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applications, such as portable electronic devices, conserving power and faster

throughput are also goals in processor design and implementation.

[0003] Many modern processors employ a pipelined architecture, where sequential
instructions, each having multiple execution steps, are overlapped in execution. For
improved perforrttance, the instructions should flow continuously through the pipeline.
Any situation that causes instructions to stall in the pipeline can detrimentally influence
performance. If instructions are flushed from the pipeline and subsequently re-fetched,
both performance and power consumption suffer.

[0004] Most programs include indirect branch instructions where the actual branching
behavior is not known until the indirect branch instruction is evaluated deep in the
pipeline. To avoid the stall that would result from waiting for actual evaluation of the
indirect branch instruction, modern processors may employ some form of branch
prediction, whereby the branching behavior of indirect branch instructions is predicted
early in the pipeline. Based on the predicted branch evaluation, the processor

speculatively fetches (prefetches) and process instructions from a predicted address —
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i nstructions beginning fromthe branch target address. [00071 Any
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the branch instruction are typically flushed fromthe pipeline. The

f §|to ihC g le}‘ iyngdg@?t@L@Fra?gg,géing%%&amn&y@@@i%&mecmaﬂ&fpe%ﬁﬁ la8dde@n 1S
lookups on prefetched instructions in both a BTAC and an I-cache in parallel. If there is
a miss in the BTAC, these conventional branch techniques have thus consumed power
in the BTAC lookup without finding a match. Ifthere is a hit in the BTAC, the address
léoked up may be considered to be an indirect branch instruction. After BTAC lookup,
conventional techniques invoke the branch prediction logic to determine whether a
branch target address retrieved from the BTAC should be predicted taken or not. If the
branch prediction logic predicts taken, the branch prediction logic redirects instruction
flow by retrieving instructions beginning from the brancil target address.

[0007] Any sequential instructions which entered the processor pipeline since the
branch instruction are typically flushed from the pipeline. The path defined by the
BTAC lookup and subsequent branch prediction is typically a critical speed path

because the shorter the timing of this path the smaller the amount of instructions which

need to flushed from the processor pipeline before redirecting the instruction flow.
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time for redirecting instruction flow when an indirect branch instruction is found in a
processor pipeline without decreasing the effectiveness of branch prediction.

SUMMARY

[0009] The present disclosure recognizes that conventional branch prediction
techniques often needlessly consume power when lookups are made to an I-cache and
BTAC in parallel and the lookups fail in the BTAC. This recognition is more evident
when there is a hit in the I-cache and a miss in the BTAC which is likely due to the I-
cache typically storing all types of instructions and the BTAC typically storing branch
instruction addresses.

[0010] According to one embodiment, a method for reducing lookups to a branch target
address cache (BTAC) is disclosed. In this method, a branch target address is retrieved
from the BTAC in response to a miss in looking up an instruction address in an
instruction cache (I-cache). The branch target address is associated with the instruction
address. The branch target address retrieved from the BTAC is stored in the I-cache.

With this disclosed techniques, subsequent instruction addresses are advantageously
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configured to store the branch target address.

[0013] It is understood that other embodiments of the present invention will become

readily apparent to those skilled in the art from the following detailed description,

wherein various embodiments of the invention are shown and described by way of

illustration. As will be realized, the invention is capable of other and different

embodiments and its several details are capable of modification in various other

respects, all without departing from the present invention. Accordingly, the drawings

and detailed description are to be regarded as illustrative in nature and not as restrictive.

'BRIEF DESCRIPTION OF THE DRAWINGS
[0014] FIG. 1 is a functional block diagram of an exemplary processor.

[0015] FIGS. 2A-2C (collectively FIG. 2) illustrate a listing of an exemplary code
segment and exemplary contents of an I-cache and a BTAC when the I-cache does not

contain the branch instruction from the code segment.



[0014] FIG 1 is a functional block diagram of an exenplary
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resolution. 100191 FIG 6 is a functional, block diagram of two,
processors SREFGHAG Blod@Hnsshe trdeneppAn insystiseRoprihol cpesdFiglc 1
depicts a functional block diagramof an exenplary processor 100. The
processor 10018 xEKtSeis aiftost eheet illostsating aanethed of menagmg axleeaghé omactual

pi peline 112 according to control logic 114. In sone enbodi nents,

t he pi pel i neraddi2resslytie a superscalar design, with nultiple parallel
pi pelines as described in further detail in connection with FIG 6.
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or gani zed in p1 pe st ages, and one or nore exécution units such as

arithnetic é?g'gc unit (ALL) 118. A General Purpose Register (GPR)
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| TLB 124 may conprise a copy of part of the TLB
processor 100 executes instructions in an instruction execution pipeline 112 according
to control logic 114. In some embodiments, the pipeline 112 may be a superscalar
design, with multiple parallel pipelines as described in further detail in connection with
FIG. 6. The pipeline 112 includes various registers or latches 116A-D, organized in
pipe stages, and one or more execution units such as arithmetic logic unit (ALU) 118.
A General Purpose Register (GPR) file 120 provides registers comprising the top of the
memory hierarchy.
[0021] Data is accessed from a data cache (D-cache) 140, with memory address
translation and permissions managed by a main Translation Lookaside Buffer (TLB)
142. In various embodiments, the ITLB 124 may comprise a copy of part of the TLB
142. Alternatively, the ITLB 124 and TLB 142 may be integrated. Similarly, in various
embodiments of the processor 100, the I-cache 122 and D-cache 140 may be integrated,
or unified. Misses in the I-cache 122 and/or the D-cache 140 cause an access to main

(off-chip) memory 144, under the control of a memory interface 146. Misses in the I-

cache 122 will be described in further detail in connection with the discussion of FIG. 4.



