop buffer may require invalidation

fol | ow parEee S¥NCsf @oseldvamdidtidig codyselissupdiels edase of operation
involve invalidating a |oop buffer when either of these two situations

arise. ;Zenoq@f 58t 100RS JBYHdUd oduc Radidianala Chald eNASSu1ated

[

with a conditional branch. Thus, in one mode of operation,
a set of loop buffers may be invalidated if one of the
first n instructions in a loop is a conditional branch.
The variable n may define the depth of the set of loop
buffers

Another situation where a loop buffer may require
invalidation is when an event is received while a loop
buffer is being loaded. 1In addition, a loop buffer may
require invalidation following a C_SYNC for self-modifying
code. Thus, other modes of operation involve invalidating
a loop buffer when either of these two situations arise.

Zero offset loops may introduce additional challenges.
Offsets may refer to the distance betweén the loop setup
instruction and the first or last instruction in the loop.
In prior art systems, offsets are necessary to facilitate

setup of hardware loops or to account for programming

exceptions in the system. Facilitating zero offset loops,
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Ofsets may refer to the distance between the | oop setup .instructjon and
the first or last instruction in the loop. In prior art é&%ﬂ@%ﬁ, ffsets

are neceswdnyopasfacilitate setup of hardware | oops or t? PRSP 3 S Or
progranmm ng exceptions in the system Facilitating zero o ?set oops, - 33
0 3 MAY 2005 WD 02/042905 PCT/USQ /46337 however, is highly advantageous
because, it na¥ reduce rocessing tine. Even in a systemthat inplenents

s

early rBErEVEFs &fdRiG BRI 98P0 bgradise IidopeyndipdUsiese chal | enges.
For instance, in the system described above, by the tine the early

regi st epsogreswnot téme-e. g., in Ex 1) the first instruction of a zero

of fset loop may already be in AC. Thus, since the beginning of the |oop
exits DEC evenchefior @ shisaprarchafbdimpdemantst tear,l vt re gdistetist amy
effectively "miss" a top match. Special nodes of operation and circuit

ar r angemsBbspuhaLe sheen deymned Noet ecty and sdeahwiltdhzer.0 effiset

| oops. In one node of operation the start offset (S offset) in a | oop

o P SEAFURLLOT " SR DI fll, 4 e peael el I
particular,gmbodirent.s the TSRSl (&S LOMY &4 U9 tn ™S S
instructiop 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
“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
value to detect zero offset. 1In 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
detectéd, a zero offset loop may be set up even before the
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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4 refers to the four bytes of a 32 bit instruction. Once detected,  a zero
of fset | oop may be set up even before the early registersﬂQeMR&ﬂmﬁten.
FIG 21 WO @/Mpw¥ diagramthat illustrates a node of opepativdn/i«s7
detecting a zero offset |oop. As shown, a |oop setup instruction may be
decoded (380) The s-offset - 34 WD 02/042905 0 3 MAY 2005 PCT/ US01/ 46337

may then be conpared to a defi ned nupber (38 t defi ned . nunber
co?resdﬁﬁﬁi?&fq % He°TP 3t A o%otﬁed? bﬁegeéﬁﬁgéFgéggabtﬁﬁﬁf.dFﬁlPﬁPs manner ,

a zero offset loop may be detected even before the early registers get
writtermunider AepretPeRdingopoi sheevbeétledof 3843, loap AG%XEPN instructions

in the | oop may be issued and | oaded into a | oop buffer (386) as described
above. HlGri#®Zienh. f| dw thagraantbat al tesdratésed bodp ohky bperation for
detecting and dealing with the special case of a single instruction zero

of fset dULtAS SOMWbe Bot80Phe SEEHDY | PEGI HEELONGERYwBEtdegQdeds(388). If
zero offset is detected (390), and the Start Cf?set equal s the End O f set

(392), then &@A%glfow%ua%eetéﬁ%)swy bﬁhmsgkaaekﬁgtgmﬁg{cggggd (394).

