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CONTROLLER FOR PARALLEL PROCESSOR ARCH TECTURE BACKGROUND Thi s invention
relates to nenory controllers particularly for use in parallq }Hﬁwgﬁiing
systens. Parallel processing is an efficient form of infornati%h pr ssi ng
of concurrepd bR S 1N a conputing 10 process. Parallel prqgsesgégigaddenmands
" concurrent execution of many prograns in a conputer, in contrast to
sequential processing. In the context of a parallel processor, parallelism
i nvol ves doing nore than one thing at the sane tine. Unlike a serial

par adi gm where all tasks are 15 perforned sequentially at a single station
or a pipelined machi ne where tasks are perfornmed at specialized stations,

with paral | el prosse oNTrRAYIERIFCRY PRRASEAL PRECEESOR! ANEHPSR 'meach
capabl e of performng all tasks. That is, in general all or a plurality of

the stations work 20 sinultaneously and i ndependently on the sane or common
el ements of a problem Certain problegic?bﬁoﬁﬂbtable for solution by

appl ying parallel processing. Menory systens used in parallel processing
tasks can be inefficlrans. iBbeStMARYe Yaey dicgnendan cspeetl lefrst he present
i nvention, a nennﬁér ontroller for_ar om access, _nenory includes an

addr ess an&3&&mh dehB8Tt H3E HBIBRT PSRN Ge SYIEMSa plurality of
mi crocontrol functiopakallel SprdbesSBA®rYs 3h CHEIQldnY fIrs0 Jencl udes a

first read/wite queue that
information processing of concurrent events in a computing
10 process. Parallel processing demands concurrent execution
of many programs in a computer, in contrast to sequential
processing. In the context of a parallel processor,
parallelism involves doing more than one thing at the same
time. Unlike a serial paradigm where all tasks are
15 performed sequentially at a single station or a pipelined
machine where tasks are performed at specialized stations,
with parallel processing, a plurality of stations are
provided with each capable of performing all tasks. That
is, in general all or a plurality of the stations work
20 simultaneously and independently on the same or common
elements of a problem. Certain problems are suitable for
solution by applying parallel processing.
' Memory systems used in parallel processing tasks
can be inefficient.
25 SUMMARY
According to an aspect of the present invention,
a memory controller for a random access memory includes an
address and command queue that holds memory references from
a plurality of microcontrol functional units. The memory

30 controller also includes a first read/write queue that
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~ 2 sAN 200 WO 01116770 PCT/ US00/ 22807 hol ds nenory reference froma
computer bus and a second read/wite queue that holds menory 4 gf gANeeaoes
-froma core processor. The nenory controller also includes control |ogic
including an arbiter that detects the fullness of 5 each of the queues and
a status ofweowmtandi ng menory reference to select a nenory pefasRAEEGsf rom
one of the queues. According to an additional aspect of the i1nvention, the
controller has control logic that is 10 responsive to a chaining bit that

wh t ' dl 4 of contiquous nenory references. .The

chginn?ﬁg glll‘%ﬂ({:\%n %?&te%eﬂﬁ%ﬁeerf{og“ PR =4 E:Iu[se,ange@ecstecm functi onal

uni t whi chreadiwoitss yquﬁhmpjeshaﬁd lm]his.me%&ﬁ@rd tﬁe(ffézft?‘ntde_lge f(‘rf&@il i R rat@r{gl t will
trol the 15 arbiter en the optim menory bit is also se o]

?rginn{ gi n tﬁ’éo?r%ﬁ)?f/' r eFNT IR Y rcgqﬂtar‘éﬁﬁreﬁtls&é@&.lué‘?é gengsod of the

fol | owi ng helyhat gebudiyg heh RV ted tHa tORR tICHP B AFRAG he s&f Stfhe
I nvention. The controller uses nenory reference sorting when 20 an

optim Zed FRABr9L HiRe iFIaNAS AN astRips ofecated angingngemsryased on bank
accesses thatepbhos: & £ N0-0f 2 M S8 J-il %%mb%g‘%dto%a% at her bank.

Specifically, If a nmenory systemis organi 7ed Jnto “An €and an even
bank, whil@uewespnenory controller is operating on the 25 odd bank, the

menory controller ¢ tart precharqi t.he even bank. Precharging is
possible if nenory recf“ior%fcréi SRS %ac[}g eRSHEFtand é(g‘@n banks.

Addi ti onal iyvent e, oftié Ecrttclle £aadedired]l Fgiexamale i smer gi ng
optini%ﬁtions where operations that 30 can be nerged, are nerged prior to

menor y “accBSIPORPEE Pyt aining Big thay wienpsetsptdows for

special handling of contiguous memory references. . The
chaining bit controls the arbiter to have the arbiter
select the functional unit which previously requested a
bus. Assertion of the chaining bit will control the
15 arbiter when the optimized memory bit is also set to
maintain the memory references from a current gqueue.
One or more of the following advantages may be
provided by one or more aspects of the invention.
The controller uses memory reference sorting when
20 an optimized memory bit is set. The memory reference
sorting is based on bank accesses that allows hiding of
pre-charges from one bank to another bank. Specifically,
if é memory system is organized into an odd bank and an
even bank, while the memory controller is operating on the
25 odd bank, the memory controller can start precharging the
even bgnk. Precharging is possible if memory references
alternate between odd and even banks.
Additionally, other optimizations can be used.
For example, merging optimizations where operations that

30 can be merged, are merged prior to memory access, open page
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PC T/ US00/ 22807 opti n zati ons where by exam ning addresses an opened page
of nmenory is not reopened, chaining, and refreshing nechanis ﬁg@pﬂﬁg

- enpl oyed. Another feature of the controller is that when a 5 ry
reference is stored in the queues, in addition to the optim zed nenpry bit

that can b¥®Y{167e controller al so uses a "chaining bit". Pﬁfé”%?ﬂ@?qqyng

bit when set allows for special handling of contiguous nenory references.
Assertion of the chaining bit will control the 10 arbiter to have the
arbi ter seipgdmitdad ifomsc wheral hyniexamiindéhgprddreaseéy amqopsbed pagenory bus.

BRI EF DESCRI PTI OF _THE,DRAW NGS FI 1 i,s.a block diagramof a
connunicaffoﬁefgméygfeQQEnﬁgﬁﬁﬁﬂﬁda Eh?é%épg!bgggdrﬁgf? ?h?%aded processor
FIG 2 ismedeidised Raockedicaglayed. t he hardware-based nultithreaded

processor of FIG 1. FIG 3 is a block diagramof_a nicroengine functional
unit enpl oyed in t héMRENGRafe&FaEed o0 thel EPRRFRAYRE HF obRASGheR F1Gs. 1

and 2. sFl Gerdhy $F e disaidpedl 13 RheehlBgesD theadhist psRgise of FIG
3. FIG 3B. is"diagramthat shows a format foor a context swtch :
i nstructi dihe PptRmGzegCriemnox Yolbdsk trsgram bRofkhg feeecantpolbuise regi ster

addr ess arr.angenent . F,LC-}[‘ 4 ] pck di ag BBLOLY GO oller for
enhanced tﬁ'frﬁ??viﬁef‘? o?)er% ?%%1’3 S%P#n'thrgh%aéga}ar?&gasegoﬁufﬁi?%Feaded
processor .alddws for special handling of contiguous memory
references. Assertion of the chaining bit will control the
10 arbiter to have the arbiter select the functional unit

which previously requested a memory bus.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a block diagram of a communication
15 system employing a hardware-based multithreaded processor.

FIG. 2 is a detailed block diagram of the
hardware-based multithreaded processor of FIG. 1.

FIG. 3 is a block diagram of a microengine
functional unit employed in the hardware-based

20 multithreaded processor of FIGS. 1 and 2.

FIG. 3A is a block diagram of a pipeline in the
microengine of FIG. 3.

FIG. 3B. is diagram that shows a format for a
context switch instruction.

25 FIG. 3C is a block diagram showiné general
purpose register address arrangement.

FIG. 4 is a block diagram of a memory controller
for enhanced bandwidth operation used in the hardware-based
multithreaded processor.

30



-3 12 JAN 200 WO 01116770 PCT/ US00/ 22807 FIG 4A is a flow chart that )
represents an arbitration policy in an SDRAM control | er of FI?. 4. FIG 4B
“is a timng diagramthat shows advantages of optim zi ng SDRAM CordtNiler . 5
FIG 5 is a_block diagramof a nmenory controller for latency limted

oper at i ons YOI I6H he har dwar e- based mul tithreaded processoPCTUS®2Z is a
timng diagramthat shows advantages of optim zing SRAM controller. 10 FI G
6 is a block diagram of a comunication bus interface in the processor of
FIG 1. DESCRIPTI ON FIGAr cif tiectaurfdowReharti njatorépfesdntd Lonmuni cation

system 10 i : . aral.l el ,. hard - based tithreaded processor 12.

The har dwar‘-:ler]:-cr:ln%g:ga l%’ur{)ﬁ%ﬁﬁ?cga&@daﬁrg@égyof:oﬁrgi eBupf LG 0 4 bus such as a
PCl bus 14, a menory FGt &/B 16 20 tandng 8266REmbYSadS8shdi i's
especially efuyl, f.or, tasks that can_be brogen into h%ral%é%¥§%@%%é%% or

functions. CpSAEHAIRT AR cOnbESddeRul tit hr eaded processor 12 is useful
f h b i i | I ._Th
or tasBs that are bandn df i 0L §ied Eﬁﬁagémt Ban, rF&p‘:[C% %%fzg% r €

har dwar e- based 25 nul tit hreaded processor has nu es 22
each with AR ilAtensyr dvidridesorpeskitédnshneads ihhthe claar dvea sé+bd s@neous| y

active andj e r a task. The hardware-based nultithreaded
processor 1fﬂgﬁéo i%% ﬁ% 2Q§£€§%Efal controller 20 that assists in 30

| oadi ng ni crocode comliGal SRonsotheimiagodisgsanl thie Sewad Sy s
mul tithread racessor nd perforns -4 12 JAN 2Q4 WO 01116770
PCTIUSOO/nggfgﬁPﬁ%Flﬁﬁh : §83§5§ le8mputer type functions such as
handl i bg protocol s, e@ptd A’Sa SAbER YRGLAL 58TaP nfLACESS I wher e
the m croengi nes pass the packets off for nore detalled processing such as

i n boundar y* aceods the processor of FIG. 1.