142. Alternatively, the ITLB 124 and TLB 142 may be integrated.
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a parti cul am aldigo, penor mpeoF3he Pmotiews blockOdepiscied indbs peochssantd) may be
predi ction system 143. The branch prediction system 143 includes a
BTAC 141, aomfteddtonpteditctibr eBRlintint.cui t 126, update logic circuit
160, and an optional predecode circuit 156. The BTAC 141 is
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branch |nstruct|on address and a branch target address corres ondi ng
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is an indirect branch instruction. If it is, the received
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if there is a target address associated with the received
[0024] The I-cache 122 and BTAC 141 are populated over a fill path 152 when an
instruction address misses in the I-cache 122 and a request to receive the corresponding
instruction from higher level memory over memory interface 146 is made. Once the
instruction is received from memory interface 146, in a first embodiment, optional
predecode logic circuit 156 is configured to determine whether received instruction is an
indirect branch instruction. Ifit iS, the received instruction’s address is looked up in
BTAC 141 over path 152 to see if there is a target address associated with the received
instruction’s address. If there is a hit in the BTAC 141, the received instruction and
corresponding target address are written to I-cache 122. A miss in I-cache 122 and a hit
in BTAC 141 may occur in a situation where an indirect branch instruction is

mispredicted, thus causing some type of invalidation in I-cache 122. The types of I-

cache invalidation will be discussed in further detail in connection with the discussion
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(e.g. a ms recelived instruction is witten to I-cache 122.
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second enbodi nent, instructions, like the first enbodi nent, are

f orwar ded tBTACcHHegardless of whether thg receiyee instruction is e ifdirest branch
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i nstruct i onmstrictioni Thefis srbod embodiment, imstdat@ashlikeathy €irst eﬁdﬁﬂﬁﬁ@tlaﬁe
stored in BTAC 141, it will also be stored to |I-cache 122. [0026]

Updat e cont f@lvalde@is1-dfle 298 Sordstdrod GlovRAME, 88 thel st b SIMMEM, BmAm%okups
BTAC 141 after actual branch resolution takes place in the later
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Transl ati on Lookaside Buffer (ITLB) 124, instruction prefetch unit
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122 over path 125. If a fetched instruction is found (e.g. hit) in

| -cache 122162nBTAE Hetupbads I-6she U2L bog path BSSOGhEL@Sboth the indirect branch
instruction and its corresponding target address. The term “predict not taken” refers to
the BP circuit 126 predicting not to redirect the pipeline 112 in accordance with the
branch target address.
[0027] With memory address translation and permissions managed by an Instruction-
side Translation Lookaside Buffer (ITLB) 124, instruction prefetch unit 128 fetches
instructions from an instruction cache (I-cache or I$) 122 over path 125. If a fetched
instruction is found (e.g. hit) in I-cache 122 and the fetched instruction is associated
with a corresponding branch target address, the BP circuit 126 predicts whether to take
or not take a code path beginning at the target address. If the BP circuit 126 predicts
that the target address should be taken, instruction prefetch unit 128 adjusts its program
counter to begin fetching instruction from the target address, thus, redirecting the

pipeline 112 in accordance with the branch target address. If the BP circuit 126 predicts

that the target address should not be taken, the program counter is incremented to begin
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address shoul d be taken, instruction prefetch unit 128 adjusts its
program counter to begin fetching instruction fromthe target
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branch target address. |If the BP circuit 126 predicts that the
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i nstruction {g@nahe gext sequenti al address. The operation of branch
prediction Q em fﬂ% W Il be described in nore detail in connection
with the discussion of FIGs. 4 and 5. [t0028] The present disclosure
cont enpl at el0028] Ehe pEsprindisgdpsuse spnigmplpiesnar pnhediment of gembhing theaBhaC
122 into an integral conponent. However, there are several reasons

f or separ at 14lgandrtbe BTacheal2d intocachtegrahtomporsnt. ndowecarptheerirs sevAral reasons
external BTAC as disclosed is only queried or read during fills into
t he |- cachefor Aegapavienithic OBBA CBIhAQ-casht ¢ito | disties témpuiretsi AnPadtahdlEBTAC as
with the |-cache is accessed each tinme the |I-cache is accessed. By
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present disclosure sdaves power by reducing activity in the

Furth i.s i nf. the B | ] { TAC 141 .
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[0029] FIG 2A i llérs

trate a listing 210 of an _exenpl ary code segment
cont ai ni ng HHeSSFhaiPeiRitEighe ﬁop%&%ﬁﬁh&p%§ 4P WHP&@%SC%%‘?}G > Psent
depicted, the target of indirect branch instruction 212 is defined
by the contdiprlesuss savegipawer byl redrring asiivisein: the Bla\t.e Fughergprarthis infiequent
vary each tinme indirect branch instruction 212 is executed, branch
predi cti on acsystafrthd BIAG aliows teedTAG DHt ®rbu meingleegidned devicegtiius estucing
t he process pipeline 112 starting wth the address as specified by
t he cont entdesigh Bmplexity.
[0029] FIG. 2A illustrate a listing 210 of an exemplary code segment containing an
indirect branch instruction 212 at address 0x000B. As depicted, the target of indirect
branch instruction 212 is defined by the contents of register 1 (R1). Since the contents
of R1 may vary each time indirect branch instruction 212 is executed, branch prediction
system 143 is utilized to determine whether to redirect the process pipeline 112 starting
with the address as specified by the contents of R1.
[0030] FIG. 2B illustrates exemplary contents of the I-cache 230. I-cache 230 may
suitably be similar to I-cache 122. I-cache 230 includes an instruction column 232, a
valid bit column 234, and a branch target address column 236. An entry in column 232
represents an instruction. By convention, a “0” value in column 234 indicates that the

‘branch target, if any, in column 236 is invalid whereas a “1” value in column 234

indicates that the branch target in column 236 along in the same row is valid. As
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branch target address colum 236. An entry in colum 232 represents
an instruction. By convention, a "0" value in colum 234 indicates

that the baghRebd,Talagls 230 4t adid¥nt ih HnfeOlh® théFRodraml ddvatet foinlas Sddres
"1" value in colum 234 indicates that the branch target in colum