Zero offset nwm detected when the's- offset equals t the | oop

setup instiucti ol &, Sh00l 8L03! LHE O0abQOPFBY 2 DB 4B BGERd, When the
s- of f set :

(386) as dgscribed above.

FIG. 22 is a flow diagram that illustrates a mode of
operation for detecting and dealing with the special case
of a single instruction zero offset loop. As shown, a loop
setup instruction may be decoded (388). If zero offset is
detected (390), and the Start Offset equals the End Offset
(392), then a single instruction loop may be immediately
performed (394). Zero offset may be detected when the s-
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
executihg a single instruction loop as quickly as possible.
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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and e-offset are the same. Special hardware may facilitate setting up and
executing a single instruction |oop as quickly as possiblegg W&l €085 ng
agai n towobd@idys the | oop register 296 nay be wused for t ,§@ﬁ&&gl case.
Thus, step (394) nay be perfornmed by |oading | oop hardmareT?éuc as | oop
register 296) with the single instruction, and repeatedly issuing - 35 WO
02/0429?? g 3_MAY 2005 PCT/US01/-46337 that instruction out of hardware

| oop unif28 GREIIEILHRE O M T FndaEdoR s 1 g & iyt ¥ludthoresiop is

met. A single instruction |oop may be detected and then perfornmed by

hol di ngcPREitAshr @ét ithe s nddcode sityug tspecilalop licomdtst ruction regi ster
296 (see FIG 14). In addition, nenory devices may not be accessed and
everyt hi ng upssieaie mpthecitian ddopo megydepalstiectal eQuErthei nce t he
single instruction | oop nmay be issued out of loop instruction register

296, thpekBstmaet bgnhbaidahounine 30 skandee dn a8 R cdit o thedextal
instruction (e.g. froma cache). Thus, when the single instruction |oop

has finigbedigxecuthannt By bOR ruchl #3amay Alr eady Mg dde
instruction fetch unit 50, resulting in zero penalty Toop exit. 'In

sunmmary har. re Laqo e _broken int.o three cases. In the
first ngéSEQ gé&gg%ngggMgFﬁbF% g%cg%%e% ahd 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
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
into three cases. 1In 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 loéded completely into an n-deep set of loop buffers.
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.



instruction |loop may be imredi ately issued out of decode via a |oop
instruction register. In the second case, a zero offset n.in ion | oop
may be i nyediatshy detected and | oaded conpletely into ar}%%\é&gt of

| oop buffers. And in the third case, a zero offset |oop nmay be

i nmedi ately detected and the first n-instructions of that |oop |oaded into
an n-deep set_of |oop buffers. The next instruction may then be associ ated
with a VTop ridyiterembodpment, olenp 0upodir ve 32 de epsbepdresbn, / 46337 I n
one enbodi nent, |oop hardware as described herein, nmay be inplenented in a
pi pel i namayris irwyl ¢eemuedt hmre piekbinagediisis aay i bl euenthogebuf fers in
a cache. In one node of operation, |loop instructions may be stored in |oop
har dwar eacsuntt ddwdud hiehansimpémensi wg eboupfégnedtn tH amch@st ruction

boundary. This may be nore advantageous than aligning instructions to an

address boundardne QREQe 3bF UHSE 405 &N, | NSEH UCt & Oy BELBPAr YA | Nud 00p

hardware, no alignnent of instructions nay be necessary when they are

subsequentd ). d ssued, 0, rayay € To i i ructions to an
i nstr ucf\s{%n e‘bdoundar y%é %é&%%giﬁé{}?uct i on%herralyn%{eé'?%%id%c?i% i anr'%am order of

execution . jnt he | oop_hardwar e ,and the address of the next instruction
may be satriolrgenchoné%na%dlrsé Eu?%b?%tké??ncﬁ%ry' R may be more

advantagegus than aligning instructions to an address
boundary. Once aligned to an instruction boundary in loop
hardware, no alignment of instructions may be necessary
when they are subsequently issued from the loop hardware.
To align instructions to an instruction boundary, a
set of instructions may be loaded in an order of execution
into the loop hardware and the address of the next
instruction ' may be stored in an address register. 1In
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
bufferé, where n is a positive integer. Moreover, the n
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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addition, a second set of instructions may be | oaded in order of execution
into a nenory device. Loading instructions in an order ofjgeMge0050n into

