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A PI PELI NED PROCESSOR TECHNI CAL FI ELD This invention relates to pipelined
di gi tal swgnalo274pTr ocessors, and nore particularly to generratriusgl/ansdo
tracking the addresses of each instructions in the 5 instruction pipeline.
BACKGROUND Digital signal processing is concerned with the representation
of signals in digital formand the transformation or processing of such
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and nmultinedia. One reason for the prevalence of digital signal processing
t echnol ogy "has 15 been the devel opnent of |ow cost, powerful digital signal
processors (DSPs) that provide enfECHEEICAT HEIEID | able conputing capability
to i nplenent these products cheaply and efficiently. Since the devel opnent
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processors, and more particularly to generating and
tracking the addresses of each instructions in the

5 instruction pipeline.

BACKGROUND
Digital signal processing is concerned with the
representation of signals in digital form and the
transformation or processing of such signal representation
10 using numerical computation. Digital signal processing is
a widely used technology for many of today's high
technology products in fields such as wireless
communications, networking, and multimedia. One reason for
the prevalence of digital signal processing technolégy has
15 been the development of low cost, powerful digital signal
processors (DSPs) that provide engineers the reliable
computing capability to implement these products cheaply
and efficiently. Since the development of the first DSPs,

DSP architecture and design have evolved to the point where



WO 02/ 027477 PCT/ USO1/ 30330 even sophisticated real-time processing of

vi deo-rate sequences can be perforned. DSPs are often used for a variety
of nmul ti nwaica/o2appl i cati ons such as digital video, imgi n@CcTarsdi/ans@é o. 5
DSPs can mani pulate the digital signals to create and open such multinedia
files. MPEG 1 (Mdotion Picture Expert Goup), MPEG 2, MPEG 4 and H. 263 are
digital video conpression standards and file formats. These standards

achi eve a Biof GOFREESILANKALE 10:ahe! BRALALIAL ¥edgoqshangls by storing

nostly changes from one video franme to another, “instead of storing each

entire frane. The video,infor tioa may then be further conpressed using
e

a nunber o?eaF?PS?gnFaPegﬁnpﬁﬁ grmg DSP may be used to performvari ous
operations on 15 the video information during conpression. These
operations nayPPREI BdE ROLFBNUSESr ERTaRdVEFAELYI OfnfeLpélglian
algorithnms. The primary intention is to neasure distortion between bl ocks
Wit hin adj apehichEanps. sThesesogépatpényidape éoppungti ondl pydiatensi ve and
may require high data 20 throughput. The MPEG fanmi |y of standards is
evol visng t DSkeepapamenimuflhtehéhendigasehgstgndivsdth requteepedt speh
mul timedi a
such multimedia files.
MPEG-1 (Motion Picture Expert Group), MPEG-2, MPEG-4
and H.263 are digital video compression standards and file
formats. These standards achieve a high compression rate
10 of the digital video signals by storing mostly changes from
one video frame to another, instead of storing each entire
frame. The video information may then be further
compressed using a number of different techniques.
The DSP may be used to perform various operations on
15 the video information during compression. These operations
may include motion search and spatial interpolation
algorithms. The primary intention is to measure distortion
between blocks within adjacent frames. These operations
are computationally intensive and may require high data
20 throughput.
The MPEG family of standards is evolving to keep pace

with the increasing bandwidth requirements of multimedia

applications and files. Each new version of the standard



applications and files. Each new version of the standard 2 WD 02/ 027477
PCT/ USOL/ 30330 presents nore sophisticated algorithnms that place even
greater pwode®zi4my requirements on the DSPs used in MPEG Pcamsoi/ansso vi deo
processi ng equi pnent. Video processing equi pnent manufacturers often rely
on 5 application-specific integrated circuits (ASICs) custom zed for

vi deo encodi ng under the MPEG and H. 263 standards However, ASICs are

conplex to I a i.bl e, iin _thei

appl i cati o Ehen sersrs Lk 5%2%@9‘%%85 %‘i%ff%éé %#%&%&QBR%M@S These
and ot her features_and advant§%ps .Of |nve@h|0@ Cone

appar ent ugon-réadfig thE 8 | ﬁPﬁéeHSP Pl &8 “§é&s FPﬁtPSﬁ ant MS@

reference to the a conpanyln% drawings. FIG 1 is a block diagramof a
mobi | e vi dE6TBEVEEE ViSeqt P fﬁﬁ&l§gpP88é§§€Ptaccordlng to an enbodi ment.
FIG 2 is a block diagramof a signal processing system according to an
enbodi ment. FI GVigepsPaogeseingi sghapmentapaavfeckarers sif§ral repyoosssi ng
system according to an enbodinment. 20 FIG 4 illustrates exenplary pipeline
st ages of Bbpplication-specific integrated circuits (ASICs) customized

for video encoding under the MPEG and H.263 standards.
However, ASICs are complex to design, costly to produce and
less flexible in their application than general-purpose

DSPs.