236 al ong i g doop £ QWi oY BhekFor A i B
PCT/ US2007/ %5996&%838@“(:%%%{ g%‘t%}gé’éﬁgd'}zé?o&g{?%gpou n@nizﬁz #1 address 0x000B.
the progra n ints to address Ox00 in an.

en o o TIPHEERS RO Ry kLo RS Son B B BIAS 25d R R00HD R sty
FIG 2C illustrates exenplary contents of BTAC 250. BTAC 250 may
suitably bR MRy E’rBTféCBl'ﬁAC%lTZiAiC 2 melusis brangh insiuctipmaaddyess column 252
instruction address colum 252 and target address colum 254. Col um
252 may i ncingderggt adsressigohmuh2id Column 268 mayddelods digsct bradih awstrugticanch
i nstruction addresses, or any conbination thereof. At the point in
time where ddieespesogrdaetictindhainstprtioh addressas]di asp céxbidhn tBIAGE. 280the
contains an indirect branch instruction address 256 and its

cor r espondi fgntia B! whEE HeSSrogralfPERAEY $Bint Yo 8RS G008 BT AHLF5 M dnkains
cause the branch instruction 256 and its corresponding target

address in BT, ] - - ' IS
recogni zed ﬁ@@ r%%%(g&rnglhﬁésglﬁlﬁ% I}%gﬁ%g;;%%gn&s)p %?%Héspﬁﬁgggﬁ% %dqu-e%:sac he
230 and BT 250 nd that varjous.organizations of lL-c e 230 and
STAC 250 arcoBERtwl) ! chtirﬂe“w‘&rfég%% eﬁf%ﬁ&sﬁfr‘l@?on{%ﬂ“ﬁ G 3
illustrates the |I-cache 230 after the indirect branch instruction )
associ at ed CORFcEPPIdi trEsst adshrasidh BITAK: 230bto séere dwaehes Ommendreache miss. Itis
correspondi ng target address (0x2000) are stored in 1-cache 230 at
addr ess Ox(0@CagniZEdriba quteantidfpymation mexbe stored in heth the bearhs 830 sndp BINCIRA0
counter points to address Ox000B, an I|-cache |ookup will hit and the
target addragshfixa000s wighhiz&iona 9 1-gihd 280 ahd BTN 2§ 5@ cobtcip@Edty the
counter to begin

present disclosure.

[0032] FIG. ‘3 illustrates the I-cache 230 after the indirect branch instruction associated
with indirect branch instruction address 256 and its corresponding target address
(0x2000) are stored in I-cache 230 at address 0x000B. Consequently, the next time the
processor’s program counter points to address 0x000B, an I-cache lookup will hit and
the target address 0x2000 will be assigned to the processor’s program counter to begin
redirecting the pipeline 112 with instructions at address 0x2000. As compared with
conventional BTACs, the I-cache lookup in the present disclosure is performed on a
prefetched instruction without performing a lookup in the BTAC, saving power
consumption by reduciﬁg the number of BTAC lookups. As demonstrated, lookups in
BTAC 250 are limited to situations where a particular indirect branch instruction is not

found in the I-cache 230.



redirecting the pipeline 112 with instructions at address 0x2000. As
conpar ed nti onal BTACs, the |-cache | ookup in r

di scl osurgv‘isgoog@?ﬂg?ned on a pref etched1d',nstructi on w tﬁé%sgm)%%%‘s
perform ng a | ookup in the BTAC, saving power consunption by
reduci ng the nunmber of BTAC | ookups. As denonstrated, |ookups in

BTAC 250 ar gob3jmMrtigd4 i9a SbivieRbit dNS £mRtHAM00 O s@Fink Bl @Rkt BihMCh
instruction is not found in the 1- cac e 230. WO 2008/ 022190

PCT/ US2007/ %%é’g%ﬁ)n it ajanéa%% gﬂﬁenﬁé%lﬁcfbljalllﬁl\é\ftaf%?éﬁdﬂcéslfﬂﬁﬁ B4l d3gn Tclnd

met hod 400 storing an 1ndirect roninto cac

and retrieving.agbran t he . of 1.
Blocks 410 Fiad Bi%% ai?yé& 4%%9 ?‘ggﬁ%ﬁ%{ 1 Eé@od@%’f‘%ﬁwtpﬁ%“ﬁﬁg@ég‘& an
to store an, indirect branch instruction and branch target address
into an |- cBdrectdamehdastiuctiar ped hranch tgrgefadress infg a@é@chplwch@bcadngéﬂ
435, 438, 440, and 445 define the process for retrieving a branch
target addr efsEigf t.oBlomks #1G 420425083 51438)d491 and 449 defmadimeprbogss &or retrieving
instruction based on the instruction's address is queried. For

exanpl e, thgbtansh ragdt aOdreaitisrasa I-catly, et blockad 1Y, o€ BSsdhie ' for 43 Qg @ion
counter may be utilized to query an |I-cache. At block 420, the

met hod 400 %E@Bﬂ%ﬁst%ﬁbﬂ%radﬁf&%ﬁ usriéi. Nidr e'xamfeethle if%06on Acfdrésger e

is not (a cache mss), the nmethod 400 proceeds t ock 450 t

retrieve t hﬁ? uli g%ga%glgyﬁg? Ip ; Onglgﬁtf )2% ﬁuﬂzre(ar{]o ; OmcﬁvheI At block

menory. At req ueste

| evel nmenor C e or hi

bl ock 455, X%Ohﬁi rra?tﬁP&}Q@?tﬁ%Pé% ?1% efdg?ra 1§ 3 Bitd rm%gﬁ g&é%%ﬁﬁpw
is received. At block 460, instruction address is |ooked up in the
BTAC. At bl @ehe m6%), thovmetherd 408 PamGedico dlapk88 to yitrevedhe poreesponding
instruction address hits in the BTAC or, in other words, natches with
an i nst r ucihstourtiad drtastsors highedlevel mé‘rﬁoﬁTm.bldcfk 45I®eirist1rs¢t'rotndata1’s requested
address hits in the BTAC, the mnethod 400 proceeds to bl ock 470 where

a predi ct edidhaigier texeB@tmoryf suah ¥s a $dyef 2dL2)tatReor BT-Skipingendsie ht bibck
the instruction data. On a hit in the BTAC, the pr edi cted branch