| oop har smex42908y conprise | oading n sequential instructpefgshiiGsN
buffers, where n is a positive integer. Mreover, the n sequenti al
instructions may be any sequential instructions including the first n

i nstructions of | cop_ar t.he l.ast, n i,nstructi of | 00 - 37 WO

027 042605 0 3 A O MRS | (A SHTE obher L&t ‘nt?&’?)as Zhown in
FIGS. 23A - 230, .a nunber, of hardware | qop units may be inplenmented. The
out put SPTRRF GF TREMiferl P At vy & Lrpieneniiede Tomnected to the

respective input of one or nore other hardware |oop units. In this manner,
a secon@uidudwere anvof Urie nvpade dloduediva e t heoputiplits ofasa Bé r st
hardware |oop unit.. Again, this may provi de power savings insofar as a
menory dewineetiesl nat HHe ethsedid deoadchihite e cansl ohaksv@reci«op unit. In
sone cases, a plurality of loop units my be used to service nested | oops

(or coi pgirdeatrd QRS urfitd.Nnem  hardwalrthd 00 W do M 1k ane or nore
instructions that are aligned in an outer hardware |oop unit. Moreover,

the inpgrhanduars J oo Wiided™®% PadLadad, by sendifng M8 . ravare

loop unit.; Again, this may provide power savings insofar
as a memory device is not fired up to load the second
hardware loop unit.

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
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
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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aligned instructions fromthe outer hardware |oop unit to the input of the
i nner hardware loop unit. In still other enbodi nents, an ng qn

t
pl uralitwyoobohagdware | oop units may be inplenmented. Howe, 0i %ﬁn or
nore i ndependent hardware | oop units are used in the sane é¥$§ § m a
restriction my be used. For instance, when both |oops have the sane
bottominstruction, one of the |oops may be defined as the outer | oop.
W t hout reftsict3gn Wie024ig42905m8 93 tVRY C2004 e rPPCFPUSOLLP8B 3R Lcd$ts i ct i on
the circuit m ght encounter two bottom matches and not know which one to
decreneatd ¥et &nowvhehiphdenef tepeéeatriea@ntnvol ves power nmanagenent of
har dwar e | oops. When hardware | oops are enabled, an ETop regi ster may be

conpared to the Eﬁb&aeraﬁga@nbff@Ee%a%hohoanW%u@@s Lickew se, an EBot
regi ster may be conpared to the PC to account for each bottom match.

Fovever 2 0ERLDALWar £.10083.2 Bodlsablyedy Ak puchiagel el he compar ator

circuits na waste o herefore, “may be advant ageous
{0, sabhe,baLl ol MRLEN, (20d. 498 natch ComaraLa ol reylls, wen @ har dare
COﬁpara;gEOSQEnfg?eegggd%géemgggg.ing&Z%g¥%q,a%og%gt g%éi%%e%pgiggved'

be compared to the PC to account for each bottom match.

However, when hardware loops are disabled, any switching in

the comparator circuits may be merely a waste of power.

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 is disabled, power

may be conserved.

FIG. 24 is an exemplary embodiment showing power

saving circuitry. EBot register 400 and ETop register 402

respectively provide one of a number of inputs to

multiplexers 404 and 406. The output of multiplexers 404

and 40é may be inputs to comparators 408 and 410. The

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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FIG 24 is. an exenplary enbodi ment show ng power saving circuitry. EBot

regi ster 400

and ETop regi ster 402 respectively provide ogg iy auggunber

i nputs to | t]plexers 404 and 406. The output of nultiplexers 404 and
406 nmay b%’qnﬁﬁ’d%@" 4146337

to comparators 408 and 410. The other iHplFs

conparators 408 and 410 may cone fromthe output of nultiplexer 412. The
inputs of nultiplexer 412 may cone fromthe program counter 414 and a | oop

di sabl e 4151 g}

1¥d 62 f ¥ 91 & CORER Ot hali wheMihd i+ @h£XEr BodP4, ad86 and - 39

02/ 042905 0 3 MAY 2005 PCT/US01/46337 412 may be arranged such that when
har dwar &5l 00ps. ar e h di @l e, o £ N, U PHL OF @P%Li@'@%?fef’é’rgt'?:rginffere”t

from the output’ of nmultipl exers 404 ‘and 406.