DESCRIPTION
15 Architecture:

Referring to FIG. 1, a communication system 10
includes a parallel, hardware-based multithreaded processor
12. The hardware-based multithreaded processor 12 is
coupled to a bus such as a PCI bus 14, a memory system 16
20 and a second bus 18. The system 10 is especially useful
for tasks that can be broken into parallel subtasks or -
functions. Specifically hardware-based multithreaded
processor 12 is useful for tasks that are bandwidth
oriented rather than latency oriented. The hardware-based
25 nmultithreaded processor 12 has multiple microengines 22
each with multiple hardware controlled threads that can be
simultaneously active and independently work on a task.
The hardware-based multithreaded processor 12
also includes a central controller 20 that assists in
30 loading microcode control for other resources of the

hardware-based multithreaded processor 12 and performs
-4~



5°1n one enbodi nent, the processor 20 is a Strong Armi (Armis a tradenark
of " ARM Limted, United Kingdon) based architecture. The general purpose

- m croprocessor 20 has an operating system Through the operati §@ Jpst28h t he
processor 20 can call functions to operate on mcroengines 10 22a-22f. The
processor e any supported operating system prefera tinme
operating éeg?gﬁﬁ‘f:or the core-processor inplenented as a s?‘l}éé‘rﬁ‘gs"k}??é‘”
architecture, operating systems such as, McrosoftNT real-tinme, VXWrks and
uCUS, a freeware operating system avail able over the 15 Internet, can be
used. The R&N@KafenBZ34dPHEPPEE heemplte brivrs shinctioass suahclasdes a
plurality efhnlysak 8oL ngj - 22f j 1 Cr i_nes

(m croengi neag) 2%% 92153 egéﬁgha%%§§§’ﬁg§n%1 u?}éfllua[];std %thog.ro%n?%%%ﬁ%:ers in

har dwar e apgdoz@sstiagevhageothat Bilcwwemgihes pramy dinec pantkets. offf €oi vel y, a
correspondi pl I, i . 0f threads can be sinultanequsly active on
each of thg\%%’ecFgé%éﬂ'tﬁésggﬁg%g%g%%?%h ont ylrbqoeour@aré’ctcﬁé’idl 8F8rating at
any oneSti I ohe embodihedipethe phecessoe B0 XigniaL rorengignesm?5 (R2a- 22f as

shown. Each mnicr.oengi nes 22a-22f has capabilities faor processing four
har dwar e t Rr é;g&g_e;na%ﬁeo i %Rﬁi Eiﬁéﬁﬁéne‘%‘%@ Zoknggdemabesfid h shar ed

resources iaRehy@ieR@uRION ¥hey §bRELAS ﬁ'ﬂﬂgy’é@ mfaa:?%%s%lk 3id gé%- Lhe

menmory system 16 includes a Synchronous nam ¢ Random 30 Acce nory
(SDRAM) coRpPesRtand26ys4pm. a Shuough Relneloppesating sysNermpmhe WO 01/16770

PCT/ US00/ 2 S r olle M nenory_l6a and
SDRAM cont %%glégéggga%gyggpy%ﬁggﬁf%ﬁggﬁg% o’%é pé%egrgals%sﬁ %RRI?\n zi‘rcgrpg e@gﬁﬂ‘ﬁﬁs of
data, B0g. 22p~@@éssi Mpeoprnetwsok PAytamdssé rany rmippork cghcpeiratifbe SRAM
controller 26h and SEAME remory §6€.are used in a networkin

i npl enent atom PP PSR PREENEY T PAsHER (RRETF LI System. ag(?gs§ihﬁg | ook- up
tabl es, nemdre bebcekeotOifpPeMeRtsaragla SEbrs A tHrchiftRctivke,

m croangi nes 22a-22f.access either the SDRAM 16a or SRAM 16b based on

char act er i SPEE&teNTt F¥SE&Ms. SEEhTASs, MiohPsat it realowiBgndWr¥orksat a i s

stored in aah feveed inarSRAVLpebercas bioher handuididn siabastar vhi ch

Iatenci; is not as inportant, is stored in and ftetch The
m cr oehyi ndaterasraf caanbexuvsade nenory reference instructions to either

t he SDRAM control | er a _Rég/! 6h. vant s.,af hardware

mul tithreadi ng can bér%gxg%lgfjﬁéagby %\%%ﬂ%ﬂ%gé&f%%ggg’ s& . As an

exanpl e, arlSRANnadcdes regllastddthyofi Mimeribr) miformangimesr @2aglae.wil |
controll.er 26b.to initiate an acc e SRAM nenory

th M t 0Ot
o e SRRt a PR TUEToRR RS Lrr TeSed ey o a2 R Ts  accosags

the SRAM l@hainftelighes plheadatg bEOPrbHLamdRAMAEEYs and Hagldwae daka to a
requesééng m cr oengi ne 22a-22b. During an SRAM access, if the m croengine

e.g., 2%2a RERTET F58°6iaGeE VAFBaBPENBFOSBRR iAW tRFd-at ELfeskd veiler oengi ne

woul d be der HredplondiAat 1WRa 1184 UbRedet § 05F i 3fdAMcaBY pnmpl oyi ng
har dware context swapping W thin each of the m croengines 22a-22f, the

har dwar e @it anrausilyg ashayeeonoeaeh ebnthsimicstaenaimesud2ar-dgdfam
counters !t QiECUNy Dolhdl 38¥RaT0yMbELLEAY e BHP 0N Q4RR! thread e.g.,
In one embodiment, there are six microengines
25 22a-22f as shown. Each microengines 22a-22f has

capabilities for processing four hardware threads. . The six

microengines 22a-22f operate with shared resources

including memory system 16 and bus interfaces 24 and 28.

The memory system 16 includes a Synchronous Dynamic Random

30 Access Memory (SDRAM) controller 26a and a Static Random
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WO 0iii6~~0 pcTnsoon2so~ function while the first thread, e.g., Thread_0,
is awaiting the read data to return. During execution, Thread_¥ 2my ApfeSS
 the SDRAM nenory 16a. Wile Thread 1 operates on the SDRAM unit, ang

Thread O is operating on 5 the SRAM unit, a new thread, e.g., Thread 2 can

now oper at ewigoiiigeem croengi ne 22a. Thread 2 can operate for PéTﬁ%Bﬁ/ﬂSPH
anmount of tinme until it needs to access nenory or perform sonme other [ong

| at ency operation, such as maki ng an access to a bus interface. Therefore,
si mul t aneoysl t 10, pr or 12 c have a bus operation, SRAM

oper ati on %%#EBR&%%’%& é?ﬁgﬁ?a‘ﬂng’é‘?ﬂg&%%et e%owmyedﬁﬁpmdoy one
m cr oengi NSDRAN 2o tRal@eN26HDE Lo t 806k PRI | U 6 dy0 &H&&%%Si,{%re work in
the data path. The_hardware context swapping al so synchroni zes “15

conpl et i on~GFILa¥RIUNES, OExdRPhRe, €t Fur tPFRRRBS tilaf Mietwdmk eyl caldar ed

resource efgom 8BAVbrkaghcRBEsOf + S@m% funetd onal  ung e.g., the
FBUS interface 28, trr1e %R,CAM C(s)ntrorll;?er ?J%%%%;Cg&ﬁnc%m | er 26b,
when they BERPF¥t 6B RrEqueseddin adknétomnmloiTey oifmp lementarmiengifte 4wt hr ead
contexts regge ba i | i ng. conpletion.of an eration. Wen the
flag is recei \%ggyby%tgﬁg %n&ggggngigﬁé%' tg%'eg'rﬁ GCEIE ?%éltper%%%i ch
thread to memargnfofnehexaopéepobcedsapdd cairnidrnd Fodde har dwar e25 based
nmul tithreaded proce\?vig(8 12 is,as a network processor. As a network

processor, the hard BEE B AR RTINS FAR T ss®s s1 2 itheay ftdiees t o

networ k degDRAN $8a8No2SSRAMEUER BESES Sorf Yt d &y 1dQMi - Sy
10/ 100BaseT COctal MAC 13a or a G gabit Ethernet cfé'vi ‘é.eccs‘igg thr? g‘é‘ﬁ&r’m , as

a netwot k 3BYBroéeYsdptenay, hbewveardwidtd dafia iitshrseaded proeessor 12 N
2 ~At~ ~O~farcMO404L487 C éggg' 807 interface to any type of
conmuni cat i gncdevi cgagrggzr\\g'ergéce tha eecngb\r}léqs wslgrr’f&‘s a&}‘agg%éynﬁ’t%‘ﬁf:g of
data. CommiAkeaciohssysteas 1impertcantoniiyg stomedativaind 1@ tapleld gbion coul d
receive a lit f_networ k. pac S romthe devices 13a, 13b and
process t hgégkgéck%{"g Ilnhcﬁo?)%ﬁ”arp?se%'r#e{ CaRy (S e HeTREYe - based

nul tithr eadefiepencessnstiict Eagd NetemiHemateetsoram Renicndanendertly
proce d. Ang%&gr exalr:rgl e for use of processor 12 is a 10 print engine for

a poststriBf eSSBFIoties 6By ocessor for a storage subsystem i.e.,
RAI D di sk storage. AniyaiéiedISEr isaAf dTRLANING /20GH; RS L0 (e securities

industry for exanple, the advent of electronic trading requires the use of
el ect roni ceRtehneag kygiRAMN oo FRRAM mehamtiecsdssessen Alsuper exangleel | ers.

These and h a t S c |l i_shed on the system
10: " The pr noStafioifbett 1B fog VS SRR ERIR Bofipcadensipe
processor ¥dllheasseondle BRAM ScorBusolildrrdeace2AniB iateons arbadisMest

coupl th r sor 12 to.the soc FBUS FI FO bus). The FBUS

i nter?zz)ce §§8i§ resrﬂ%rﬁgir%lg&?br %Wi%@%ﬁﬁi‘a t &PPAEPAS t he processor
12 to the &EBbIScA8tidhef&EBUHd BRAM i) Rideelisds EhEOshAS, 1¢ged to interface

to Media Agcess Control l erél\/AC) devi ces. 25 The processor 12 includes a
second i nt EFFGRES ctRe  datpdrop thaiShAMhdéba4 andaretyapsedasahtp 8yst em

CorRerate St o R e | ORISR S plRee 1O
SDRAM rrenpfhe 1Bbcraeneingm e.9., 22a had only a single thread that
25 could operate, that microengine would be dormant until data
was returned from the SRAM. By employing hardware context
swapping within each of the microengines 22a-22f, the
hardware context swapping enables other contexts with
unique program counters to execute in that same

30 microengine. Thus, another thread e.g., Thread_ 1 can
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30 that path data can be noved quickly fromthe SDRAM 16a -8 i 2 JAN 2004
WO 01/ 16770 PCTNS00/ 22807 through the PCl bus 14, via direct migir amless
- (DMA) transfers. The hardware based nultithreaded processor 12 p%%‘r S

i mge transfers. The hardware based nultithreaded processor 12 can enploy a
plurality o¥oDivfé7ethannels so if 5 one target of a DVA transfrRIT/U00R28Y,
anot her one of the DMA channels can take over the PCl bus to deliver
information to another target to nmamintain high processor 12 efficiency.