10 DESCRIPTION OF DRAWINGS

These and other features and advantages of the invention
will become more apparent upon reading the following detailed
description and upon reference to the accompanying drawings.

FIG. 1 is a block diagram of a mobile video device

15 utilizing a processor according to an embodiment.

FIG. 2 is a block diagram of a signal processing system
according to an embodiment.

FIG. 3 is a block diagram of an alternative signal
processing system according to an embodiment.

20 FIG. 4 illustrates exemplary pipeline stages of the

processor in FIG. 1 according to an embodiment.



processor in FIG 1 according to an enbodi nent. 3 WD 02/ 027477
PCT/US01/30330 FIG 5 illustrates an address pipeline including program
count (PGyogefnenati on | ogic according to an enbodi nent. FIPGI/1601/30330 f | ow
chart describing an address cal cul ation operation according to an

enbodi ment. 5 DETAILED DESCRIPTION FIG 1 illustrates a nobile video device
100 including a processor according to an enbodi ment of the invention.
The mobi I vi degrdevice1100:umyce.q hantsheld dowice wahel; i SpLaysyi deo
i mges produced from an encoded video signal 10 received froman antenna
105 or a digital ,ykde I 20, ..e.0., a digital _video disc
(DVD) or ac%ghgr§¥b2a§8$g£%g?§%eg§%%gE%%F%ﬁ?f% F@é@gse%%Pﬁlgeg ¢he nenory
115 which may re_instructions and data for the processor _operations.
The processor 1%%8na§ Bé & '8Woﬁ?%ﬁ%§g%§?r%PﬁﬁgcﬁQﬁQQﬂre§Fgﬁéﬁc r8¢&S8or
(DSP), a mcroprocessor controlling a slave DSP, or a processor with an
hybrid ni €PSpREEEEsBEFDSPLIAY chP t 3t ¥eedimant-he pur poses of this

application, the processor 110 will be referred to hereinafter as a DSP
110. 20 The DSP 110 may perform various operations on the
5 DETAILED DESCRIPTION

FIG. 1 illustrates a mobile video device 100 including

a processor according to an embodiment of the invention.
The mobile video device 100 may be a hand-held device which
displays video images produced from an encoded video signal

10 received from an antenna 105 or a digital video storage
medium 120, e.g., a digital video disc (DVD) or a memory
card. A processor 110 communicates with a cache memory 115
which may store instructions and data for the processor
operations. The processor 110 may be a microprocessor, a

15 digital signal processor (DSP), a microprocessor
controlling a slave DSP, or a processor with an hybrid
microprocessor/DSP architecture. For the purposes of this
application, the processor 110 will be referred to
hereinafter as a DSP 110.

20 The DSP 110 may perform various operations on the
encoded video signal, including, for example, analog-to-

digital conversion, demodulation, filtering, data recovery,



encoded video signal, including, for exanple, analog-to- digital

conversion, denodul ation, filtering, data recovery, 4 WD 02/027477

PCT/ US01/W80330274and decodi ng. The DSP 110 nay decode the @®omrarsessisco

digital video signal according to one of various digital video conpression
standards such as the MPEG fam |y of standards and the H 263 standard. The
decoded video signal 5 may then be input to a display driver 130 to produce

the video, *&ngcAﬁlﬁgd'S@h@yDég5élbhﬂg hgkd-deviges-ggperakly have linited

power supplies vi deo decodi ng operatlons are conputationally
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advantageoﬂ% spee om/pomer device The Eillo may
have a dee el i ned, Ioad/st ar chj t ect u | oyi ng _pi pel i ni ng,
he® por f or THHEE BETOTRGSERD. HEgNBETANHCRASE of AE; VERPS BN LbH B el | ned
DSP. 15 Instead of fetching a first instruction, executing the first
|nstructloﬁtaaﬁarﬂﬁeﬁnﬂetbﬁlHg2§3s§§6ﬁ§arﬁstrﬁbﬁléﬁCOdadebéﬁpnéégDsﬁ 110

may fetch the second instruction concurrently with execution of the first
i nstruwcti omay theneby inpnbvingai désplieyi dnivarolghpbo. pEaduber thehe

video image on a display 125.