I's may ensure that no

i t chi ' 408 41 . _hard |
3 Sabl ed P 1 BT EnBbATRErED L URE Saht 15055 Dabl 7EP ReY B1E° Ray be cen

to multiplexers 404, 406 and 412. However, an inverter {not shown) may

invert £hA% MRfOYEC AR Ry REXRFS U1 2CeBRRT ¥R E he08| hat

t he out put of

O wheRi ERRanner,
mul ti pl exer 412 may be different than that of nultiplexers

404 and MOsiwdes bodpopark shbsabkednal is sent to the circuit. FIG 24
also illustrates an exenplary circuit for

may b

inver

In one embodiment, the same loop disable signal 416
e sent to multiplexers 404, 406 and 412. However, an

ter (not shown) may invert a bit before multiplexer

412 receives the signal. In this manner, the output of

multiplexer 412 may be different than that of multiplexers

404 a

nd 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

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

indicating.

FIG. 24 also illustrates how bottom matches and top

matches may be detected.. When comparator 410 detects that

the program counter 414 and ETop register have the same
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increnenting an ECnt register 418. On each pass of the |oop, nultiplexer
420 may decrenent the ECnt register. However, if adjustmgrg MAg 2085cessary,
t he adj usvoembeess gnal (e.g. the cl obber count 422) nay adicgaisot/hes3ECnt
accordingly. Once the loop has finished its last iteration, conparator 424

may send a signal 425 so indicating. FIG 24 also iIIustrates how bottom
mat ches ang top, - deg et - pdhen conparat or 410 d tects that
t he progran1%ounter 4 Eﬁggtﬁﬁp r%ggsﬁgy ﬁgvgePﬁé D CRBPAEES MY 2005

WO 02/ 0 PCT/ USQL/ 46337 val ue, a Top Match si nal 428 may be sent. Wen
conparat%&g %%%eﬁE§g%é§ttF%? Pﬁ%gﬁ?%gFﬁﬁPE8EnP€§ gh@ ERetEBSEiFEGTst er

have the sanme value, a Bottom Match signal 430 may be sent. Finally, FIG
24 al so havasthateana Vabper eqi RPEFOR3 achpEéﬁﬁﬁ{eéﬁpnmaYprelsﬁﬂé As
descri bed, herein, VIop may be an address register hol ding the address of
a next instriichabhyfoFTéew g alpbuidliusyretesnst Vllobi oagikbaded32i nto | oop
har dware (not shown). Various enbodi nents of the invention have been,

descr i bethp Fafie @XaaPl €, a NpipE Dikse har dwaneskoopeecharaugs viayemagen
described for inplenmentation within a processor. The processor nay be

|l e ec i ny 2 ¥26d o ¥y 26c &Y A 6B n NehUdhAE- 9806 R! QPHERRSE COMPULi Ng

systens, digit

instruction following a plurality of instructions loaded
into loop hardware (not shown).

Various embodiments of the invention have been
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
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
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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processi ng systens, |aptop conputers, personal digital assistants (PDA s)
and cel lular phones. In this context, the hardware | oops di scussed above
may be readily used to increase processing speed without significantly
increasing power consunption. In such a system the proceggogpanaithbe
coupled to a nenory device, such as a FLASH nenory device or a static
random access nenory (SRAM that stores an operating system and ot her

sof tware apl'fﬁgjons. These and ot her enbodinents are within the scope of
t he follcwwéﬁﬁ aims. - 41 0 3 MAY 2005 CLAIMS: 1. A nmethod conpri sing:
decoding a | oop-setup instructjion in a pipelined processor, the |oop-setup