Addi tional duhcdifte RE18USHENESEERCEN24a8UPROG! S FR¥EE @Nd; Jrast er

operations. Target operations 10 are operations where slave devices on bus
14 access SBERANNG Fheugieadeddtaad wetues. t hBuring exesuttiosh,as a slave to

target op i_on. ter _operat.i , r Ss ) 20 sends data
directly ?If)ha%erad:—elcé{%\))gg%ggtsg ?Iﬁreegpg?fﬁf?%%gfﬁe?% %‘r%:g%g% reﬁf— 5 Each of
the functiopedaues o ahe SORAMedntie,oardoThoeaé 0O nierdwed rDLires.ords

descri edtﬁgalo he .internal buses are dual 3271‘3-:-# busesﬂé‘i .e., one bus
for redd a oﬁ\%gu% i PePewTRETREAAdWEr §: halRES i TF RAIB PR SSsor 12
al so is constyne A oeayinkapobhe sumeal th@ahaagé\tsiﬁmf@@ Hfcdheint er nal
buses in the processor 12 exceed the bandw dth of external buses coupled to

t he proceRAUNL ofTHdmer @dEddodt1pepds| tile3CaASS MARPEY @Bbreepferessor bus
32, e.g., v Y : t C « I he pr r core
20 1o the S R 1A AAE ey SRR ESh, | Bt AR

descri bed telokusTHataSEares | §haredbget ofimuhtasecwslyedtW@BA bus that is
used ﬁ/ith the Stronqurm processor core. The ﬁrogﬁﬁor 12_al so incfl udes a
priva 8 bRF SF 150 oﬁ’ﬁlne?atvﬁea &SogRSFﬁ 8Art PR ] er 26D,
ASB trans|soraM Hpeait ildBUS 1lnbelihat eorhBlefedOorespé yabeld BSo APl &fe t he
menory controller 26a, 26b to the -9- 1 2 JAN 200 WO 01/ 15770

PCT/ USOO ZetrP it Nen & &08s hayea e BoLRd thERBr Y2 ¥§5+ @265 nel udi ng

flashrom I6cdsed e BRAK ARERAll eR$a2RdtR0 forth. Referring to FIG 2,
he

each of the m croengi nes 22a-22f includes an arbiter that exam nes flags to

5 deternine the availhghlh@ndweggdsonsess Spapntad apsa. symghrembezss from any
cont 1 ere I e S T ac o B eriry Eierar) SR8 i e
each incl udee asgqneirsianed ofesqpueces et.g.5t SRAMout Baahdong oEnbingsd 0 ref erence
TeDry T ot STRAARE (A SREe STy DandwtAenEopar LRRERERES 11 ahdhr ead 0
has no depsRmiensdasrall drelzgad, oasld R heo SORANN eadtioll8er 26bs wiern eason that
thread 1 and O cannot conplete their nenmory , ,
they complete a requested task from one of the microengine
20 thread contexts reports back a flag signaling completion of
an operation. When the flag is received by the
microengine, the microengine can determine which thread to
turn on.
One example of an application for the hardware-
25 based multithreaded processor 12 is as a network processor.
As a network processor, the hardware-based multithreaded
pfocessor 12 interfaces to network devices such as a media
access controller device e.g., a 10/1OOBaseT Octal MAC 1l3a
or a Gigabit Ethernet device 13b. 1In general, as a network

30 processor, the hardware-based multithreaded processor 12
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15 references to the SRAM unit out of order. The m croengi nes 22a-22f issue
menory reference requests to the nenory controllers 26a and 2&% Igﬁ%

* m croengi nes 22a-22f flood the nmenory subsystens 26a and 26b Wi f‘i‘ gh
menory reference operations such that the menory subsystenms 26a 20 and 26b
becone the%‘Bt"l’F@ﬁ‘gck for processor 12 operation. |f the menPE€T/USWIR3Et em
16 is flooded with nmenory requests that are independent in nature, the
processor 12 . can perform nenory reference sorting. Menory reference

sorting i npeovéstackineeabbeangnoypebapdubithini Myrdy e if&f gence sorting,
as descri bed, bel ow, rgduces dead tine or a bubble that occurs with accesses
to SRAM WPHRSRERGPy theferERei¥esdsepdn) Lasge cmomnteuraferdatdi.r ecti on on
signal |inesmhahwesdibaadesany Wi FGScPL S lHéﬂﬁ; i & dead tine
waiting for current to se?tle on con ﬁct%?#swioluxgléjng :[q{%é"gSRAM 16b to the
SRAM cont r 8PP cabhon. ¢ouldt recgiike 280p Wor Olli i 770 rREWANIOYHa23R@E That is,

the drigver a ri . r o] h eed tq settle out prior to
changi ngé s?g%gs?h'%hgé,@l?g%e??%f v?%y%‘glsjg% &3 etgbosf%lﬁa(ﬁ/lﬁdzsoﬂ'naavwi te can
degrade peRRrbahehi WahnekbknoWythetke chaedeard+bysad iz itth-adagocessor 12
to organiz rﬁggggggc?% tg rmrl\{ su‘gh that long strings of reads can be
fol l oned by PERG-SF r FAgsSBFRWPEEERT KRGkt FaR kR dhdependentilye dead tine
in the pi ppkonestsedeffectively achi eve cl oser to maxi num avail abl e

bandw dt h. Reference_sorting hel ps maintain parallel 10 hardware context
threads. On the SDRAWIOFBEErenemPher fPRg se | ofwptnatisnprofl2ptie- ehar ges from

one bank t t : Ran Specifi i nory. system 16b is
organi zed ?ﬁ? geaﬁﬁ%(ljgébgﬁ gﬁgb%%gg%/ie . b%%?(%é?v%%eeoﬁ & 5 FESESFOFs
operating 8art Aesbddapankybshstemnoi ye CORAID |disicaitoxiaafel. 13 prechar gi ng

the even b e rging_is possible if nmenory references alternate
bet ween odgegﬁagévg%gbg%kgs %yg%ﬁﬁ@r?%ge%y &t denh SeSUrd tieser nat e
accesses t bndpposyt Eobasksmpldée PhoOCLSSedt lok iémydﬁmi@@@uldfﬁ@dwi dt h.
Addi t i onal I% other_optim zatiops can pe used., For 20 exanpl e, "nmergi ng
optinizatid gu?lvﬁ%?etggepﬁ?i% SSRGS RC PR ergiaesetgedapchor to

MeNDI Y1 53CCO88er OPBHPAER BBYEF Zakk 05s1 ey € %e@@@n@# AQnaddresses an
opened page of nenory is not reopened, chaining, as wll ge descri bed

bel ow, andP?Eftiehi RgPABCAENFEPES @3 b aggrinplddhezb ofhehEBEgstamer f ace 28
supports T{gnsmt and Receive flags for each port that a MAC device
supports, along with an Interrupt flag indicating when service is

warrant ed. The FBUS Theepfoces®8r al3analnldedes dwointelrface288 that

per for o NEgE o8 Ate°3l08: olol ESLAD 5 packels s omytiie FBUB [, The

20 28 in one embodiment couples the processor 12 to the so-
called FBUS 18 (FIFO bus). The FBUS interface 28 is
responsible for controlling and interfacing the processor
12 to the FBUS 18. The FBUS 18 is a 64-bit wide FIFO bus,
used to interface to Media Access Controller (MAC) devices.

25 The processor 12 includes a second interface
€.g., a PCI bus interface 24 that couples other system
components that reside on the PCI 14 bus to the processor
12. The PCI bus interface 24, provides a high speed data
path 24a to memory 16 e.g., the SDRAM memory léa. Through

30 that path data can be moved quickly from the SDRAM 1l6a
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15 20 25 30 WD 01 116770 packet headers and performs

sour ce/ desti nati on/ protocol snoothingy in SRAM |f the resolve, the packet
* header for additional processing. the following internal data 12 JAN 2004
PCT/ US00/ 22807 a mi croprogrammuabl e hashed | ookup (used for address hash

does not sueo®ssémbly is sent to the processor core 24 The FRM%sdihsdehace
28 supports transactions: FBUS unit (Shared bus SRAM to/from m croengi ne.

FHUS unit (via private bus) wites from SDRAM Unit. FBUS unit (via Mus)
Reads to T | § 2 st.andard industry bus and jncludes a data
bus, e.g., 24 E)?l't‘ rs}ﬁ.‘vxllézgegE[aibg“ssiadltéba‘('r‘?‘(? IREFS] mFBPrédﬁ?%%‘%Sa ead/write
control . Theaksférs nt efHadeaiaied\Haded mietabhkbhded pisdedsdArge anounts
of data using a serjes of input and out put FIFO=s 29a-29b. Fromthe FIFGs

29a-29b, (PPRREY DRI LANEIENS | o T BArdWRFEnPaFed ontiEt hiraBIRAM
controll erp¥dde 4 £ FOME S %ﬁﬂl@? 3 rpq_fﬁ@fa‘gggglzgg) ?l%%"‘%’x’x&ﬁ]ngf‘é asog;aisf come from

a device on bus 18, into the FBUS Inter ata can sent
t hr oug® nediR ytaxgrt 01f ¢ DMa tnarsiRaMisebuosy, 16apthén enelis@ctherenory

access. SiW 1,Cr [ e, data fromthe SDRAM-26a to
interface %%%%n?%ﬁﬁl%%ioﬁ%hgﬂgB \fiﬁ gr?%c%e V€Data functions are
di stri but ethfewmaysion Heo amdtdrexenginyes. téonadatayhtyidlo phecsd 268, SDRAM
26b and FBUS.2$. i s via commnd requests. command reguest_can be a nmenory
request or- %@?%‘qu&f%%ﬁ%ﬂpﬁ%‘? Sééoﬁﬂanan% <% <hn nove data
froma regiwpesrtHoedRfet Ml HaFtRAN@peeaZidnk? aTARGELLPESSHUNHE € 9., an
SDRAM -12 1" 2 JAN 2004 WO 01/ 1b770 Pcr~soanz8o7 | ocation, SRAM | ocati on,
f1 ash 1@emt 3R RPLARTEL M WhrkeSdavendeydsranas hue témcerss t3PRAMS of the

functional e wibdsh ¥hddbd'ahal JLIUICRe HAGYELY 10 SDALED esour ces do

not need to maintaln local buffering of the data e %har ed
resour ces wReests ehetatinned Mamastecabperanibde, ofthé herocessengidws. Thi s

TR T o R T R L L
the PCI interface 24.