455, the retrieved instruction data from higher level memory is received. At block 460,

instruction address is looked up in the BTAC. At block 465, the method 400 determines
whether the instruction address hits in the BTAC or, in other words, matches with an
instruction address stored in the BTAC. If theb instruction address hits in the BTAC, the
method 400 proceeds to block 470 where a predicted branch target, if any, stored in the
BTAC is added to the instruction data. On a hit in the BTAC, the predicted branch
target will likely be stored in the BTAC as long asrthe branch target address of a
previous instance of the indirect branch instruction has been previously resolved. The
method 400 proceeds to block 480 where the instruction data is stored in the I-cache.
[0034] Returning to block 465, if the instructi_on address misses in the BTAC, the
method 400 proceeds to block 480. This transition from block 465 to 480 indicates the
situation where the queried instruction address is neither in the I-cache or the BTAC. In

this situation, a branch target address will be stored in the BTAC after the resolution of



target will likely be stored in the BTAC as |ong as the branch target
address o us instance of the indirect branch i t

has been é’Y‘g%?"g{?g 9‘?resol ved. The net ho? 400 proceeds tgémgng/ﬁ%%
where the instruction data is stored in Le | -cache. 100341
Returning to block 465, if the instruction address msses in the

BTAC, the pRtDRMA] BRACIPIAEEedShe RtRERE knsdBPtionl §it$ Wth'ic%rb%bﬁﬂsqmelf ThoRe
bl ock 465 to 480 indicates the situation where the queried

ol tuati on,  BebeancprpS it hifhol aBP %0?’588& R EIEG A WhiLd

th | ut 2008/022 CT/ US 007 996 . 11 t

br anch ¢ ar oBEUHEFRATRE S FEGBA ‘ﬁ%?’f%‘&&?d’ﬂ? dthdaetarircnt M S o
in the processor plpellne as discussed in further detail in

connecti on Rt A€ and gre hygrehe tordore dhg igsolvest braneh feegcget is resol ved,

for exanple, update logic circuit 160 will cause both the BTAC and
t he | - cache[0035]sBotheblodks 466 a0l 48 pacasttio Heakyt80. wiidde 8] inBotctiom Hate ks
465 and 475 proceed to block 480 where the instruction data is

stored in tdiered-ig &deecachd. [hwinis:, tHelRogamdioamet BUBE ety SReEMMtddal The
i ncrenented. The nethod 400 then proceeds to block 410 to query the

next addr esgefgd 406 ehdnl ffledis foockPd %%%?H@ hétt adh@@s?’e@] gEﬁEH& By g

to block 420, if there’is a hit iIn che nmeaning there Is
correspondi the I-cache, nmethod 400 proceeds to bl ock 425.
At bl ock 4ﬂ§%ggghé%w%$hod 400 determ nes whether the correspondi ng

entry in the |-cache .has C tar ad one enbaodi nent,
bl ock 425 nﬁ eﬁs%%%m @ﬂgﬁ%lﬁth?férlg%bléﬂ %@ﬁéac%mf:@g%ﬁam@avm i d
bit such as one stored in the valid bit colum 234 of FIG 2.

there i s nocoyesspendineenity indheybeachadnetbed 48k proreads do tiock 42heAt bl@elew

hit, the instruction address is not an indirect branch instruction.
Thus, the ntht hethotiO®Optetamints whethelr dekcorddfondingraatryhe thedreabhalwsha branch
instruction is retrieved fromthe |-cache and processed in a

convent i onaarg¥BadiRéss. ThendBhbeHnA0) bRicRAL S efaytte ABtaaKishd@bY Qiterrogating a
queryi ng the next
- corresponding valid bit such as one stored in the valid bit column 234 of FIG. 2. If
there is no valid branch target address associated with the I-cache hit, the instruction
address is not an indirect branch instruction. Thus, the method 400 proceeds to block
445 where the non-branch instruction is retrieved from the I-cache and processed in a
conventional manner. The method 400 proceeds to block 410 for querying the next
address from the I-cache as specified by the program counter. |
[0037] If there is a valid branch target address corresponding to the entry, the method
400 proceeds to block 435. At block 435, the method 400 predicts whether a branch
target address store in the corresponding entry should be taken. In one embodiment, the
branch prediction circuit 126 makes this prediction. It should be noted that one skilled
in the art will appreciate branch prediction techniques may be utilizing statistics,

heuristics, predetermined parameters, and the like. At block 438, the method 400 tests

whether the prediction is to be taken. If it is, the method 400 proceeds to block 440



address fromthe ]-cache as specified by the programcounter. [0037]
If there I alid branch target address corresponding

t he nethoéaog%%ﬁg?g%eeds to block 435. Aj,block 435, the£§£@ﬁ§§%ﬁ%%%;
predi cts whether a branch target address store in the correspondi ng
entry should be taken. In one enbodinent, the branch' prediction

circuit 126ywhBleaRe biahsh Ri@A 8 Ts sédt t& MR WrskbR JdahRfsidhalk iff@ction
skilled in the art will appreciate branch prediction techni ques nmay

be utilizi : Cer o Dt e ' :
the 11 ke AR L L0 ol bl BlionR R b B A R U on e
is to be taken, I1f. it i t 0 d bl 440 WO .