Hand-held devices generally have limited power
supplies. Also, video decoding operations are
computationally intensive. Accoxdingly, a processor for

10 use in such a device is advantageously a relatively high
speed, low power device

The DSP 110 may have a deeply pipelined, load/store
architecture. By employing pipelining, the performance of
the DSP may be enhanced relative to a non-pipelined DSP.

15 Instead of fetching a first instruction, executing the
first instruction, and then fetching a second instruction,
a pipelined DSP 110 may fetch the second instruction
concurrently with execution of the first instruction,
thereby improving instruction throughput. Further, the

20 clock cycle of a pipelined DSP may be shorter than cycles
of a non-pipelined DSP, in which the instruction is fetched

and executed in the same clock cycle.



20 clock cycle of a pipelined DSP may be shorter than cycles of a

non- pi pelined DSP, in which the instruction is fetched and executed in the
sanme cl ocwoagok®m775 WO 02/ 027477 PCT/ USOL/ 30330 Such a DSPTANO1/3630
contenpl ated for use in video canctorders, teleconferencing, PC video cards,
and High- Definition Television (HDTV). In addition, the DSP 110 is also
contenpl ated for
digital signal pRREESSIDHP SUAN i85 cOHiGR IRNRRESHMNGSaq, iy Jopil e

t el ephony, speech recognition, and other applications. Turning nowto FIG

2, a block

according to an

provi ded b ext.ern sQurce, e. antenna 1Q5,. to si_gnal _conditi oner
202. Si gna?be%gﬁl i)%tlioélngﬂrelﬂzlsijsdn Ot dur ed™t C%jé&rlc?rnm %@ret &lglpr“r?cessi ng

functi ons

use in connection with other 5 technol ogies utilizing

SRR, &SI ro LGRS B M 200 ngntadi}ﬂg;nDSP 110

iment 1s's e or nore ardal®og sighals may be

nal s. Exenpl ary prepraqcessing functions may

%&on t he anal og sif?
15 i ncl ude 28 FGTSEIEHATSS fiHe UHalldy CIRTatd b geitheothem | teri ng,
anplifying, etc. An analog-to-digital converter (ADC) 204 is coupled to

recei Ve thé
convert the

eghawleogdsse dtandl g9 sligndlad foiemadi gralcessrdia isoiwdy 2202 and to

voice processing used in mobile telephony, speech

recognition, and other applications.

Turning now to FIG. 2, a block diagram of a signal

processing system 200 including DSP 110 according to an

10 embodiment is shown. One or more analog signals may be

provided by an external source, e.g., antenna 105, to a

signal conditioner 202. Signal conditioner 202 is

configured to perform certain preprocessing functions upon

the analog signals. Exemplary preprocessing functions may

15 include mixing several of the analog signals together,

filtering, amplifying, etc. An analog-to-digital converter

(ADC)

204 is coupled to receive the preprocessed analog

signals from signal conditioner 202 and to convert the

preprocessed analog signals to digital signals consisting

a

20 of samples, as described above. The samples are taken

according to a sampling rate determined by the nature of

the analog signals received by signal conditioner 202. The

DSP 110 is coupled to receive digital signals at the output



preprocessed anal og signals to digital signals consisting 20 of sanples, as
descri bed above. The sanples are taken according to a sanpling rate

det er m newoly/othie7 nat ure of the anal og signals received PgTEiSgNa1330
conditioner 202. The DSP 110 is coupled to receive digital signals at the
out put 6 WO 02/027477 PCT/ US01/ 30330 of the ADC 204. The DSP 110 perforns
the desired signal transformation upon the received digital signals,

produci ng ognener amer eoaut pule disel tal pearalms Andi a@s%eﬁo séaﬁgqg
converter (DAC) 206 is coupled to receive the output 5 digital signals from

the DSP 11Q§FEE%?%é§t%%%.%@%%CE%% Eg%elggthEgQE%ltgk EbggalggoghglgﬁgPUt

anal og sign out put anal og signal's ar en~conveyéedTto ano

signal conditiogner 208. T |_.caondi tione erfor
post - proceS8tng Tt Bi&€i SRE® l%ﬁga&uﬁﬁﬁpa;ﬁalég &géﬁgﬁsgolénéiéﬁplary
post - processi ng functions are simlar to the prep roce55|n% functions
listed abo§8nvﬁﬁ§e§U|F§%ﬁeZO@oﬁﬁl&QPgﬁﬁéntSfr€ﬁ§§§ed§9?c@§ RE} be coupl ed
into a signal processing system 200 with the DSP 110. Turning next to FIG
3, a 4 gnakipiseédssilggadysiftammsdbe DPSPadddrdifhg DACardfhernerbodi tbet s
shown. In this enbodinent, a digital receiver 302 is configured to receive
output digital signals into output analog signals. The

output analog signals are then conveyed to another signal
conditioner 208. The signal conditioner 208 may perform
post-processing functions upon the output analog signals.