15 Each of the functional units are coupled to one
or more internal buses. As described below, the internal
buses are dual, 32 bit buses (i.e., one bus for read and
one for write). The hardware-based multithreaded processor
12 also is constructed such that the sum of the bandwidths

20 of the internal buses in the processor 12 exceed the
bandwidth of external buses coupled to the processor 12.
The processor 12 includes an internal core processor bus
32, e.g., an ASB bus (Advanced System Bus) that couples the
processor core 20 to the memory controller 26a, 26c and to

25 an ASB translator 30 described below. The ASB bus is a
subset of the so called AMBA bus that is used with the
Strong Arm processor core. The processor 12 also includes
a private bus 34 that couples the microengine units to SRAM
controller 26b, ASB translator 30 and FBUS interface 28. A

30 memory bus 38 couples the memory controller 26a, 26b to the

-9~



feature, there is a 0 cycle stall for waiting for data 10 internal to the
m cr oengi nes 22a-22f. The data buses, e.g., ASB bus 30, SRAM bus 34 and

- SDRAM bus 38 coupling these shared resources, e.g., menory cont¥2lJAY ¥e6a
and 26b are of sufficient bandwi dth such that there are no internal

bottl eneckwo@imsszo in order to 15 avoid bottl enecks, the praaasenisdr has
an bandw dth requi renent where ‘each of the functional units is provided
with at | east twi ce the nmaxi nrum bandwi dth of the internal buses. As an

exanpl e, the SPRAMCAR S U %n%zgi gPéii ﬂgmgy§ §§§§é“%|%ﬂ€§u RAM dat a bus

coul d have separate read an Wr | uses; -, *%%ad bus of
32 bits wileshnom Afcatuskshb fivkdz bant aperatiobsisand 82 Hobrshwi de at 166 MHz.
That is, in essence;, 64 hi.ts run?iagg t 166 M—Ig %ﬁuich,is effectively tw ce
the bandwidth of th& MROTRE EPe gr oBBERoPT 28NS BECEQRNGLREE s t he
shared 25 22s5QRfdnclltesCent apbe€essehatl0eRafidedi £ £&Es COHMUNI cation to

t he SDEAM?pontrQI | er 26a tq_the bus interface 24 and to SRAM control | er 26b
via bus 3FCHEENE the ayaddeblenshrredschgi hesoperabed upent r sy er

egi ster s dipeal et An Ay Yt the ghersengines 22a-22F o119 30, o1 e, pr ocessor

20 access the m croengi nes 22a-2 Vi a e - 16770
PCTNSOO 2 BIRAMSRItreadsiest @6a30SORAM bastBdllahe2MSBotrrBBY¥Sat or 30 can

physi cal | y; i i he USH rf 2 but ,Logi cal is distinct. The
ASB Tr ansllarg%rsf%épe@rstf'or rr@%aﬁ‘egg%?egggﬁgﬁ%?’éfi %ha b%?&e%ﬁb m cr oengi ne
transfer riggilatde & glapatliiays ofnqueaee PoOSESBET oatleit #8868 (theoxy ASB bus)
SO thgh theesrcore%ocessor 20 Cﬁlg access regi sters, bel ongi ng to the

mi cr oengi S PRLE Fe WSS Sugh TRECAYERES neither caiptaln herdegiafer set to
exchange d@dnoRs dd RY QWradgaChahebpade FBFBhYeL td Oopt Sl SO
provided to permt mcroengines to wite data out to the nenory for other

nicroeng!H@%mQRYrQiﬂﬂWiﬁﬁ?-scﬁ@ﬁcﬁﬁé@?é?:iéfcéubhéﬂéﬂgob@%53ﬂo.The.processor
o oo R A0 0t B GRS TER! B 0chlef Ve g BLEL e
single reason that thread 1 and 0 cannot complete their memory
15 references to the SRAM unit out of order. The microengines
22a~-22f issue memory reference requests to the memory
controllers 26a and 26b. The microengines 22a-22f flood
the memory subsystems 26a and 26b with enough memory
reference operations such that the memory subsystems 26a
20 and 26b become the bottleneck for processor 12 operation.
If the memory subsystem 16 is flooded with memory
requests that are independent in nature, the processor 12
. can berform memory reference sorting. Memory reference
sorting improves achievable memory bandwidth. Memory
25 reference sorting, as described below, reduces dead time or
a bubble that occurs with accesses to SRAM. With memory
references to SRAM, switching current direction on signal
lines between reads and writes produces a bubble or a dead
time waiting for current to settle on conductors coupling
30 the SRAM 16b to the SRAM controller 26b.
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cycle, provides nultiplication support and 32 bit barrel shift support.
This RISC core 50 is a standard Strong Arni¥ architecture but it is

- inplemented with a five stage pipeline for performance reasors2 JAN2004
processor core 20 20 also includes a 16 kil obyte instruction cache 52, an 8
ki | obyt e. dAYQOVHIHL 54 and a prefetch stream buffer 56. The REVESOBRYO2sSsOr
20 performs arithnmetic operations in parallel with nmenory wites and
instruction fetches. The core processor 20 interfaces with other functional
units 25 via the AR iisgd tABBdrisershehASBabigei sutrerdt bbh thali recti onal
bus 32. 1@ WO P11 16770 .M croengi.nes; 12 SE,T 200 Pcr/usoonzso7 Referring
to FIG 3,°%h ré%fe%pﬁ%ﬁf% §% REIRFCFBefBRRELING28E25¢S - o BRUS i cr 0engi ne
22f is sh et w8 rarRd RE ianGledde r t 0, [ | . one 5

i mpl enentgiﬁ%n, incl_uc?g'(si a_RAM of hgr go%,lgggav\/g%dg g:ﬁ%% %él(\&t;l.&é;%reé M
stores a rPRFohanfwidthrhe Memoropregeasncs soatanteablovdethere processor
20. The mcroengl 22f. al -nclu | Ler | The controller
" logic ?’nclzgl(tjes an&lenlsztzrtl?gtl r?n ggogg?e%gﬂtgﬁg Ergoajﬁlgﬁﬂkgo%ﬁ?}ér%%) 10 units
72a-72d. Thend atringy @ Hregdsmcanubeefslldaed2dyatengustit bhgedof n
hardware. The m craqgngi ne 22f al sq includes,context event,swtching |ogic
74. Cont ex‘{rlé Eht ?@b‘%’c PR PSS tRe BB R 2Fedeqd THRR) 1N ERART RESPONSE:
FBI EVENT pEsXINGE: t SRAMEOHNE IRESCRNSke SDBANY 180 EYERImBESRENSE: b pd ASB
EVENT RESPOVSdE%jr%égm eac{e&one of the shared resources, e.g., SRAM 26a,
SDRAM 26b, O3 550t REHRR R SoFbAPRoNedRg BRaRLaiReprEREtel and so

f ort h.1oTheserdpssa Vi JalffsOr i o] th e . function
has conpl et ed. Bas%ﬁoﬂgjﬁhggﬁeéraﬂgr rr]rgg.l ggeangﬁgfi gﬁfégéﬁgéslt%%gg t hread
has conpl e2kkPwhd s igithiodd premsheriges, frha theehdnketdsanother tbdrmk. t hat

conpl etio L gnad i4f i b rate, .then the thread
is pl acednsogné an a?/%liajlrlgbllef 'E‘:Elr%eg%ﬁ%?g’t s?’ﬁ%?&h%ﬁ%n%? &Egaﬁ%ﬁ%eh@?%earﬂf can
have a maxéddirbarik eargd ,and eveneddn k25 whidiel #hkeprboeaddt t 1 9nopOr Lty
signals that are | | _t,0 an executing thread, the m croengines 22 enpl oy
si gnal i ng ¥t a%é% ?q?cgtabad‘r]% %%&eff‘wt %%Fﬁﬁi&faﬁgcﬁ’a%%,rt an executing

t hr ead Scanpbecipdheqirig aid @v@in Haake t @rakhard®ng YO PAsd464¥0 42 JAN ?p(y4
PC' T/ US00122807 m croengi nes 22. Receive Request Avall able signal, Any and

all thr ead®®TPFY HEIRTFEERIHESTER b PETEBN OfHe3BISPYPRI PRRKS( atR%. These
si gnal i ng §tdd £6n& ek MSRE LR R LY B@.t@¥ﬁh'tébhl:bé¥sé’£ goresource or

whet her a resource 5 is due for servicing. e context event |ogic 74 has
arbi trati o?PPp@3itddrns, (e mnosedsorl A2oawpenbedi §BRAY bamdwidihs ation is

a round robj k. ngﬁl m er i coul d, be d ipcluding priority
gueui ng O?Q%{g;ﬁfe di rOt%eguioﬁ;ﬁmgggﬁg%% %rggeﬁgi Hggng g‘?go i ncl udes an
executZlon dxoamg EROf)e xtpitray ppthindGattiansi whlerdespanaalohinehat ¢agilse unit
76a and gener purpose re jster s arithnmetic logic unit 76a

al t 76b. The
performs arTIFmen i & aAFEIShiRFa O %r?cf"ief}‘l‘?§ya§cﬁ€§fs a8P8Ri PR9% uncti ons. The
registers 6§%iﬂfﬁhiﬁﬁh§iwﬁﬁﬁﬁjbyﬂdkamining addresses an opened page

~of memory is not reopened, chaining, as will be described
below, and refreshing mechanisms, can be employed.

25 The FBUS interface 28 supports Transmit and
Receive flags for each port that a MAC device supports,
along with an Interrupt flag indicating when service is
warranted. The FBUS interface 28 also includes a
controller 28a that performs header processing of incoming

30 packets from the FBUS 18. The controller 28a extracts the
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15 |l arge nunber of general purpose registers. As will be described in FIG
3B, inthis inplenentation there are 64 general purpose regi sjer sAN

- first bank, Bank A and 64 in a second bank, Hank B. The general purpose
regi sters are windowed as will be described so that they are relatively 20
and absol ut¥PYVHIH essabl e. The ni croengi ne 22f al so i ncl udeBCHUSA022897
transfer register stack 78 and a read transfer stack 80. These registers
are also wi ndowed so that they are relatively and absol utely addressabl e.
Wite tranBfekeRSheadesseandt pekfdfing sa Whikoprddandaltad d 0 a resource is

| ocated. SLm I ead, reqgister stack 80 is for return data froma shared
resour ce. g%ggéééﬁ E%Ba‘éimgéﬁﬁ%{?%?.f Rashedaterkur i aed forewadresisgnal
fromthe rsmpething) shar SHAMESOUE CENE. lash tdise SRAN &Q!Edeqiég%ﬁl 6a, SDRAM 30
controller_26b or core processor 20 will be provided to - 1:2 JAN 2~4
VO 011 16775°PRL TRS0BNS 2BB7KeBnheadervint senthi tertl patiasisseid Icodeeaoal ert
the threadrbpatdibeidRh beolYad | e qﬁﬁ] een. sent . th transfer
regi ster banks 78 and 80_%r% c%%%@%iedfg% é?ééggh%%gﬁ g x SUBBOXFS76

t hrough a Bheafphloving btnbeimpl edetd atransadtiods:read transfer register
has 64 registers and the wite transfer register has 64 registers. As shown
in FIG 3A, the mcroengi ne datapath maintains a 5-stage m cro-pipeline 82.
Thi's pipeline iISudes | ookup Gfhar&Cbos ERAMLICT i ON tepEfben Bdoehfnent i on of
10 the regi st errdusl gnaddr esses82b,iead ,af, oper an fromreqi r.file
82c, AlgU, shift o conpare oper at ib%rnlg 820?, hnd WiwggEek)sac °mo$g£r‘%}s§ %t

regi sters 82e. By providing a Wt'®Yack data byp&edds feoSBRA¥. ALU/ shifter
units, and by assunming the registers are inplenmented as a register file 15
(rather than a RAM, .t he_m ¢roengi ne can performa sinultaneous register
file read and wri te,T%iEﬁﬁﬁoﬁ%I’eﬁeﬁf’?ﬂr&‘q Hednstey Sysr andon. The SDRAM
interface P06l pdéyi degata sh@dale BRACK 40 Biltes NAHLIHIS 1 FHEQ8N01 ne on reads
that indicates whether 20 a pari?§ errorfbccurred on tﬁgb%ggg request. The
ni cr oengi NeORTEPbche 2ddresyornd eadrridteecidntgalhe TDRAFBUSad Parity
flag wheen iheeipiLd OLNGL NS Y IS ta. on_checking the flag, if
it was set, the act of rah%ﬁ%%g on%- %;ékus ?f&gghga gFiPV°3P§§ PE only
sent when 432 285 SORAM $eriembd £dirdfmrt ahetldutputamd Foke S3BRARDLS parity

pr ot ect ed. L £T PERYL K t PCl. Unit are t only requestors
notified O?J%grﬁ(g erroér rsf%l'her & Or' S, u?’fcrtor?é‘gd‘rnﬁéeggér'gg%r éegShOPaFﬁFO
requires pEromyoprotrmdndnthe SHRAMDRGINIO1ATH 63 ith hBger 84UESEroghe

m croengi nes_22a, 30 su pol_{,t condi tional branches. The worst case -17
'~ ~ JAN 2D0ZeTRE VA ottt which data has come from a device on bus

20 18, into the FBUS interface 28. The data can be sent
through memory controller 26a to SDRAM memory l6a, via a
direct memory access. Similarly, the microengines can move
data from the SDRAM:-26a tolinterfacé 28, out to FBUS 18,
via the FBUS interface 28.