i nstructi ont def iZhiBRF A AP EBLHEF nini ng i nstruction and an endi ng
instruction of a hardware | oop; detecting a zero offset |oop fromthe | oop
setup instructidcodhed zer b oPfaTELY ocops s Pz ekd 4 isipekinehs  bet ween
the | oop setup instruction and the beginning 10 instruction of the hardware
| oop; and iseiesper nexte | hstpuetian frodt owdtnigon hie f ooirgdbah anstructi on
as a first instruction in the hardware loop if the zero offset loop is
det ect ed; whef®imindei zer ouofisetahdom i sndiedieciesk bedooren | ©Opa
hardware loop;
detecting a zero offset loop from the loop setup
instruction, the zero offset loop having zero instructions
between the loop setup instruction and the beginning
10 instruction of the hardware loop; and
issuing a next instruction following the loop-setup
instruction as a first instruction in the hardware loop if
the zero offset loop 1s detected;
wherein the zero offset loop is detected before loop

15 conditions of the hardware loop are written to a set of

registers used for non-zero offset loops.

2. The method as in claim 1, the method further
comprising:
20 loading loop hardware with instructions, the first

instruction loaded into the loop hardware being the next
instruction following the loop setup instruction if the

zero offset loop is detected.
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15 conditions of the hardware | oop are witten to a set of registers used
for non-zero offset |oops. 2. The nethod as in claim1l, the nethod further
conprising: 20 loading | oop hardware with instructions, the first
instruction |loaded into the |oop hardware being the next ith8tMAYc2B®n
following the | oop setup instruction if the zero offset |oop is detected.
-42 0 3 MAY 2005 3. The nmethod as in claim2, the nmethod further
conprising:_issuing at |east some of the instructions_fromthe |oop
har dwar e duting 2'Subs mSiteratdYh ?r}h‘ae ’V%ch.’gSflﬁr.thl% method as in
claim1l1, the nmethod further conprising: detecting a single instruction
| oop from tHERBHEpSetup instruction. 10 5. The nethod as in claim4, the
nmet hod further conprising: |loading a |oop register with the next
instruction followingtade leoopt seenp éhstheciroprudbi@ns Theomethed as in
claim5, the nethod further

loop hardware during a subsequent iteration of the loop.

5
4. The method as in claim 1, the method further
comprising:
detecting a single instruction loop from the loop
setup instruction.
10
5. The method as in claim 4, the method further
comprising:
loading a loop register with the next instruction
following the loop setup instruction.
15
6. The method as in claim 5, the method further
comprising:

issuing the next instruction from the loop register
during subsequent iterations of the loop if the single

20 instruction loop is detected.

7. The method as in claim 1, wherein the zero offset is
detected by comparing a start offset value in the loop

setup instruction to a defined number.
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conprising: issuing the next instruction fromthe | oop register

during

subsequent iterations of the loop if the single 20 instruction |loop is

detected. 7. The nethod as in claiml1l, wherein the zero offset

is detected

by conparing a start offset value in the |loop setup instrugtd t
93 A 1o

defi ned nunber. -43 0 3 MAY 2005 8. The nethod as in claim

zero offset is detected by conparing a start offset value in the | oop

setup instruction to the width of the | oop setup 5 instruction.

9. An

apparatus conprising: a control unit adapted to detect a zero offset | oop
froma | oop setup instruction in a pipelined processor, the 10 |oop-setup
i nstructiorf def i PG PORA a2 Heb nrl Fti hst YRRY$ M Bt 2erenf F¥et nk®ructi on
of a loop, and the zero offset |oop having zero instructions between the
| oop setuprétrreredtbvncemplthed brgitmihgeinset ucalon bt the ldéepp; and 15
| oop hardware to store an instruction fromthe zero offset |oop; wherein
the zero ofdswtp | Doptrecuetrctedthefwidth cob theontbep orstape witten to a

set of registers used for non- zero offset |oops.
5 instruction.