10 Exemplary post-processing functions are similar to the
preprocessing functions listed above. Any suitable
configuration of these devices may be coupled into a signal
processing system 200 with the DSP 110.

Turning next to FIG. 3, a signal processing system 300

15 according to another embodiment is shown. In this
embodiment, a digital receiver 302 is configured to receive
one or more digital signals and to convey the received
digital signals to the DSP 110. As with the embodiment
shown in FIG. 2, DSP 110 performs the desired signal

20 transformation upon the received digital signals to produce
one or more output digital signals. Coupled to receive the
output digital signals may be a digital signal transmitter

304. In one exemplary application, the signal processing



one or nore digital signals and to convey the received digital signals to
the DSP 110. As wth the enbodinent shown in FIG 2, DSP 110 perforns the
desired sw@ralo22@7t ransfornmati on upon the received digitalPCIiupnabes3t o
produce one or nore output digital signals. Coupled to receive the output
digital signals may be a digital signal transmtter 304. In one exenplary
application, the signal processing 7 WO 02/ 027477 PCT/ USQOL/ 30330 system

300 may bes?sqgaiéab aa9iBedgybggikaﬁgghgﬁatB@vieggkpahhﬁsﬁekﬁgr 302

conveys to the DSP 110 digital signa ndi cative o ata stored on the

digital staqc evi .. 120 he DSP. 11 t cess.the di.gital
signals an§£§9§82v5§§g%ﬁgrrggélgpﬁgegﬁtgﬁp%gﬁgﬁgglRi?gﬁé?%EFE ?ﬁgnégﬁital
transmtter 304. The digital transmtter 304 may then cause val ues of the
output di gHPaRCaELRE SE0HOBE BFARSM PPelbEod BhEad SpPEaSar FE¥IcEs0 Lo

produce a video image on the display 125. 10 The pipeline illustrated in
FIG 4 nayl£fel iBe ES§ht10smageshenhpehcray thel ddeicast phonrda patich
402- 403, decode 404, address cal cul ati on 405, execution 406-408, and
write5 backon@eyst dhesreAnlicnspr notboh digayabesfighehedtbntbrediglicek cycle
and then operated on and executed in the
transmitter 304. The digital transmitter 304 may then cause
values of the output digital signals to be transmitted to
the display driver 130 to produce a video image on the
display 125.
10 The pipeline illustrated in FIG. 4 may include eight
stages, which may include instruction fetch 402-403, decode
404, address calculation 405, execution 406-408, and write-
back 409 stages. An instruction i may be fetched in one
clock cycle and then operated on and executed in the
15 pipeline in subsequent clock cycles concurrently with the
fetching of new instructions, e.g., i+1 and i+2.

Pipelining may introduce additional coordination
problems and hazards to processor performance. Jumps in
the program flow may create empty slots, or “bubbles,” in

20 the pipeline. Situations that cause a conditional branch
to be taken or an exception or interrupt to be generated

may alter the sequential flow of instructions. After such

an occurrence, an new instruction must be fetched outside
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15 pipeline in subsequent clock cycles concurrently with the fetching
new i nstructions, e.g., i+l and i+2. Pipelining may introduce additio
coor di natworn2fpembt ens and hazards to processor perfor manc®CTIspP30330

program flow may create enpty slots, or "bubbles,” in 20 the pipeline.
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Thus, absent a change in programflow, the PC of
The instruction in program code executed by the DSP

110 may have an associated instruction address, or program
count (PC), which points to that instruction’s location in
memory. Program code may be executed sequentially unless
an event occurs, such as a taken branch or an interrupt,
that causes the program counter to branch to a different
location. Thus, absent a change in program flow, the PC of
a subsequent instruction may be determined by adding the
instruction width of the current instruction to the PC of
the current instruction. For example, if the PC of thé
current instruction is 0x2002 and the instruction is 16-
bits (two bytes) wide, the PC of the subsequent instruction
would be 0x2004. For fixed width instructions, such PC
calculations may be straightforward. However, for a DSP
110 utilizing variable-width instructions, the width of the
instruction may not be determined until the instruction is

decoded in the decode stage, thereby complicating



a subsequent instruction nmay be determ ned by adding the instruction wdth
of the current instruction to the PC of 15 the current instruction. For
exanpl e, wDoele74PC of the current instruction is 0x2002 &ad/ttSaE30330
instruction is 16- bits (two bytes) w de, the PC of the subsequent
instruction would be 0x2004. For fixed width instructions, such PC