2008/ 029190 Sedes dob e i DprORsaSfntack BIPGRERBHDS apyafttiipbeeifed
sent to the program counter such as instruction prefetch unit 128 in

order for ipsthegregramscountcpadich 1pdhip gathdbronghythediow ehest ib theteanchdargst

address. The nethod 400 proceeds to bl ock 410 to query the next
address as #&jskessfi ed by the program counter which in this path
through the flow chart is the branch target address. [0038]

Ret ur ni ng t @038] oR&tuAdg td Blotih43 R af the pathps pediztarichod ekeh ake metHoldel00
met hod 400 proceeds to block 445 to process the instruction stored

| the cachgolqdwoRYENLS tocesTBNTRStruchbh Sfordd AGKe AftRe it DEodVRLARAI

400 proceeds to block 410 for querying the next address in the

program Cou&g%[ r."@ft%?%{o?lé \%lmw.rif;thg ﬁ}eﬁlohmr()egag?ceég'setof llé)c\f&h%rf{)r él?ea&'iplg 61%:ehneé(g

sequenti al ress e rndir ranch 1nstruc
address Ox000C in FIG 2A,  for exanple.. [0039] FI is a.flow .
char ¢ 11 ustigiss Ry s AredthooBi: Sicrngys g aoet BeBwshad & bgpeauential
branch resolution. The nmethod 500 is perfornmed for situations where
the actual asideese follaveipg éie ipdiregh brangh msgructinnayich a5 addresg dxDOOC isFIG. 2A,
calculated for the first tinme and where the prediction nechanism
such as t hefobesamgilepredi ction circuit 126 mispredicts the target of
the indirect branch instruction. At block 510, an actual target of an
indirect br@osyp FIG. 5 is a flow chart illustrating a method 500 of managing an I-cache on actual
branch resolution. The method 500 is performed for situations where the actual branch
target of an indirect branch instruction is calculated for the first time and where the
prediction mechanism such as the branch prediction circuit 126 mispredicts the target of
the indirect branch instruction. At block 510, an actual target of an indirect branch
instruction is resolved. Such branch resolution may be performed as the indirect branch
instruction is processed later in the processor pipeline.
[0040] At block 520, the method 500 determines whether the actual target matches the
predicted target or, for the case of the actual target is calculated for the first time, there
is no predicted target. If the actual branch target does match with the predicted branch
target, neither the BTAC or I-cache need to be updated. The method 500 proceeds to

block 525 where it waits for the next branch instruction before proceeding back to block

510.



instruction is resolved. Such branch resolution nmay be performed as

the indir [ instruction is processed later int

pi pel i ne. %f@a@gfﬂ%@o bl ock 520, the net ho% 500 determ nespgﬁg{sg@%%ﬁé‘s
actual target natches the predicted target or, for the case of the
actual target is calculated for the first time, there is no

predicted t goaft If thé aétha Reddhahrgbl @26 Rot MAGR twillARS prEalcEdd thideh tﬁélﬁethod
predi cted branch target, nelther the BTAC or |-cache need to be

dated. Th
ot br ancho eteact Aarpreup SR HRodsads 6l HE AEFol Sl*‘@%ffs'&%"f&m
2008/ 022190. PCT/ US2007/,07, 0041 t ual h .t

does. not  malCHIRTACY et e At fay e tho BrSFER o eBhr Hatet fifEion
m spredi ct and proceeds to block 530. At |east two situations nmay
result in % patied 2ffer prevaoyshy baing stotediin dhe PrhHCond dreahfavithqui o brfmh

an indirect branch instruction is executed after previously being
stored in ttegeBTHGhaidstIsiteatne theinehiosgtuentiat astrictionaafigethe indirdchbraheh st
situation, the next sequential instruction after the indirect branch

i nstruct i oningmyctivateaybiess beorddaded M thpropesdeepipelinei Melseetdd siligtion may
~second situation may occur if the predicted target address is

different fgom g felitald hRstldiess i &diBlenfAIMARS actudReddhRd38 G Whidress.

situation, the next” instruction as indicated in the predicted target

addr ess m%gﬁngx&oﬁggﬂuan%ad&g Pe;a hRcRERGCRRRLA RA ek ROAZL: dbress

bl ock 530 rocessor er situatl

i nstructions hed. fro the ellne .0 restore the pi peline to

t he branch &Y ?Ve\?\l}‘ﬁe{%ﬂmongghi fhed ‘? SSOEB%P@ iN§he address of the indirect
branch instruction. Consequently, instructions |oaded in the
processor piOp&A| zﬁtebbelbé&gbmpmp@ssemmlm neithepsitmation.ihas its instrpesipns
regardl ess of whether those instructions were | oaded begi nning from
a predi ct edflushed Ebmattid pgedineto tektere the pipeting teetht bednch gddine shichfis,an thihe

i ndirect branch instruction will be flushed fromthe processor

pi pel i ne. Afashltekddddd of theinBTAECbtch Bat bl ACitseqiRntliian@fiictahs loaded in

branch target
the processor pipeline subsequent to the indirect branch instruction regardless of
whether those instructions were loaded beginning from a predicted targét address or the
next sequential address after the indirect branch instruction will be flushed from the
processor pipeline. At block 540, the BTAC is updated to store the actual branch target
address in its branch target address field such as column 254.
[0043] At block 550, the I-cache is managed. For example, control logic circuit 114
may include logic to implement blocks 550A-550C. Blocks 550A-550C are alternative
embodiments of block 550. At block 550A, the cache line corresponding to the
predicted target address is invalidated. At block 550B, the branch target of the cache
line corresponding to the predicted target address is invalidated. At block 550C, the

branch target address of the cache line corresponding to the predicted target address is

updated to reflect the actual target address. Block 550C is preferable when the first time



address in its branch target address field such as colum 254. [0043]