25 Data functions are distributed amongst the _
microengines. Connectivity to the SRAM 26a, SDRAM 26b and
FBUS 28 is vié command requests. A command request can be
a memory request or a FBUS request. For example, a
command request can move data from a register located in a

30 microengine 22a to a shared resource, e.g., an SDRAM
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PCTNS00/ 22807 conditional branch |atency (not including junps) occurs when
the branch decision is a result of condition codes being set Ry tiRg o004

* previous mcrocontrol instruction. The latency is shown below in Table 1: 5
Il 11 21 31 41 51 61 71 8I

WO 01/16770 + + + + + + + + NRCOsUbRL1807

lookup I nl I cb 1l n2 1 XX1I b1 b21 b3 1 b9 1 reg addr gen! | nl | cb I
XXIXXIbIIb2|b3|10regfi|e|ookup||InIchIXXlXXIbII
b2 I ALU shifter/cc I, 1. nl. 1 chil L XX.I bl I i 2l |
o 1 b1 BEEery shmt dosdlionyr & iy ShorantiAE f85ess) 15 o

i s condi timlcdsmmcds ba<ré Ss¢Istoudtr a:ra:cIearas'thtfwnhd X.i(ncslah@rt@dlﬁa croword
As shown in %a&jle , is not until %cle 4 t e condition codes of

nl are setan %‘F%f?’lC‘FFstfét’i%ﬁson Y& rmadt e( F'Eﬁ i REPANECRAR causes
the branchpatfed® ©6 hOOKek AN JdhICHIFERlingTBE Bher 8841 Nerifcal s a
2-cycle branch | atency penalty because it nust abort oEeratl ons n2 and n3
(the 235ni ckmworRred reeloyress acasss igtaiputed: Hataslprpeed baide t he
oranch patde bogh ngi daodddinddie P V&&a%l%%%%'r%nehnegfzéQezﬁ eg s not
taken, no mcrowords are ibort ed and executi on contriues forna he

m croengi rﬁma;v@almca;hvmeéssMaiatar&*Mezedhaa arbékratnagefohe ef fective
branch | at enc 30 Th es sup rt d ferr ranches erring
br anches a?%c%ﬁ%noﬁ ?n "Hbﬁf‘nzgl Fg\ﬁoBHg afﬁb?h %"%r anch
to occur bﬁé@t@réhetlbéﬁélci\s -d8 cmei)ldthal?&dr Raikbhg foPcdataisoanzso7
takes effect (i.e, the effect of the b‘rga%/% is "deferred" in tine). Thus,

i f uséful I/\E)Y%r’é%ﬂﬂ R FReierrengings, d cycles after the branch

mcroword, then the M@H&Qtéaé@w @y be Aypdaen. 36, Lsaxnl Budesgrigg branch
is shown 5 below where n2 is allowed to execute after cb, but before bl: |
11 21 3 $QRAM bgs|38|caupling these shared resources, e.g., memory

AAAAA ore
| ookupi T ST ERST l 7 %&3_%? gﬁ b3 I 51 Ireg aﬁat g IF g,?élt’cb | n2l
XXl bll b2thés8 thegefafe hookmmgrﬁal bﬂtﬁleﬂﬁcthl Xhhsblhnbarder to .
IALU/ fter/c [, nlgl cb n2l ~I te back ”dh nl 1 cbl n2l
cyﬁV%l FF%‘E“%? f‘lth he %"F'I%%‘ISSDOE:[ er"='é1 308449R8 are bot h

al I ovved t Oreqwkeﬁ\@nbe&néeaé@c}br@m&hé Of Ul ctaemas unlileise ishptofidegycl e
branch defernent is only 20 all owed when the condition codes are set on the
m croword PEERed@Fngetnk EY’b‘ﬁ%hth¢ mayimun bandwidthsof ghe ilnfegnalg |

bused, A3 xamp]f'e.,_tﬂ'e_SDR*AM_ca"h unta 64*bit ide Bhgrostore
| ookup I nl I cbl n2 1 n3 b2 1 b3 1 b9rlmb5l re(;] adér gen I | nl |

Cb I n2 | a8 83bMHE. b2ThebSRAMbdata rb&'-@ﬁ f¢owld haye sepprate| repdiang | n3 |
ft c I I Il wite
back I%?q Q? # A#H/FQQ C&éi? %‘IQEI l?2.%&91I'I%De‘&r2n(chr %ngﬁﬁesbépéo support

condi tion mdamgahuansénMkaandﬂlea cenili¢ i s colex Updds whidehaa be&nch
MHz. That is, in essence, 64 bits running at 166 MHz which

is effectively twice the bandwidth of the SDRAM.

The core processor 20 also can access the shared
25 resources. The core processor 20 has a direct
communication to the SDRAM controller 26a to the bus
interface 24 and to SRAM controller 26b via bus 32.
However, to access the microengines 22a-22f and transfer
registers located at any of the microengines 22a-22f£, the

30 core processor 20 access the microengines 22a-22f via the
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-19 ~ ,~p~l 2004 WO 01/ 16770 PCTNS00/ 22807 deci sion are made are set 2 or
nore m crowords before the branch, then 1 cycle of branch Iate?§y1ﬁ$%mPe

* elimnated because the branch decision can be made 1 cycl e ear erh 11
21 314151617 138 - '

[ WO 01/1677¢- + + + + + + + +NPCT/USH0MR2807

| ookupl nl I n2 1 cb [XX[bl 1B2 [b3 | b4 [reg addr gen [[ nl ( n2 [ cb|
XX( bl[ b2l b3 Ireg file lookup [( I nl I n2l cbl XXI bl[ b2 [1 0

ALU shi f t eRSBCTEAnELAtok | 302bvep|bueK3d! [TMd teEagknlsh sk okl 39! Eagz[ cbi XX
[ In this exanple, nl sets the condition codes and n2 does not set the
conditionspgﬁgggél#ﬁeFéFb?%,1@h%hQ5FQH$ﬂkﬂ$QﬁﬁﬁQ§ @8,chutbdogadeliy cycle 4
(rather th | i mppat r cy. Ln the exanple

bel ow, thegﬁ-§§3F%H%?anggﬂgégié}ggﬁﬂigl(ﬁgfﬁgﬁggkgﬁﬁg %P égﬁﬁﬁﬁﬁon codes
are conbi nedanslabipnebetyeen dEBYhanimmeriyilne enransfa@ Geadistiegn codes

(cc's) eset o] -cycle deferred branch: I ~ 11 21 3[415
16 17 ISS8 Jr%‘-:gm”% £R4 égr% ér°~ ‘?ﬁ%‘?%&‘ﬁ’@ﬁs&?kﬁdrenlr RSB busdpspn3 [ bl

| b2 [b3 | bHafrthe addre geroteéssidr 202 dn Glcas ﬂ@gﬁsﬁ%&sb%ebBﬁgihgle | ookup
[[ I nl 1 p2I _cbf n3l bll b2 IALU shifter/cc Il | 1 nll n2l cbl" n3l bl
Iwite back®l BN THCRPFREDPEE23724B0 -20 f 2 JAN 2004 WO 01/1 6770
pc~rmsoonzso7 | n theacegcuahahes TeXpTo I 0N 0 n t rliy
(i.e. they are set in the dr?crgcm%é%%%egzﬁgat g(g%r g?{%hgeg?%ggr@ﬁ gggengi ne
supports bFanerchirasi dytani¢descrihnd bed owedac scrhé chpayc memotye2posed
br.anc at epc t ins. ! i nQ". .the branch _path_or the
sequeEf%algﬁa¥h§ot €$%$§§%§22 éﬁ%ﬁﬁggﬁgﬁ?ggﬁﬁ@%stES §6é§§egaﬁ3tﬁui cycle
before it tefthetrémoknoier wiie pativdceneieest &o kbkadt gogssed correctly, 1

cycle of branch latency is elimnated. as own bel ow. 10 guess branch taken
/branch is gﬁﬁgcﬁh?ag ?‘)’217 %mfpn}fcfl &0 Pus ?ﬂ

+__The procdessort coret 20 ificludbs a RISC &oka Bhcrostore
lookup I nl I_cb 1 nl | bl I b21 b3 1 b9 1 b5 1 reg addr gen Il nl I cb

~ 1 bl | pPPlepented in afiVe sStagspireline perfosmingxx sipgle b2 | b3 |
ﬁtL%SQEfTQ% é%e'sﬂiftjof”oﬂe(%bérggﬁ|oﬂﬂtwb %%e&aW%Etgnbgcgikgiel 1ol
cycle, provides multiplication support and 32 bit barrel
shift support. This RISC core 50 is a standard Strong Arm7
architecture but it is implemented with a five stage
pipeline for performance reasons. The processor core 20
20 also includes a 16 kilobyte instruction cache 52, an 8
kilobyte data cache 54 and a prefetch stream buffer 56.
The core processor 20 performs arithmetic operations in
paréllel with memory writes and instruction fetches. The
core processor 20 interfaces with other functional units
25 via the ARM defined ASB bus.. The ASB bus is a 32-bit bi-

directional bus 32.
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NN

O I'f the mcrocode guessed a branch taken incorrectly, the mcroengine
till only wastes 1 cycle: guess branch taken /branch is NOT tak r&NZZ‘ﬁo,'I 11
| 3141516 1~1 81
+ + + + + + .+ + +' rric'rostore | ookupl nl
Il cb I nl hwobp#77003 I1n4 1 n5 [reg addr gen Il nl | cb | nllpctiison2ison3l n4
130 reg file lookup Il I nl I cbl nll ~I n2l n3 ALUWshifter/cc Il | | nll
cbl nll XXI n2 Iwite back I'l 1 Il nll cbl nll XX 1 -21 12 JAN 200 WO

01116770 Pl [ USQ0]. %28507 However, the latency penalty is distributed

di fferent Iﬁgﬁﬁe‘&gﬁﬁ—efecode guesses a branch is not taken: For guess branch
NOT taken / branch is NOT taken there are no wasted cycles as set out
below. 51 11 21 RdfRedSngbtb~FIGS B, an exemplarv ore csHsirar e | ookupl nl