cal cul ati ons nmay be straightforward. However, for a DSP 20 110 utilizing

vari abl e- wpgt Bu B8t FHCHIFORSe Ble oW dhR ﬁfextchﬁns't%r:&gshi,oanaﬂy not be
determ ned until the instruction is decoded Iin the decode stage, thereby

conpl i catipg. 94 aQ%égg%ﬁY%th§gB§g§QQQSSO cal cul ati on of the PC of

t he- next instruction, coo i'on in the pipeline. FIG 5 illustrates
an address pipek' e 500 ﬁo enerate a % carry,.the, add s, of every
instruction to ggrygSlﬁ'BélFﬁ e§t38e§g ﬁ@sﬁdé98§ilBFpésﬁnEOSQGHﬁﬁ9te
calculate PCs for either fixed-wdth or variable-width instructions. The
addr ess pi pBfi RersP0thRcRAEESS8da e 8¥ ¥y BEEFYCED2N5D8 S¥BEYesponding to
the various instruction pipeline stages, e.g., IFl, IF2, DEC, etc. A
progr &n cobhpel T atipoepl efee 20d¢RBX) P3pelinet h8Odweydeal DEC)tst B§e may
sel ect between a branch target address in register 503 and a PC in a Next
for either fixed-width or variable-width instructions. The
address pipeline 500 includes address registers 502-508
corresponding to the various instruction pipeline stages,
e.g., IFl, IF2, DEC, etc. A program count (PC) multiplexer
10 (MUX) 510 in the decode (DEC) stage may select between a
branch target address in register 503 and a PC in a Next
Address register 512. The Next Address register 512 may
contain a PC calculated by PC generation logic according to
an embodiment, as described below. The selected PC may
15 then be passed down the pipeline through the downstream
address registers 504-508 in subsequent cycles.
FIG. 6 illustrates a PC generation and tracking
operation 600 according to an embodiment. The following
description is one embodiment of implementing the operation
20 600. In other embodiments, states may be skipped or
performed in a different order.

For each break in program flow, a branch target

address may be stored in the address register 502 in state

10



Address register 512. The Next Address register 512 may contain a PC

cal cul ated by PC generation |ogic according to an enbodi nent, as descri bed
bel ow. Thwogelewred PC may 15 then be passed down the pi p@Cirnsot/mmssugh t he
downstream address registers 504-508 in subsequent cycles. FIG 6
illustrates a PC generation and tracking operation 600 according to an
enbodi nent. The followi ng description is one enbodi nent of inplenenting

the operatg@n, 20p 69Pantn oLDhgE eghedl 8BNSy 154 b €Sp BY4 bey sKipped-ior

performed in a different order. For each break in programflow, a branch
target a S. r LN . ISt 5 i ate 10 WO
02/ 027477%?@%8@%%g86‘8§.éAC%IE(g%\C 915‘%?3%%5%%%?3% %ﬁyé %r'%{suppl ied by a
branch unit jn responsge t condi tional branch, by an event vector table
Lo fetoh (FeckPr SEIPRE: Facerbrt s hhant E0ah TREERUFcE% ol TR, SEF T Fr om a
return operation. The branch 5 target address may be witten to the

addr ess regPEYEFC 50RUFANEheCRek¥ORYR| BSTRRY PRRTPE-MUX 510 neeRelect the
branch target address fromthe address register 503 in state 606. An

i nstrécti ohrdeebdeddsads| nagt beewslbtemyteetlelcadtieess nsegigteobnd03

corresponding to the PC sel ected by the PC MJX
in the next cycle, and the PC MUX 510 may select the branch

target address from the address register 503 in state 606.
An instruction decoder 514 in state 610 may decode the
instruction corresponding to the PC selected by the PC MUX
10 510 and determine the instruction’s width in state 612.
The width of the instruction may be pre-decoded in the IF2
pipeline stage.
Based on the decoded instruction width, a MUX 518 may
select an instruction width of zero (0), two (2), four (4),
15 or eight (8), for 0-bit, -16-bit, 32-bit, and 64-bit
instructions, respectively. A 0-bit instruction width may
indicate an invalid instruction, for example, a killed
instruction or a bubble inserted into the pipeline at a
stalled stage. The selected instruction width may then be
20 added to the PC selected by the PC MUX 510 by a sequence
adder 520 in the next cycle to calculate a “next” PC