At bl ock §é82mkmgnbﬁcache i s managed. For exanpl e, contrgéaéggéﬁgg?gs

circuit 114" "may Tnclude logic to inplenmgpt blocks 550A-
550A-550C are alternative enbodinments of block 550. At bl ock 550A,
the cache line corresponding to the predicted target address is

i nval i dat edan #NdireéttEHndhIABructibR idux8OREd hftdrgRévidisly) Béng a6RE in MidBTAC and

corresponding to the predicted target address is invalidated. At

bl ock 550C, 1_ ddress of the cache |ine
-t wﬁﬁﬁﬂ?&'b@ﬁ&@&%g&

corresponding to the predicted target address is updated to reflect

t he act ual [ ge ress. Blo 50C i s eferabl e n t first
e v 200lPEA5k5 HoER e odouiete RO Fries Bcy S a2 shirite o
instruction is executed after previously being stored in the BTAC and
| - cache wi t FR5EN0B BiAdn bkl + Bhgyehared Bibak 61 and pepcessoss ¢Q17di08R are mekeadly
di agram of two processors 601 and 602 sharing a common BTAC 611. The
shared BTAGmhddigthi avingle syegrated@irceinchip0Pragessop pel mchideyits ewbouiledtage
in asingle integrated circuit chip. Processor 601 includes its own

mul ti - st ageprope¢ssegspelinefi20¢l-tavhe 620, antl beach @r&il@ionandud 6ARCAL stage 625,
prediction circuit 615. At stage 625, actual branch resolution takes

place in orgeal btandR &b RitiBA Afkel dlacaflodde LRGP Er AC 61 aANT-LAGE %@t@) évéth

branch instruction and branch target addressS as previously descri

in FIGS. 4 : i j it .

il € - ot age” b SEZ LEARBRKL R and AR B VBl o tHha i G,
prediction cirgcuit 635. At_stage S, tual branch resol ution takes
D) ace- i n_or GEd aesnsaRiel BhiRebRen 0o Pdes B 0 hiriake BRorer Hegine
branch instruction and branch target address as previously described
in FIGs. 4 9dl-sache6883ad brapshyredraiogspreit 630 Atstagn 645 agtedl branch
resolution may be perforned at different stages in the processors'

pi pel i ne. Aesdlotigrhtak¢sla® inlordestto apdataBTAGhoI BliACashad Hiwithen weknct
two processors, it is noted that the present disclosure contenpl ates
sharing a wewnstBlACH el bR@oh tdgs addicsymipredbgted&ortibed TG and 5,

operati on, when an address
respectively. As depicted, actual branch resolution may be performed at different stages
in the processors’ pipeline. Although FIG. 6 illustrate a common BTAC shared
between two processors, it is noted that the present disclosure contemplates sharing a
common BTAC between three or more processors. During operation, when an address
1s fetched from either I-cache 610 or I-cache 630 that contains a valid branch target
address, the respective pipelines 620 and 640 begin prefetching instructions beginning
from the branch target address.
[0045] The various illustrative logical blocks, modules, circuits, elements, and/or
components described in connectiqn with the embodiments disclosed herein may be
impleménted or performed with a general purpose processor, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a field programmable gate

array (FPGA) or other programmable logic component, discrete gate or transistor logic,

discrete hardware components, or any combination thereof designed to perform the



is fetched fromeither |-cache 610 or |-cache 630 that contains a

valid bra e address, the respective pipelines 62 g” 4
begin pre%&é@%}r’?gn%‘%structi ons begi nni ng, fromthe brancﬁ&@g (9%0%996
address. [00451 The various illustrative ?ogl cal bl ocks, nodul es,
circuits, elenents, and/or conponents described in connection with

the enbodi MRiNcBosY @é@bm%e%ﬁew @&)‘al% ds k@d%?é%}% Ae é’ﬁﬁér@ﬁrﬁ@&sor but
with a general purpose processor, a digi taI si gnal processor

an appli cat fi S
or ogr am‘rablle g ef%@t%fnahg% E}{gpg;f&%refsrgr Orb%?g ; e a Og‘réao%% r(gcessor controller,
conponent, di.screte or . transi stor Io ic, di scret hardvvare
conponent s, P&FOHRF J:lg’hb é{afeoﬂlatcﬁ@reeofAc@ PREa™EY BEP £ b5 Amplemepisd as 2
2008/ 022190 PCT/ US2007/ 075996 15 functions described herein. A

gener al - pur §EBRNHIAC f s PMARHND COMPRNLHSp Edoe §s 6PMbigton j of ahdSP and a
alternative, the processor may be any conventional processor,
controller ,nﬁqrbpmoszsem r ol plemalityo rof sinatreproeaskirse ond. @r mssmicramycasmm in
be inplenmented as a conbination of conputing conponents, e.g., a

conbi nat i oncafjuritiBERiNHIDSP cbief bOMyARRGSAER cohfiputstiah ty of
mcr oprocessors, one Oor nobre m cCroprocessors 1n conj unction with a

DSP core, Ofgosd}yT éﬂ?e"tho?l‘éqéﬁﬁ?%fd' ﬁ%&gb&ﬁn 'Ivggdfﬁé &H%Sg%ﬁénr @Rclosed hegeln

descri bed in connection wt I ments di scl ose eln

enbodi ed di Lec | a_softwarg npdul e .execu

processor. &5 b bl ?Fﬂqf:ﬁﬁw orhhaffdwahe e af%ffl??ﬁ%@ﬂ il %EE’P%M
reside in nmenor a r nenory,

menory, reg(?rslflé'r@m%aartwncﬂ dhe B, T Aseva Bodtigiaye h
ot her form of storage nmediumknown in the art. A storage msdl um may
be coupl ed memphie RE)Mcasmery, FIFROMhaemotye BRPESYYsoemernyn regisiers, hard disk, a
information from and wite information to, the storage nedium In

t he al t er naktimoeablt disk, s Ghy-REM nedinyrotheyfoine of stbexge ahediwm tkhewn in the art. A
processor. [00471 Wiile the invention is disclosed in the context of

embodi ment Sstorage WhddiurR@nay be coupled to the processor such that the processor can read
information from, and write information to, the storage medium. In the alternative, the
storage medium may be integral to the processor.
[0047] While the invention is disclosed in the context of embodiments, it will be
recognized that a wide variety of implemeritations may be employed by persons of

ordinary skill in the art consistent with the above discussion and the claims which

follow below.