Il cb! nl In2 (n3.1n9 (n5 I..n6 Ireg addr cb 1. nll n2| n3l n9|
n5 (10 regqumeeqm(z%a- 228, £-gbr WEFE %r(lgma %#lmflwm erfR& 11

Nl cbl nlf; dede i3 deMidQ wRGK al kohtkdinktos8(701khieh ) Hovener for guess |
branch NOT taken 7/ branch is 15 taken there are 2 wasted cycles. I 11 21 3
(9 (5 66 (Implegnentatlon, 1ncludes a RAM of here 1,024 words of 32

o %ag ore
Iookupl nlmiscbﬁ nI fk)f 1551 1b2 IJ'S§ frBi I§O reg addr .gen C‘F% cb I XXl

XXl blt bztodadhblreeg:yf idree Iamieuprlolcebsnlr 20cbl THI m¥&Gt oduhgy i 22f
I ALU shifte /cc 1 | nll_ cbl e bac cbl XX

XX 25 The derf'fb]l"r%esta??r’(:t&r?&lﬁé: 6§>8(|918hl760esif‘ﬁgc9\? ’ﬁojll%ﬁc*% It anch

def erment imclugd®d\vh tirestmatilonf dektbaer For agdepsobranchotiken waeN
1-cycle deferred branch/branch is taken is: -22 12 JAN7§ 04 cy\o 01116770
PCTIU@@OIZ?BUWSI7%?T 2dy Fhey fog @l€¥0|nggram counters ar

_________Taﬁagifﬁe Ha;%y The ficrodnginet22f #1so iHGLEASEOre
| ookup, | n22 2 Ib3|b4| b5 "Ifeg addr gen Il nl | cb I n2l

bli b2l b3tomtext ewznt iswitcdlg logik AK.| EbntaRf preénp2lopdc 74
AL SN el ool dedsdilds C. g2 ol PBvkNG kESBBRKEL! | 11 nI1 cb( n2!
FBI_EVENT_RESPONSE; SRAM _EVENT_RESPONSE; SDRAM
15 _EVENT RESPONSE; and ASB _EVENT_RESPONSE) from each one of
the shared resources, e.g., SRAM 26a, SDRAM 26b, or

processor core 20, control and status registers, and so

forth. These messages provide information on whether a
requested function has completed. Based on whether or not
20 a function requested by a thread has completed and signaled
completién, the thread needs to wait for that completion
signal, and if the fhread is enabled to operate, then the
ﬁhread is placed on an available thread list (not shown).
The microengine 22f can have a maximum of e.g., 4 threads
25 available.
In addition to event signals that are local to an
executing thread, the microengines 22 employ signaling
states that are global. With signaling states, an

executing thread can broadcast a signal state to all
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In the case above, the 2 cycles of branch latency 10 are hidden by the
execution of n2, and by correctly guessing the branch direction. |f
* microcode guesses incorrectly, 1 cycle of branch |atency remafrg gypased as

shown bel ow. 15 guess branch taken with 1-cycle deferred branch/branch is
NOT taken MOOUIB720 3 14 1516 1~ 181 9 PCT/US00/22807
I + + + + + + + + + +2 0 mcrostore

| ookupl nl I cb I n2 (XXIn31In9 In51n6 1 n7 ireg addr gen Il nl | cb |
n2l XXl n3hiddde & 47 eg ﬁé&&dek% dest @ heh nahyn4

| ALU shftr/cc Ilrn}l%l'rl1 nli cbl n2l %esn4 Iv\?ﬁ(lllﬁglgac%kgﬁ%(h" ﬁh, +? cbl
n2l XXI n3ipschreafsrigedde d@qr@(ﬁﬂglrmﬁembaammnoh KBEseaken, then the

pi peline fé r rb crocode

i ncorrectly guesseééeﬁ anc%yN&r]hégék (%r%gté:lr%gl ng gs. Hsggpgées 1 cycle

of 30 unprédrfermisne exerilahoinl ity sdﬁ)\m Mchb& whe2héANa20840ME-01/ 16770

guess grargfgéygl'éoagen/ .anch Is taken PCT/US00/ 22807 I 11 21 31 91 5 (
9

icing.
+ +The donte}dt_e_eh:_lgglc_jﬂ_has+arhitnati6n5f31:cr05t0re

| ookup | nI f n2 i XX | b2 1 b3| b4| b5 | reg addr gen | | nl |

cb 1 n2 | %‘rH‘b)z ﬁhqﬁaqs b4 1'+n e fEmbedipest, the arbiteation2 | XX |

bl I b2 | i353 :i Méméﬂfﬁ%écﬂadlslm nl dth%% Vt\'ﬁ@:%nlﬁéés cBlik B Lﬁgvél te

back | ~I Il nl 1 cb Il n2 I's pre-branc
m cr owor d J(I‘Fﬂ:lwfm @rridy |CB-1Q3UMJ tqronallgfbirtaldcrfalix lqaepmag br @aheh
m cr owpr d r the cas u truction, 3
extra%?yclraegs&% rﬁ%[eéngéjz%nr g'éi)arl]\%u%rlégi BeEusEs tcﬁ’%lﬁpaﬁgjﬁ ggBPg d?Eanot
known unt ipatihe’ &nchaf JtﬂtElL[dEﬂ a&n ruithmetile Jogie uhikn76BeaAlU stage: 20
11I2I3I4I5I6I7I.8t_l ) )

general purpose register set 7gb. [The arithmetic logiierost or e
fookup T nindt Ted pecdons laplinnddid drd hdgdchy cfuhcwengdﬁs 9@91 | nl |
jp ( XX XX 1 XX j 11 j 21 j 31 regfil B XXI
XX | XX | 3% #hlyﬁ |funetions .z Jhehmeagisters| S|et| 7:6 hajspal rxkatlmy

o ertelga% ,mh:i ] n Wi t ch:
Referring t I G $r Oﬂf drermtral‘lr 5%11]; contee@('s%(? S\W tgg I;,gg; §8t|on i's
shown. A cigmaesdbesi i FIiG. BBypeai dahifsorimpdferenttasion thatecauae64a
di fferent nd assomat ed PC_ to ke ect ed nt ext .switching
i nt roducesgceg'gérrxggﬁbrédﬂJl TR BF Sndn 2 éﬁ? A Bagg A®Zha®dl in

a second bank, Bank B. The general purpose registers are

windowed as will be described so that they are relatively
20 and absolutely addressable.
The microengine 22f also includes a write
transfer register stack 78 and a read transfer stack 80.
These registers are also windowed so that they are
relatively and absolutely addressable. Write transfer
25 register stack 78 is where write data to a resource is
located. Similarly, read register stack 80 is for return
déta from a shared resource. Subsequent to or concurrent
with data arrival, an event signal from the respective
shared resource e.g., the SRAM controller 26a, SDRAM

30 controller 26b or core processor 20 will be provided to
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12 JAN 2pp~ WO 01/ 16770 fol | owi ng context switch: Pcr/usoon2807 111 21 3

| 4151617 1lal 9 ]
| + * + + + + + + + +583 AN Y o

| ookupl of I cal br I nl In21n3 1In4 In51 n6 Ireg addr gen Il of | ca |
XX'I nll navongiemel n5 Ireg file lkup Il I of I ca | XXI nlpcrdsoonsder N4
| ALU shftr/cc Il 1 1 of I cal XX( nll n2l n3 Iwite back I-1 | | | oll cal

XXI nll n2 110 where ox is old context flow br is branch mcrowrd in. old

context ca.d t Itrati,on, (cau C Xt,sw tch 5 nx i s new

cont ext fla%(%/v i S a%)rg{ {%gﬁr%%gfg\%@ggﬁﬁﬁ g’ﬁ%n?@ég %%\?%htlf et]h’f:ﬁadm cr owor d
i s abort eccipft tthe\ddth dentavalilabdet bii hgscbaphexéht es Bhew €Langede caused
by savi ng the.corrggt ol conteéb PC. Conditional branches that operate on

AhU condi t19H Tt LI H 8228 80 858t RENRREFSHOFS bRe opkeceion deh can
sel ect 0, (EBOX)R-7§ cditrdughneh ddekepaRRl NMRHesne 2omEPaALLE L8y SRdes set 2 or

nore m.crowords before the conditional branch that operates on them can
sel ect 20 dread KHANS It Fa9igdrer hast SApdesLisAers oandrthe anetes (i ncl udi ng

context roeafdndfat iﬁb?i)st%aznlh?‘s' @Gt 6g'gg_gggrg.or 1-cycl e branch defernent

nodes. The architecture cou be 3 esigned to make a context arbitration
mcroword within a Farheowtefior FE6t. BAndoheohiarperginé ngatapanet, j unp or

context anl {{aliQn ML QY1311 8974 ngPEL 0N P L1 Se1 1,29
includes lookup of microinstruction words 82a, formation of
10 the register file addresses 82b, read of operands from
register file 82c¢c, ALU, shift or compare operations 82d,
and write-back of results to registers 82e. By providing a
write-back data bypass into the ALU/shifter units, and by
assuming the registers are implemented as a register file
15 (rather than a RAM), the microengine can perform a
simultaneous register file read and write, which completely
hides the write operation.
The SDRAM interface 26a provides a signal back to
the requesting microengine on reads that indicates whether
20 a parity error occurred on the read request. The
microengine microcode is responsible for checking the SDRAM
read Parity flag when the microengine uses any return data.
Upon.checking the flag, if it was set, the act of branching
on it clears it. The Parity flag is only sent when the
25 SDRAM is enabled for checking, and the SDRAM is parity
protected. The microengines and the PCI Unit are the only
réquestors notified of par;ty errors. Therefore, if the
processor core 20 or FIFO requires parity protection, a
microengine assists in the request. The microengines 22a-

30 22f support conditional branches. The worst case
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12 JAN 2004 WO 01116770 PCTNSO00I 22807 in some enbodi ments, a context sw tch
woul d not be allowed to occur during a branch transition in the pipeline

* because as nentioned, it could unduly conplicate saving of tHe AN B¥nt ext
PC. The architecture could al so be designed to 5 make branching within the
branch def &Q@¥t67% ndow of a precedi ng branch, junp or cont SBAT/E80BR20AL i on
mcroword illegal to avoid conplicated and possi bl e unpredi ctabl e branch
behavi ors. Each m croengi ne 22a-22f supports nulti-threaded 10 execution of

four cont @eﬁl%arlemmhoqatt@n aﬂ $nbe 2hELOW4ORE 5&5;?6;1 SQoptdrt

executing just after another thread issues a nenor rence and nust wait
unt’i |t hatvhest drhen b angsipldacds Lieat eﬁeadeﬁﬁglhnpé mnﬁltmsCMVr or is
critical t Gl ha th croengi nes
because nel%or}g I atenépygrhgefg Igni Tr"]1 csan Ejg gggg }#xg?g%%*f%gnl fer nfy a single
t hread exdaftdrmy ues shupporktedodw tlImeTabd.reoéngr nes would sit idle for a