corresponding to the location of the next sequential

11



10 510 and determne the instruction's width in state 612. The w dth of
the instruction may be pre-decoded in the |F2 pipeline stage. Based on the
decoded iwetmoeiron wi dth, a MJX 518 may sel ect an instr ®cmiusnl/sa3ge h of
zero (0), two (2), four (4), 15 or eight (8), for O-bit,-16-bit, 32-bit,
and 64-bit instructions, respectively. A O-bit instruction wi dth may
indicate an invalid instruction, for exanple, a killed instruction or a

bubbl e i ns i t hpeki t al S . S d
Phatr et o O o B o o e LAt e B ER a0 R 510

by a sequepnce dder, 520.in. t nex le . to culate a "next" PC
correspond?ﬁ%r?ﬁ %ﬁetﬁ%cg anﬂggrgﬁ% ﬁ%ﬁ%sggaugﬁ fal 11 WO 02/027477

PCT/ US01/ 30330 _instyruction in,the,programiflo This cal cul ated _PC nay be
stored in the NERESH d?eQEQ?EB?Q?EF8%1%£ %b§5ﬁ¥%alﬂeF%?nPﬁ89F6% 6+°4 Dbreak
in the programflow in state 616, the PC MJX 510 may sel ect the cal cul ated
PC 5 stor®d $hatheOhext thadPes¥UKegldtBrY 5321 eat st ecablulppadVBE, if a

break in programflowis determned in state 616, the PC MJX 510 sel ect
t he bsanchstargeétindihes¥extofddresn rheiatdress2régi stere5628.and the
operation may return

However, if a break in program flow is determined in state

616, the PC MUX 510 select the branch target address stored
in the address register 502, and the operation may return
to state 602.

10 Certain events, such as interrupts and exceptions, may
cause a temporary break in the program flow. Such an event
may make certain remaining instructions in the pipeline
invalid. However, once the disruptive event has been
handled, it may be desirable to return to the oldest valid

15 instruction in the pipeline prior to the occurrence of the
event in order to resume the original program flow.

According to an embodiment, each PC in the address
pipeline 500 (FIG. 5) may have an associated valid bit.
The valid bit may have a TRUE value if the associated

20 instruction is valid and a FALSE value 1f the associated
instruction is invalid. The valid bits may be stored in
valid bit latches, or flip-flops (FFs), 530-536

corresponding to the various pipeline stages. When a

12



to state 602. 10 Certain events, such as interrupts and exceptions, may
cause a tenporary break in the programflow Such an event may nake
certain rwmaR2ng7 i nstructions in the pipeline invalid Heeewsol/3oeace the
di sruptive event has been handled, it may be desirable to return to the

ol dest valid 15 instruction in the pipeline prior to the occurrence of the
event in order to resune the original programflow. According to an

enbodlnentdlséagtEGe'@vga% addy; ¥ aB‘Bﬁhb@% %99+gFE§E éktg% oawe pan

associ ated val i The vall bit may have val ue | t he
associ at ed 20 | |on Li A%SE v e i f t@ soci.at.ed
instructiof st |nvaﬁﬁé %eé% 91% g é ?P §ncﬁ §FF% Hag ﬁatches
or flip-flops % ., _530- 5%% caQrr ondln to the various pipeline stages.
Then a-12 GBPBIR6SIRRT PETEOSOTABOSE0S i SHanEryESeroHE oecien S0l dovt
valid bit detector 550 may determ ne the oldest valid bit, and hence
ol dest val Pddepisvrddei BAt mavt ke seperihe. P¥he BetassoMUXt &40wicehbene
ol dest valid bit my be selected by a Return MJX 540 to be 5 stored in a
Ret ur 5 AddsessedeginsteReb42n Bddeesive réigdstipti vd 2evefnckashibeen handl ed,
the program fl ow may
disruptive event has been handled, the program flow may
resume at the PC stored in the Return Address register 542.
Once the above-described PC generation logic is
loaded, it may remain self-maintaining, fully pipelined,
10 and interlocked with the instruction pipeline.
A number of embodiments of the invention have been
described. Nevertheless, it will be understood that various
modifications may be made without departing from the spirit

and scope of the invention. Accordingly, other embodiments

15 are within the scope of the following claims.
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resunme at the PC stored in the Return Address register 542. Once the
above-descri bed PC generation logic is |loaded, it may remain