9. An apparatus comprising:

a control unit adapted to detect a zero offset loop

from a loop setup instruction in a pipelined processor, the

10 loop-setup instruction defining both a beginning

instruction and an ending instruction of a loop, and the

zero offset loop having zero instructions between the loop

setup instruction and the beginning instruction of the

loop; and

15 loop hardware to store an instruction from the zero

offset loop:;

wherein the zero offset loop is detected before loop

conditions are written to a set of registers used for non-

zero offset loops.

20

10. The apparatus as in claim 9, wherein the loop hardware

includes at least two loop buffers coupled in parallel, and

the control unit is adapted to issue instructions and load

at least some of the instructions into the at least two
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20 10. The apparatus as in claim9, wherein the |oop hardware includes at

| east two | oop buffers coupled in parallel, and the control unit is
adapted to issue instructions and |load at |east some of the instructions
into the at least two -44 0 3 MAY 2005 | oop buffers, the fib%thrQuﬁuction
| oaded into the buffers being a next instruction follow ng the | oop setup
instruction after detecting the zero offset loop. 5 11. The apparatus as in
claim 10, wherein %Ee control _unit ,is adapted o issue instructions from
the | oop buff® LHbeTsy stbtebtient 1R2TaEFbIPHI L3S obpto 190 Thet &ppair at us
as in claim9, wherein the control unit 10 is adapted to detect a single

i nstructi orP¢bap.a 1BexThengppachieon &elleowirai Mia2logmeseiw | oop har dwar e

i ncludes a single instruction |loop register, and the control unit is
adapted to isstueuat hextafnstrdetéonidd fiod | sarmgof fiset obposet up i nstruction
and load the next instruction into the single instruction |oop register
after detecting a zero offset single instruction |oop. 14. The apparatus
as in claim13, wherein the control unit 20 is adapted to issue the next

i nstructsi on fromidesshagheusnssrigt EDNIM00P, MEPE S £ Ofle - SHPSSUULHE ¢
iteration of the |oop. 15. A system conprising:
is adapted to issue instructions from the loop buffers for

a subsequent iteration of the loop.

12. The apparatus as in claim 9, wherein the control unit

10 is adapted to detect a single instruction loop.

13. The apparatus as in claim 12, wherein loop hardware
includes a single instruction loop register, and the
control unit is adapted to issue a next instruction

15 following the loop setup instruction and load the next
instruction into the single instruction loop register after

detecting a zero offset single instruction loop.

14. The apparatus as in claim 13, wherein the control unit
20 is adapted to issue the next instruction from the single
instruction loop register on a subsequent iteration of the

loop.

15. A system comprising:

-45 -



-45 0 3 MAY 2005 a SRAM nenory device; and a pipelined processor coupled to
the nmenory device, the pipelined processor adapted to: decode a | oop-setup
instruction, the |oop-setup 5 instruction defining both a beginning
instruction and an ending instruction of a hardware | oop; detect a zero
offset loop fromthe |oop setup instruction, the zero offﬂ@tmﬁbégﬁhaving
zero instructions between the | oop setup instruction and 10 the begi nni ng
instruction of the hardware | oop; and issue a next instruction follow ng
the | oop-setup & neRAMCREBArBsteViFestaRAstruction in the hardware |oop if
the zero offset loop is detected;, wherein the pipelined processor includes
a control 15 uni2 Rheelbopd RravR?eor t feuRbed rod ke tmefapy edevbceet ect

the zero offset | oop before | oop conditions of the hardware |oop are
witten to ehsegpipéliegisperscssed fddipben-zero offset | oops. 20 16. The
systemas in claim15, wherein the control unit is adapted to |oad the

| oop hardware with ingécdgéi ansoopheethpr shist hstt Ush) ovhé opsled-satapt he

| oop hardware being the next instruction follow ng the |oop setup
instructsion aftefns€deheeibRIaBen78E0pOEHSEILEQOPningBinstruction and
an ending instruction of a hardware loop;
detect a zero offset loop from the loop setup
instruction, the zero offset loop having zero
instructions between the loop setup instruction and
10 the beginning instruction of the hardware loop; and
issue a next instruction following the loop-setup
instruction as a first instruction in the hardware
loop if the zero offset loop is detected;
wherein the pipelined processor includes a control
15 unit and loop hardware, the control unit adapted to detect
the zero offset loop before loop conditions of the hardware

loop are written to a set of registers used for non-zero

offset loops.