recogni zed that a wide variety of inplenentations may be enpl oyed by
persons of ordinary skill in the art consistent with the above

di scussion and the clains which follow below 16 CLAIMS WHAT IS
CLAIMED IS: 1. A nmethod for reducing | ookups to a branch target
address cache (BTAC) using an instructteon cache (l-cache), the

met hod conprising: retrieving a first branch target address fromthe
BTAC in response to a miss in |ookipgpaywiss first instruction address
of a first brach instruction stored in thel- cache; and storing the

first br anq)thﬂ@thEﬁslsrzetri eved fromthe BTAC in the |-cache
at a first location associated with the first instruction, wherein

the I-cache is gonfigured,t tore a plurali f instructions
including the fcli rst g%rné%%%(?ifﬁrsfer(@&’fligofﬁ? W?e\{oéﬁﬁbr?lﬁcg’ %qrgesita % cJche

t ar get add(rgg,fg Set,ri eved framthe BTAC and stored in the |I-cache was
provi ded t &) Bypgan anstiysHem sehe §l-eachels thegpethed cemprisiag: br anch
resolution of the first branch instruction in a processing stage of a
pi pel i ne; and i tetriegpgadest brancl voget pddkss fiemfthe BITAG 8t regpdrisono a miss
address at the I-cache, retrieving the first branch target address
fromthe |ichokingniyen filkeirsirnstionbadineds oftaafigebratdnasstios ssdred e tal-
the I-cache. 2. The nethod of claim|l further conprising: detecting a

m spredi ct camgosigated with the first branch instruction. 3. The
met hod of claim2 further conprising performng at |east one of:

e RS PSP Ml AR g e
at a first location associated with the first instruction,
wherein the I-cache is configured to store a plurality of instructions including
the first branch instruction, wherein the first branch target address retrieved from the
BTAC and stored in the I-cache was provided to the BTAC in response to detection
of a prior branch resolution of the first branch instruction in a processing stage of a
pipeline; and
in response to a lookup of the first instruction address at the I-cache,

retrieving the first branch target address from the I-cache when the first branch

target address is stored at the I-cache.

2. The method of claim 1 further comprising:

detecting a mispredict associated with the first branch instruction.

3. The method of claim 2 further comprising performing at least one of:
invalidating an I-cache line associated with the mispredict,
invalidating the branch target address in the I-cache line, and

updating the branch target address in the I-cache.



updating the branch target address in the I-cache. 17 4. The nethod
of claim2 wherein detecting a m spredict conprises: calculating an
actual branch target address for the first branch instruction; and
determ ning that the actual branch target address does not match the
first branch target address stored in1rhe |I-cache. 5. A nethod
conprising: |ooking up a branch instruction address associated with a
branch instruction in an instruction cache (l-cache); retrieving a
branch target address froma branch target address cache (BTAC) in

response to an ly: cachgcmh&hoPsEASAS el @etga&%b{rﬁgggggcg%%%pﬁ&éspn:

storing the branch target address retrieved fro 0 an

entry in the |- . rein,the entry is. associated wth the branch
i nstruction add(r&%@sh%furllg{g‘Jl ﬁeac'u}a_l g gntar te?’(iqrﬁsst Et@? g‘ﬁséwr?lﬁ’rhg@f’tmcuon’
address retrieved fromthe BTAC was provided to the BTAC in response
to detecti 8R%of a prior branch resolution of the branch instruction

in a processing stage of a pipeline; and in response to a | ookup of

t he branch i nst detethivingthit dbs aetvalt bran¢h tragdieaddrasetdopenphgatdhethorfasic h
target address fromthe |-cache when the branch target address is
stored at bteach tacgatladdreSs stdted imeiclechchd. cl aim 5 further conpri sing:
predicting that a next instruction to be fetched is associated with
the branch target address. 18 7. The nethod of claim6 further
conprising: updating the branch target address in the I-cache when

the prediction kS A method comprising:

looking up a branch instruction address associated with a branch instruction
in an instruction cache (I-cache);

retrieving a branch target address from a branch target address cache
(BTAC) in response to an I-cache miss associated with the branch instruction;

storing the branch target address retrieved from the BTAC into an entry in
the I-cache, wherein the entry is associated with the branch instruction address in the
I-cache, wherein the branch target address retrieved from the BTAC was provided to
the BTAC in response to detection of a prior branch resolution of the branch
instruction in a processing stage of a pipeline; and

in response to a lookup of the branch instruction address at the I-cache,
retrieving the branch target address from the I-cache when the branch target address

is stored at the I-cache.

6. The method of claim 5 further comprising:
predicting that a next instruction to be fetched is associated with the branch

target address.



incorrect. 8. The nethod of claim7 wherein updating the branch
target address further conprises: receiving fromthe pipeline an
actual branch target address of the branch instruction; and

repl acing the branch target address stored in the I-cache and in the
BTAC wth the actual branch target addgess. 9. An apparatus to
reduce | ookups to a branch target address cache (BTAC) using an

i nstruction caclye (Iqg@qﬂﬁmmj@m@mﬁppﬁﬁgkpgmﬁﬁﬁyﬁgsing: a BTAC, and an
| -cache, wherein the I-cache is configured to: Store instructions

including a firsghyist iHChi 08, ri C I .
the BTAC in resp nsgﬁao ana1@1gggﬁe&ﬁ¥§§%&ﬁégqﬁ%ﬁ&?g%ﬁ%&%gqﬁﬁfg?éﬂSH”
branch ins%£%cthpn address in the |I-cache, wherein the first branch
instructi on addfess is associated with the first branch instruction

that is stored in the 1-cache; store the branch target address
retrieved fromthe BTAC, and in response to a | ookup of the first
branch instruction address at the |- cache, provide the branch target

address from t hé. | - cdbhensthed of iskaityr A mdiarein apdmingatlid rhesshi erest eddrdssat
the I-cache, 19 wherein the branch target address retrieved fromthe
BTAC was plothetlesnpiséshe BTAC i n response to detection of a prior
branch resolution of the first branch instruction in a processing

stage of a pi peldcBRingl Goml bR ARPERAALNScRA] blAbMtSeLUsdNE: SOMRMrahdhI:
instruction; and
replacing the branch target address stored in the I-cache and in the BTAC

with the actual branch target address.