sel f - mai nweiiopry77 ful |y pipelined, 10 and interlocked w PTIUS1/8033¢ r uct i on
pi peline. A nunber of enbodi nents of the invention have been descri bed.
Nevertheless, it will be understood that various nodifications nmay be nade
W t hout departing fromthe spirit and scope of the invention. Accordingly,
ot her enbodiments 15 are w t hiygdher $eaeap tfe following claims. 13 WO
02/ 027477 PCT/US01/30330 WHAT IS CLAIMED IS: 1 1. A nethod for generating
addresses for variable- 2 wdth instructions in a pipeline, conprising: 3
sel ect,i ng between a br a t n X e i al address
cal cul'at ed fron?é st%r@gggaérggg g§g§%§§gﬁgi%§§¥ﬁg ?gn%a?dgﬁgg%bgéfirst
instruction,ig the 6 igeline" 1 2..Th§.nethod of .claim1, further

conpr i’si ng¥* He&BﬁFﬁBC 18BEond FnBtPhcti'on tOPPESPONEing to 3 the selected
one of the branch target address and the next 4 sequential address; 5

det er i ni ng an i nstr&etP6R1IRFdPRTBESRhE BSERBRA target address and a

4 next sequential address calculated from a stored address
5 and an instruction width of a first instruction in the

6 pipeline.

1 2. The method of claim 1, further comprising:

2 decoding a second instruction corresponding to

3 the selected one of the branch target address and the next
4 sequential address;

5 determining an instruction width of the second

6 instruction; and

7 adding the instruction width of the instruction

8 to the selected one of the branch target address and the

9 next sequential address.

1 3. The method of claim 2, wherein the variable-width
2 instructions have a width selected from 16-bit, 32-bit, and

3 64~bit widths.

14



6 instruction; and 7 adding the instruction width of the instruction 8 to
the selected one of the branch target address and the 9 next sequenti al
addr ess. wO032/0Theg7 net hod of claim 2, wherein the vari abl ePgirdisSal/3@330
instructions have a width selected from 16-bit, 32-bit, and 3 64-bit

wi dths. 4 14 WO 02/ 027477 PCT/US01/ 30330 1 4. The nethod of claim 2,
further conprising: 2 passing the selected one of the branch target 3

address and t hegnext rsequerhicdl c&ddnass éoweu&teae@ Relibaesihghul 'y
interl ocked with the second instruction. {1 5. The met hod of gla|n11

furth conpri si ng: i.n Liyd Rit o, eac e t he

pipelﬁ%e and 4 stor ﬁ%gﬁﬁgl%g rgggeégrgeggon %n&ﬁgoggﬁggbdzéfgeg valld bi t

in the pi pel,i;ne in response an event t hod. of ¢l aimb5,

wher o't heUERERe PEeLERE Sk PR o s TRE: ABtRof b BERES L ieher i n
t 2

even JS anu 1ye§%%%5332ked with the second instruction.

1 5. The method of claim 1, further comprising:

2 associlating a valid bit to each address in the

3 pipeline; and

4 storing the address corresponding to an oldest

5 valid bit in the pipeline in response to an event.

1 6. The method of claim 5, wherein the event is an

2 interrupt.

1 7. The method of claim 5, wherein eﬁent is an

2 exception.

1 8. An apparatus, including instructions residing on
2 a machine-readable medium, for use in generating addresses
3 for variable-width instructions in a pipeline, the

4 instructions causing the machine to:

5 select between a branch target address and a next
6 sequential address calculated from a stored address and an

7 instruction width of a first instruction in the pipeline.

15



1 8. An apparatus, including instructions residing on 2 a machi ne-readabl e
medi um for use in generating addresses 3 for variable-wdth instructions
in a pipewore/2uhe 4 instructions causing the machi ne to: PETAS0EE3Met ween
a branch target address and a next 6 sequential address calculated froma
stored address and an 7 instruction width of a first instruction in the
pi peline. 15 WO 02/027477 PCT/US01/30330 1 9. The apparatus of claim8,
further comprispng 2ThQ55Bg8§hQH§ bbakicayse, t B EREhI BErnbo; s3agecode a
second instruction corresponding to the 4 selected one o tﬁe ranch
target, address_and.the xt 5_sequential address; 6 determ ne an
instr&%tioﬁnﬁfﬁPﬁgﬁPnFhgggécgﬁagg7%ﬁﬁs ?ﬁ@ Pgnfoand 8 add the instruction
width of the instruction to 9 the selected one of the branch %ar t
addreds and the next 9°¥89€equEREPRR ABAFELSTL9R1Or¥REPABRAR! G6 oPecl ai m
9, wherein the variable- 2 width instructions have a width selected from
the 16-bitselgcgedpppe ahdtbg- birenghdtrsgcs 2¢dreRé Apfh&lcone&tai m 9,
further conprising ‘

5 sequential address;

6 determine an instruction width of the second

7 instruction; and

8 add the instruction width of the instruction to
9 the selected one of the branch target address and the next
10 sequential address.