Si gnrfbcant nunber of cycles waiting for references to return and thereby
reduce~overal |l computational throughput. 20 Multi-threaded execution all ows
an mcroengines to hide menmory |atenayiby perd ormd ng suseferlr |mdepen|dent
wor kK across sever aJ__Lh_r_eagl_s____m_gync_hrgn_r_;_ Jdon, nmechani g e_supplied in

order to allow a thread to i ssue an SRAM or SDRAM reference and t hen
subsequent |y syncHE6F?#ETe Pk 25 pditnt on! t12mk XghénPht Hak? ebdriehtd

conpl etes. One neclgnadim gen | Medi atle nSynehr biixz atdxon.bll N bamresd at e
synchggni zati on, tllgg F93Gr Q@menel | ssues rr,r,g T%VJ]%C? )@(n@l glmreglg at ely swap

out that context. The context be sr nal ed he correspondr ng

ref erence 30 conpl&Péght Eﬁ’é/é:cm gnal ed, the cbMekt®®wi 15 bef*shappdd back -2
6 12 JAN 2004 V\@rﬁ\ﬂ_é Ea¢e¥0 PCTNSQOA 121 80I7 mAl f or | elecutdt orciviexx a
context-swap event occurs and it is its turn to run. Thus, fromthe point
of view of a single context's instruction stream the mcroword after

i ssuing the nemreference doeghaer ngeis pxethrerch mhcidworteni efessernie) 5

conpl eses. A second nmechanismis Debaygéo&/ﬁqbﬁanhzakhon I n del ayed
synchroni zation, the m croengi ne |%sues toste_br gn rené:r%ma&d t hen conti nues
to execute sone ot her useful work |ndlepé>nde 2o the erence. Sone tine
later it 10 coul d becone necessaryX@‘o’-%yiq@ll’i:reénltuzcé‘Ot“erl thread' s execution
streamto the conpletion of the issued reference before further work is
performed. At this point a synchronizing mcroword is executed that wll

ei ther swap out the &urshkewn ty &ableadd dapsi NoBadRtih SEReei hethater 15
when bhe r mg@&? &5@% ted, 10 nu t e t hr ead
becauslea thg{re erence aérae%ynlcorr%?gégd %De g?/% bggﬁgﬁrgﬁ?gé?%n i's

i npl ement eztRnusbegrade tili¥eh el Wiignalasey C@@h@rseghel brahehnpﬁbhytmef erence
i's associ ate vmth a 20, tran fer regi-ster.. the _si. om whiich the thread
is tri gge(r%eddls gecrirerat o c\:/%en tEHe C(')Ifhr egiﬁ'on(?engl rans {1 r%gb tEF Yalid
bit is setbxdnch ebd®shcy qperexiiip ke caars SRAVusad aW@lrthoﬂelﬁéﬁh.bﬁsdma into
transfer register A would be signaled when the valid bit for Ais set. If

the menor @%b B3 Eikfice TLCER StHFSHHLY AfEer dhsr EFaFbe oF the receive

FI FO, Jisnstepele Ofbé‘féfé‘n\@ﬁ@rbfﬁ%}?tﬁth tﬂ&jlrrsheoslfarnl the geperaied when the
reference conpletes in the SDRAM control |er |y one signal state per

cont ext i soPRFLion t;wb. ni EF o@i@rb@l@bﬁeﬁjm@ tatklﬁ&ls &Rl pienewspdsut st andi ng
signal can, £Xi shottled NiSd SGIES®L 1orf ‘continues normally. The

microengines have several mechanisms to reduce or eliminate
the effective branch latency.

30 The microengines support deferred branches.
Deferring branches are when a microengine allows 1 or 2

microwords after the branch to occur before the branch
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12 JAN 2004 WD 01116770 PCT/ US00122807 There are at |east two general
operati onal paradigns fromwhich mcrocontroller mcro-prograns coul d be

* designed. One woul d be that overall microcontroller conpute t#$20J4N3#8 and
overall nmenory bandwi dth are 5 optim zed at the expense of single thread
executi on MWQ@WEYT0 Thi s paradi gm woul d nmake sense when the EIUSH/RRL7

mul ti pl e microengi nes executing nultiple threads per mcroengine on

unrel ated data packets. A second one is that m croengi ne execution 10

| at ency shoeakds bef ottt N zeel. athé hef faqrense wife dranahl igi cgecagieg” conput e
t hroughput ' and overal| nenpry bandw dth. Thi %ﬁpar adi gm coullg i hvol ve

execution &PF BiMe}eafhWFt ntH veeFud | WRF K &R deunghte fdllthenstraint

whi ch di ct gL ged NAGcO5Ea MOEK St ANSH WiRlnowRe djoraehY tha BeARcKPECi fied
time. Such a constraint requires that optim zation of the single thread

execution batgheencarnibeihjdderr btlerydehdef@raeidobsasgbhigsshewnry
bandw dt h er, C at { t CH!@'&R*E real g.ti t woul d

i mply gstsi %é?‘ge&n‘f’}g%%%nglgﬁggt jé?&gé(%c%}% es on yer gr%éce Octbﬁrggé. Qk/ﬁ??lepl e

t hreads woble not be handl ed because the goal is to allow the single

real -time thread to execute as soon as possi bl e--execution of nultiple
threads would hinder this ability. The coding style of these two paradi gns
could be 25 significantly different with regard to issuing nmenory
references and context switching. In the real tinme ?ase, t he gyoal is to

i ssue as many nenory references as 50dn' aé bo?sibl"e i orderl to'nithilni ze

t he medbry | at ency-t+nctred-by--those+referentes:-+rHavitng-+i+ssted-as many
references as. 30 eprlysas-PossiuBl € tihgy gogd \wealdxke £ pesfonm pgympny - 28

12 JAN 2004 WO 01116770 . Pc~rnsoon2so7 conputati,ons e Ccroengi nes as
possi bl e in paral | ¥9 #°fh ¥Re referehc®s! ioﬁ%ﬂt’é’?ﬁ %{]fll g%v I Egt'

corresponds to reakeq ifiike doekes zati o is:! B 0)cH dsue In¥¥nlr B} 11bd)! i ssue nem
ref 2 o) issue nenui®fsndrd/Ber f or m wor k ji ndepgndest jofiz nerxriebs |, 2 and 3

0) Sy to completion of memref 1 10 0) perfor r k pende on nem r ef
1 andnfndependent b’fltr%%?kef 2 ahd SJro) i ssud an;]] %gv{/ ‘r:rtgﬁlu nglss&oalsed on .
precedi ng work. o) synch to conpletion of memref 2
A 2-cycle deferred branch is shown below, where
n2 and n3 are both allowed to complete before the branch to
bl occurs. Note that a 2-cycle branch deferment is only
20 allowed when the condition codes are set on the microword

preceding the branch.

| e ————a—— e e ML e R e e L e e S 2

25 microstore lookup | nl | cb | n2 | n3 | bl | b2 | b3 | b4 | b5 | -
reg addr gen | {nl lcob|in2 | n3 | bl ]| b2]| b3 | bd |
reg file lkup | ! | n1 | cb | n2 { n3 | bl { b2 | b3 |
ALU/shftr/cc | [ | fnl | cb|l n2 | n3 | bl | b2 |
write back I | ! | i nl il cb I n2 | n3 | bl]

30
The microengines also support condition code

evaluation. If the condition codes upon which a branch
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0) perform work dependent on memref 1 and 2 independent of memref 15 3 0)
i ssue any new nemrefs based on preceding work. o) synch to 98%Fb$§i of
memref 3 o) performwork dependent on the conpletion of all 3 4%1

i ssue any new nemrefs based on preceding work. 20 In contrast,

opti m zat i omofopnetréir oughput and bandw dth woul d take a diffepepiisairRggach.
Wth optimzation for m croengine conputational throughput and overal
menory bandwi dth | ess consideration is given to 25 single thread execution
| atency. T, | i LS, e | d _be.to equal l ace nory

ref er ences@eaggggéwt%ggr# %‘?%par%%rsae%no? orovfgﬁlccﬂ"et ﬁ?&&&."%fﬁrss%&%gFa ngvi de a
uni f orm sthranchf tkeenry cpdbs it dxadnrh NatSRAM aas SBRAVigeAkEakl ers and
woul d naxigize t he_probability that 1 30 thread is al ways avail able to hide
the menory°TatRARyEFRCRFFRE SRS IFAN Of Bade & SWEppegaslfier:2 9 1 2
JAN 2004 WO 01116770 PCTI USOOn2807 Regi ster file address types: Referring
to FIG. 3C, the two register address spaces that exist are Locally
accesstIy regi sters, and d obally lactdssfbl e3rkegilst ebs! accessi bl e8 by all 5
m croengi nes. The Gemeral--PtHpose-Regi-sters-tRRs}--are-4-pleenied as two
separate banks (A banksadrd k) S r e re, ingterl eav on a

wor d- by-word basi s _such thaﬁxﬁggankw?g ?§?€?s§ﬁ2v§<ﬁs%§d,ggﬁdg% ﬁ%ﬁk

regi sters have | sb™F 2B¥cR®bank is chfabl &2of Fef 1% kg 'ab%ilnd? tlaneous 10
read and wite to e ftld ferlamt Words wi t miinl irt2s | bank.xx¥Adresg banks A and
B, thaoregister seirLy/8Rifes-Adcs0 Organi zeg infaqyf pui; Wi gdqug, 76pp-76b3 of 32
registers that are relatiyely addressabl e per thread. Thus, thread 0 wll
find its register‘ﬁngfq?fg (regiSter' 0), thelthréat 1 #5 wfh It ¥nld its
register_0 at 77b (register 32), thread-2 will find its register_0 at 77c
(register 64), and thread:3 at_77d (register 96). Relative addressing is
supported so that nu ?i%#%ﬁt?ﬁ et F&E St hEC£RRA1EARE €BARPORNSt ore and

| ocati ons hRtdessesst dsét efiantcoMdidawnOfcddR@. St @he?Beo2@, PerEor m di fferent
functi.Qns., The uses of ,regi ster w ndow addressi ng and bank addr essi ng

provi de t REFRG BELSIRACHURMIRAAS & wycds ¢ dwathesr tanrRAMS kA t he |

m croengi ne1 &4ir epec W ISter; n e e 25 from
Cont ext o § o R e Ry arar tosSAmEE o886, %2

cont ext swilpeflteveke shraamch defidmiendt ed)d €amtlexseswminghbfigchrdéthas a 0

cycl e over f C | fro ext. to_another.. Relative register
addressinggﬁgg?dgéetﬁgﬂggﬁgét{ﬂraéﬂﬁigﬁ%1 oﬁwpﬁd3§§ éEFBEE ?ﬁgeﬁﬁﬁress 30
wi dth of the general purpose register set. Relative

20 Condition codes (cc's) set 2 cycles before a l-cycle

deferred branch:

25 microstore lookup | nl {n2 | cbln3 bl | b2}| b3 | bd |
Inl 1n2)cbin3| bl | b2]| b3 |
| | n1 1 n2 | cb | n3 ] bl | b2 |
| ! I nl | n2 | cb | n3 | bl |
] | ] inl | n2 | ¢cb | n3 |

reg addr gen
reg file lookup
ALU/shifter/cc

write back

30
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- 30 12 JAN 2004 WD 01/16770 pcr/USOOnzso7 addressing all ows access any of
the wi ndows relative to the starting point of the w ndow. Absolute