20 16. The system as in claim 15, wherein the control unit is
adapted to load the loop hardware with instructions, the
first instruction loaded into the loop hardware being the
next instruction following the loop setup instruction after

detecting the zero offset loop.
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0 3 MAY 2005 17. The systemas in claim 16, wherein the control unit is
adapted to issue at |east sone of the instructions fromthe |oop hardware
during subsequent iterations of the |oop. 5 18. The systemas in claim 15,
wherein the control unit is adapted to detect a single inst@ddAoA% oop
fromthe loop setup instruction. 19. The systemas in claim18, the system
further 10 conprising a |loop register, wherein the control unit is adapted

to load th oop.register with,the next jinstruction . after defecting,a
S gl i nott et BI SETOEOREbt Lh oohr B0t THPERbEnraE FRLTE bt Wher of n
the control unit is 15 adapted to issue the next instruction fromthe |oop
regi ster dAFFREe stibseERientat tEPa%t ofPBE hetPoopRsSBAUCTHNSySF &M BRei n
claim 15, wherein the control unit is adapted to detect the zero of fset by
conmpari ng alestmriapdware sdar g usubseapent obpesetipns nef rtkee i bropo a
defined nunber. 22. The systemas in claim21, wherein the defined nunber
corresponds to the width of the |oop setup instruction. -47 0 3 MAY 2005
23. A nmethod conprising: decoding a | oop-setup instruction in a pipelined
processar, 1he |Dop-sestomiast tnctionmded) nirlgrdoi htlse t &pnt boRn@nbot 1 M Of
a hardware | oop;

adapted to detect a single instruction loop from the loop

setup instruction.

19. The system as in claim 18, the system further
10 comprising a loop register, wherein the control unit is
adapted to load the loop register with the next instruction

after detecting a single instruction zero offset loop.

20. The system as in claim 19, wherein the control unit is
15 adapted to issue the next instruction from the loop

register during a subsequent iteration of the loop.

21. The system as in claim 15, wherein the control unit is
adapted to detect the zero offset by comparing a start
20 offset value in the loop setup instruction to a defined

number.

22. The system as in claim 21, wherein the defined number

corresponds to the width of the loop setup instruction.
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detecting fromthe | oop setup instruction that the top and bottom of the
hardware | oop are pointing to the sane instruction of a zero offset | oop;
and inmedi ately after the detecting, performng a single 10 instruction

| oop. 24. The nethod of claim 23 wherein performng a single instruction
| oop conprises: issuing the single instruction out of a decp@eMant Ai§e; 15
| oading the single instruction into a | oop register; and reissuing the
single instruction fromthe loop register. 20 25. The nethod as in claim
24, further conprising: fetching a second instruction that follows the
S|ngle instruction |oop. 26. The nmethod as in claim25, further
conpri si ng:23 48 DI P0PEPELE G t he second instruction after the first
i nstruction has been reissued fromthe | oop register a defined nunber of
times. 5 27. Thedeetdoog od ToepnsBup wheseruct hen | oopa seipglinedt ructi on
includes a start offset and an end offset, and wherein detecting fromthe
| oop setup pRstssi€dt pnchidalodheset @p mﬁtb@étmm ofle £ heih@apoeli ea pedpt i ng to

the sane instruction conprises determning that the start offset is
5 and bottom of a hardware loop;
detecting from the loop setup instruction that the top
and bottom of the hardware loop are pointing to the same
instruction of a zero offset loop; and

immediately after the detecting, performing a single

10 instruction loop.

24. The method of claim 23 wherein performing a single
instruction loop comprises:
issuing the single instruction out of a decode stage;
15 loading the single instruction into a loop register;
and
reissuing the single instruction from the loop

register.