1 10. The apparatus of claim 9, wherein the variable-
2 width instructions have a width selected from the 16-bit,

3 32-bit, and 64-bit widths.

4 11. The method of claim 9, further comprising

5 instructions that cause the machine to:

6 pass the selected one of the branch target

7 address and the next sequential address down the pipeline
8 fully interlocked with the second instruction.

1 12. The apparatus of claim 8, further comprising

2 instructions that cause the machine to:

16



5 instructions that cause the machine to: 6 pass the selected one of the
branch target 7 address and the next sequential address down the pipeline

8 fully iwDeelogmked with the second instruction. 1 12. Thecappsar/ai3es of
claim8, further conprising 2 instructions that cause the machine to: 16
WO 02/ 027477 PCT/USO01/ 30330 3 associate a valid bit to each address in the
4 pipeline; and 5 store the address corresponding to a oldest valid 6 bit
in the pipeline in rgspeRsatkoaRa8Yanbitltd3calhe anpasat up eheclaim 12,
wherein the event is 2 an interrupt. 1 14. The apparatus of claim 12,

wher ein ev§QFeh§ an Z.exception. 1 15. Apparatus for generating an address
of an ructron in a plpellne conprising: 3 an instruction decoder to
decode the instructiaon, a instruction having an |nst t h;

2 sel dotlon circuit G505 SEE AHPRRENCPArGEPOREINgargsS BHFCS Pridr

cal cul ated address in response to a 7 break in a progran1f|omr and
6 bit in the pipeline in response to an event

1 13. The apparatus of claim 12, wherein the event is
2 an interrupt.

1 14. The apparatus of claim 12, wherein event is an
2 exception.

1 . 15. Apparatus for generating an address of an

2 instruction in a pipeline, comprising:

3 an instruction decoder to decode the instruction,
4 said instruction having an instruction width;

5 a selection circuit to select a branch target

6 address over a first calculated address in response to a
7 break in a program flow; and

8 an adder to add the instruction width of the

9 instruction to the address selected by the selection
10 circuit to generate a second calculated address.

1 16. The apparatus of claim 15, wherein the pipeline
2 operates to pass variable-width instructions.

17



8 an adder to add the instruction width of the 9 instruction to the
address selected by the selection 10 circuit to generate a second

cal cul at ewoadde®mss. 1 16. The apparatus of claim 15, wher@ca/usae3Espel i ne
2 operates to pass variable-width instructions. 17 WO 02/ 027477

PCT/ US01/ 30330 1 17. The apparatus of claim 16, wherein the variable- 2

wi dth instructions have a wwdth selected from 16-bit, 32- 3 bit, and 64-bit

Wi dths. 1 18. The appacabppa@btekabh éﬁalwh%el nneaghnagddeessri2phB-t he
pi pel i ne has an associated valid bit, and further 3 conprising: 4 a valid

bit defectioncql faUktyRieachnal apw Bhi 5Y12c0LaSkRGRS1GpLRE Ropeline to
determ ne t est vali it°6 int e pi peli ne; 7 a retlrnregister
to stqre any %ddreas %S%O%Iat%% with 8 the ol dest valld bit. 1 19. A system
conpri'si ng: ash nennr aﬁd 3 a processor coupled to the flash
menory and 4 including a plpellne, sai d processor being adapted to 5

sel ect between a branch target address and a next

1 18. The apparatus of claim 15, wherein each address
2 in the pipeline has an associated valid bit, and further
3 comprising:

4 a valid bit detection circuit in each of a plurality

5 of stages in the pipeline to determine the oldest valid bit
6 in the pipeline; and
7 a return register to store an address associated with

8 the oldest valid bit.

1 19. A system comprising:

2 a flash memory; and

3 a processor coupled to the flash memory and

4 including a pipeline, said processor being adapted to

5 select between a branch target address and a next

6 sequential address calculated from a stored address and an
7 instruction width of a first variable-width instruction in

8 the pipeline.

18



6 sequential address calculated froma stored address and an 7 instruction
width of a first variable-width instruction in 8 the pipeline. 18 WD
02/ 02747 wWB@2H801/ 30330 1 20. The system of claim 19, wreraisnl/si3eo
variable 2 width instruction has a wdth selected from16-bit, 32-bit, 3
and 64-bit wdths. 19

1 20. The system of claim 19, wherein the variable-

2 width instruction has a width selected from 16-bit, 32-bit,

3 and 64-bit widths.
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