9. An apparatus to reduce lookups to a branch target address cache
(BTAC) using an instruction cache (I-cache), the apparatus comprising:
a BTAC; and
an I-cache, wherein the I-cache is configured to:
store instructions including a first instruction;

retrieve a branch target address from the BTAC in response to an I-
cache miss when looking up a first branch instruction address
in the I-cache, wherein the first branch instruction address is
associated with the first branch instruction that is stored in the
I-cache;

store the branch target address retrieved from the BTAC; and

in response to a lookup of the first branch instruction address at the I-

cache, provide the branch target address from the I-cache when the branch

target address is stored at the I-cache,



a branch prediction circuit configured to predict that a second
instruction to be fetched is associated with the branch target
address stored in the I- cache. 11. The apparatus of claim 10 wherein
the I-cache is further configured to provide the branch target
address in response to a request to fetgh the second instruction.

12. The apparatus of claim 11 further conprising: an update |ogic
circuit configured tavheasolthe RarnthsrRYi &R rOfricVOE o9 GROBTAC was
instruction to be fetched. 13. The apparatus of claim 12 further

conprising: a cepividdd hed BTA ﬁqg%?oﬁ%icﬂ’tércﬁ&l bPa Wﬁn:%kﬂ%sélﬁ&ﬁg&e

by at least one of invalidating an I-cache [ine that 1 nc es t
branch target agddr Lhval i.ng the branch target.address in the
| -cache |ine, aﬁ%1%%%%??%g%$%%9%%é%cRang?ﬁggﬁgﬂgﬁﬂggdﬁﬁ'the | - cache.
14. The apparatus of claim9, wherein the BTAC is shared between two
or nore processors. 15. The nmethod of claim1, further conprising: 20
recei ving a second branch target address fromthe BTAC in response to
a second niss i A0 ooithagrrasatys gbelaing i fystherroninsisingddr ess in a second
| - cache; and storing the second branch target address in the second
| -cache at a second al beath gredistimcicateid cinfigutcdetos @eatict thasta wesdndn
address. 16. The nethod of claimb5, further conprising: |ooking up a

second br afighudtivstto bet feRRe@EHESSatbd wkhIBE BRECh 16868 M dress RibfddSHitRgr-a
second branch target address fromthe BTAC in response to a

cache.

11. The apparatus of claim 10 wherein the I-cache is further conﬁgured
to provide the branch target address in response to a request to fetch the second

instruction.

12. The apparatus of claim 11 further comprising:
an update logic circuit configured to resolve a misprediction of the

second instruction to be fetched.

13. The apparatus of claim 12 further comprising:

a control logic circuit configured to manage the I-cache by at least
one of invalidating an I-cache line that includes the branch target address,
invalidating the branch target address in the I-cache line, and updating the branch

target address in the I-cache.

14.  The apparatus of claim 9, wherein the BTAC is shared between two

Or mOre processors.

15. The method of claim 1, further comprising:



second | -cache miss; and storing the second branch target address
retrieved fromthe BTACinto a first entry in the second I|-cache.
17. The nmethod of claim1l, wherein | ookups in the BTAC are limted to
situations where a particular indirect branch instruction is not
found in the I-cache. 18. The nethod 8% claim 11, further conprising
updati ng the BTAC and updating the |I-cache with a resolved target
addr ess recei vededeivimg thecqidobtancile tard@. adihss rfﬁirﬂndgb BTAC & ll’esﬂ:c()jnse to a
further conprising updating. the |-cache by providjng resolved target
addr ess da?g to tﬁe Eg%g@. S?H1V@§ﬁ%ﬁ@é1%%mﬁgFﬁ%?ﬁﬁﬁi@ﬁﬁﬁsHb?&ﬁ@ﬁd%
resolution at the pipglHengad 20. The nmethod of claimb5, wherein

| ookups in the BTAC are [imted to situations where a particul ar

i ndi rect branchsionsgrthe secmndibyambt tafgetiaddress inhthe Isecachlecach? bt aT¥eeond

o Fuati ons vhere a. plTEh FiPorRd HE R BRI THSES LRI | o ot
found in the |- cache.
16. The method of claim 5, further comprising:
looking up a second branch instruction address in a second I-cache;
retrieving a second branch target address from the BTAC in response to a
second I-cache miss; and
storing the second branch target address retrieved from the BTAC into a first

entry in the second I-cache.

17. The method of claim 1, wherein lookups in the BTAC are limited to

situations where a particular indirect branch instruction is not found in the I-cache.

18. The method of claim 1, further comprising updating the BTAC and

updating the I-cache with a resolved target address received from the pipeline.

19.  The method of claim 1, further comprising updating the I-cache by
providing resolved target address data to the I-cache in response to detection of a

branch resolution at the pipeline.

20. The method of claim 5, wherein lookups in the BTAC are limited to

situations where a particular indirect branch instruction is not found in the I-cache.

21.  The apparatus of claim 9, wherein lookups in the BTAC are limited
to situations where a particular indirect branch instruction is not found in the I-

cache.