20  25. The method as in claim 24, further comprising:
fetching a second instruction that follows the single

instruction loop.

26. The method as in claim 25, further comprising:
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10 equal to the end offset. 28. An apparatus conprising: a control unit
adapted to detect froma loop setup instruction that a top and bottom of a
| oop are pointing to 15 the same instruction of a zero offset |00 and
imediately thereafter, performa single instruction Ioop;.éh&“Wdﬁ%
hardware to store the single instruction. 29. The apparatus as in claim 28,
wherein the | oop 20 hardware includes at | east one single instruction |oop
regi ster, and wherein the control unit is adapted to |load  an instruction
into the single $p3¢+uCt Fon F%%%n?ebP%FéFCthQ?e?fH%¥e%??n61¥$Bn1the | oop
setup instruction that the -49 0 S MAY 2005 top and bottom of the | oop are
poi nting toinskreakonnkasueeponredosuqhe appakiat ukoer FegEsEEM 29, wherein
the control unit 5 is adapted to issue the instruction fromthe single

i nstructi ondéboped egusber of timeati ons of the | oop. 31. A system
conprising: an SRAM nenory device; and 10 a pipelined processor coupled to
the nmenory device, the pipelined processor adapted to: decode a | oop-setup
instruction defining both a top and bottom of a hardware | oop; detect from

the loop sepyp ifgLrHethod bhat15h8 23, wherein the loop setup
instruction includes a start offset and an end offset, and
wherein detecting from the loop setup instruction that the
top and bottom of the loop are pointing to the same

instruction comprises determining that the start offset is

10 equal to the end offset.

28. An apparatus comprising:
a control unit adapted to detect from a loop setup
instruction that a top and bottom of a loop are pointing to
15 the same instruction of a zero offset loop, and immediately
thereafter, perform a single instruction loop; and

loop hardware to store the single instruction.

29. The apparatus as in claim 28, wherein the loop

20 hardware includes at least one single instruction loop
register, and wherein the control unit is adapted to load
an instruction into the single instruction loop register

after detecting from the loop setup instruction that the
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15 top and bottom of the hardware | oop are pointing to the sane

instruction of a zero offset |loop; and inmmediately after the detecting,
performa single instruction loop. 20 32. The systemof claim31, the

system further conprising a single instruction |oop registeb, W&ﬁ5ﬁ n
performng a single instruction | oop conprises: issuing a I'éb sttucti on
out of a decode stage; loading the loop instruction into a |oop register;

8P n

and -50 0 3 WY 2005 reissuing the loop instruction fromthe | oop register.
TN

33. The syst@h aRdiRetrapnes2th

RLP U Y n&P r bl i BAEs a first

instruction, the control unit being 5 further adapted to: fetch a second
instructi ont®ha¥U¢BIPBws the single instruction |oop. 34. The systemas in
claim33, the control unit being 10 further adapted to: issue the second
instruction after the first instruction has been reissuing fromthe |oop

regi ster a defined nunber of tines.

30. The apparatus as in claim 29, wherein the control unit
5 1is adapted to issue the instruction from the single
instruction loop register on iterations of the loop.
31. A system comprising:
an SRAM memory device; and
10 a pipelined processor coupled to the memory device,
the pipelined processor adapted to:
decode a loop-setup instruction defining both a
top and bottom of a hardware loop;
detect from the loop setup instruction that the
15 top and bottom of the hardware loop are pointing to

the same instruction of a zero offset loop; and

immediately after the detecting, perform a single

instruction loop.

20 32. The system of claim 31, the system further comprising

a single instruction loop register, wherein performing a

single instruction loop comprises:

issuing a loop instruction out of a decode stage;

loading the loop instruction into a loop register; and
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reissuing the loop instruction from the loop register.

33. The system as in claim 32, wherein the loop
instruction is a first instruction, the control unit being
further adapted to:

fetch a second instruction that follows the single

instruction loop.

34. The system as in claim 33, the control unit being
further adapted to:

issue the second instruction after the first
instruction has been reissuing from the loop register a

defined number of times.
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