* addressing is also supported in this architecture where any %ﬁk
absolute regi sters may be accessed by any of the threads by prOV| ng the
exact addraggofisrbdie register. Addressing of general purposedgdsshssns 78
can occur in 2 nodes depending on the mcrowrd format. The two nbdes are
absol ute and relative. In absolute node, addressing of a register address
is directly specified._i 0 r (s s b

s directly speci i egnl 0ndOcdsblineil! i [IHA 3R 23485 RBnRAL ve

| a5lad4la3ladtakhalfaGz0d. StBepRite Isdtflih [Hifel mdtrdb2tbbyrled2atagSRAM ASB: |
a6la51a410. 1 a31la?2lal)al0la6=1, a5=0, a9=0SDRAM a61a519910
Ia31a21a||56f8835 gé@ mé@‘ié?%iﬁ?niﬁpﬁﬁﬁiﬁxﬁfﬂﬁqpe@Pﬁfs&B@cVPFSH in 8-bit
dest fiel da2@efn@€sd@p: rZ@ﬁ@@zﬂQ?;tJﬂﬂ:uﬁjuituqxﬂﬁthmanth_lttené@ GPR |
d71d61d51 , d41d31d21dl 1 d01d70, d6=0B GPR:

d71d61d51d40a%142maknae18Y =byeesaing' ~trmmm path or the

d71d61d51d4g3sd21dh! =1y
d71d61d51d41§’§1d21%11%01§’7 1, %g’ﬁgcr%jﬁaigégf ?raesfefcfes §8e,8uessed o
<d7: d6>=1, pathend CNelthefObetstadqflnmtﬁkyeknanayh@tc@ntextorelatlve 30

S cpoci 11 BCK BRe AL Brapeartes Trmet R Ol Bl e

SRAM ASB andtghRfgMiaddilémsnatdd as shokiiN BB :WO 01116770

10
guess branch taken /branch is taken
b1 2141 31 41 51 61 71 8]
----------------- Fmmmm et e b e e e f e m———f————
15 microstore lookup I nl | cb | nl | bl | b2 | b3 | b4 | b5 |
reg addr gen | Il nl | ¢cb | XX | b1 | b2 { b3 | b4 |
reqg file lookup | | | nt | cb | XX | b1 | b2 | b3 |
ALU/shifter/cc { ] i Il nl | eb | XX | bl | b2 |
write back | | | | | nl | cb | XX | bl |
20
If the microcode guessed a branch taken incorrectly, the
microengine still only wastes 1 cycle:
] guess branch taken /branch is NOT taken
25
I 11 21 3} 41 51 6] 71 8]
————— - e ke e L s Rt
! microstore lookup |l nl | cb jnl | XX {n2{n3 | nd4d | nd5 |
reg addr gen I nl | ecb I nl | XX | n2 | n3 | nd4 |
30 reg file lookup ! fnl | ecbinl | XX ]| n2ij|n3]|

ALU/shifter/cc
write back

| | fnl | ecb | nl | XX | n2 |
| | | } ml | ¢cb | n1 | XX |
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PCTNSOOI 22807 spaces can be addressed. Effectively, reading absol ute ,
SRAM SDRAM devi ces has the effective address space; however, Vg@&k@gs
~restriction does not apply to the dest field, witing the SRA till
uses the full address 5 space. In relative node, addresses a specified
address i sSWOOEEI70M t hi N cont ext space as defined by a 5-bi tpCrIsSo0o22807 el d
(a4-a0 or b4-b0): 76 54321010 +---+---4---F---t---F---F---+---+ A
GPR | a9l1 0 Icontextl a3l a2l all a0l a4=0 B GPR i b4l 1 Icontextl b3l
b21 bl b0l b4~0~ SRAMANRS:) alyy l(htjéxb:érl R2%4 bdel, ab3=0
SDRAM 1lab4l 0 lab3lcont ext':. b21 bllab 1%@%%:9 533%9%%%9‘1:3? defined by
the 6-bit desterently (witerigyicrogdse guessep @ branch is not taken:

A R T S PRy Sl .. ol cont | ,.d31 d21 dl
401 d5.0. daa0 B GPROT WSS zach Nt Ffens %#Fqéblg%ﬁé,& Fhgen

SRAM ASB: |thisde dade d8b comsteed |cytesllds @t dhitl pbedéd@. d3=0 SDRAM | d51 d9)
d3|con%ext| d21 dlI 1l dO) d5=1, d9=0, d3=1 25 If <d5:d4>=1,1, then the
destinati on address does not address a valid register, thus, no dest
operand is witten back. The follow ng regiisteris are gl pbal | y7accessi bl e
fromthe mcroengines_and_the_oemcy, confrollers, 30 .hash_unit_registers

scrat chpad and conmnon r%gi sters recei ve FIFO and receive status FlFO - 32

1 2 JAN 200 WO 01FE6F3sEe 048R zsol Yy &ndi t 21 3 tlr BhdnPt IcBhitr 8F FI FO
The m croengi nes are@ addr igat er r upt dr islen.cbEacil mex ofdOW exachd gs unti |

conpl afpi on and thengaspev,ELiy i s 5 ghosenbasgd,qn §t,@2tD§P§i"v|gn§4 gd by other
t he SDRP.

devices in the processor 12. Referring to FIG 4, menory

control l er 26a i ndtY48RMGTERGTY rkferbnce! quelidd dcFRvhete nBhdr §3 rlef er ence
requests arrive frontehsckari ousl m croengi nes 1012Ra42&f 1 dhe aEnory
controller 26a includes an arbiter 91 that selects the next of the

m croengi ne reference requests to go to any of the functioning units. G ven
that one of the m critewegveresfis quens drapch NoTertekea bguesh, ishe

ref ergrce st will hrough the address and command 15 queue 90,

i nsi dggt he{%h}%%%ﬂ r%?$2§re “E%sa?ec?fq{c‘geeﬁ"ef erence request has a bit set -
called the"optimzed MEMbit" the incom ng reference request will be sorted -
into either the even bank queue 90a or the odg bank queue 90b. If the
menory reference request does not have 'a émo 3) 28 'op i'mi Satidn! bft! set,
the default w Il be-to-go-rmo-air-orter-tuene-90¢---Fhe--SBRAM+eoritr ol | er 26

is a resource whi qﬁcirss@}@rmkggongmne.,.&elp&i nt g flage 282 |t22§ ceue

procesgor 20 and the Pg: i nterface 24. _The SPF;é!\/IC troller al so

mai nt &i ns a state Tachite For pe forln'“rln‘gP cb S8 Y %2 768
reg file lookup | ! | nl | cb | XX | XX | bl | b2 |
ALU/shifter/cc | | | inl | cb | XX | XX | bl }
write back | | | | I'nl | cb | XX | XX |

25 The ‘microengine can combine branch guessing with l-cycle
branch deferment to improve the result further. For guess
branch taken with l-cycle deferred branch/branch is taken

is:
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25 READ- MODI FY-Wite atom c operations. The SDRAM control ler 26 al so
perfornms byte alignnent for requests of data from SDRAM The ‘PﬁdﬂN gue

* 90c maintains the order of reference requests fromthe mcroengines. Wth a
series of 30 odd and even banks references it may be required that a -33

f 2 JAN 20vb W60 16770 PCTNSOOI 22807 signal is returned omfgnisessrser

conpl etion of a sequence of nenory references to both the odd and even
banks. If the m croengi ne 22f sorts the nenory references into odd bank and
even bank references and one of thg banks e 9 ghle 3 £ven ba;nr isldrai ned
of nmenory references before the odd bank but the signal is asse t&d'on the
| ast even reference, t{he nenory cont Forrer 26z -couatconéet vabty+si gnal
back to a m croengiiggostval ldeduprenof ynlr ¢qrestnzhadeiconpd et 88l,] BYgnpe ough

the odd bank refergancgahiadefot been penvj egd; bhi $,;19 QCGULS 3ngglcoul d
cause gcoher ency %oﬂ%n}) The sjtuation is avoi ded by providing the order
0

p
queue 90c al lowin 8MPne t o have! Ml tigh & Hehdhy !r'e? driehdes
out st andi ng of whiZal¥/emifrerta | ast nenory refearlehod needs o jsbynal a
conpl etion. 15 The,SPRAMcgontrol | er g6a al sojinciuydes g hi Ip“ qri ty queue
90d. In the high priority queue 90d, an Incom ng nenory reference from one
of the m croengines goes directly to the high priority queue and is
operated upon at a higheie R¥d <Y idnbdd)an Hat Qercy@@.%rMerEsﬁ@HCf§t%§c%he
ot her .20 queues, All of these queues, the even bank queue 90a, the 0dd
bank. lfueudroobidden By ddie RrafuUmn £fd e aRdgRYpePBEEEYlHUCUe, are.
i mpl enent e&;é@sfn&'ﬂgé%%Mft&'%d{i%&.hatlf' ﬁilcggg(éalel Y gggg@np ed into four
di fferent W ndows, each wn owlhaw ng 1ts own head and P& poi nter. Since
25 fillinginedrecathyngl operle iahdmretoilateacyi mgheihspakpasddaasi ngl e
out put, thg% ‘gar}%ebfqlﬁj aced into the sanme RAM structure to increase density
of RAM st ructur e e SDRAM control l er 26a al so includes core bus
interface logic i.e., ASB bus 92. The ASB bus interface 30 |ogic 92
interfaces the core processor 20 to the SDRAM-34 t 2 JAN 2004 WO
011 16770 PCT/ USQOI 2 TRl drakegn withe 1asgch@sdrSesreds that incl udes
a 32 bit data path apsh@erRSHdcGd affr Ralden The data is accessed to and
frommenory through MEM ASB data device 98, e.g., a buffer. MEM ASB dat a
device 98 is a queue for

-------------- i e et R et STt RS

20 microstore lookup | nl | cb | n2 | XX | n3 | nd | n5 | né | n? |
reg addr gen | I ml | cb I n2 | XX 1 n3 | nd | n5 | n6 |
reg file lkup | | fnl | cbln2 | XX | n3 1 nd | nd |
ALU/shftr/cc | | | fnl | cb |l n2 | XX 1| n3 | nd4 |
write back | | | | f.nl i cb | n2 | XX | n3 |

25
If microcode correctly guesses a branch NOT
taken, then the pipeline flows sequentially in the normal
unperturbed case. If microcode incorrectly guesses branch
NOT taken, the microengine again exposes 1 cycle of

30 unproductive execution as shown below:
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5 wite data. If there is incomng data fromthe core processor 20 via ASB,
interface 92, the data can be stored into the MEM ASB devi ce %84]?@8
© subsequently renoved from MEM ASB device 98 through the SDRAM'i 14 110
to SDRAM nenory 16a. Al though not shown, the same queue structure 10 can be
provi ded fowotohaérreads. The SDRAM control |l er 26a al so i ncl udpgrpRe@Rgsne 97
to pull data framthe m croengines and PCl bus. Additional queues 1 nclude
the PCl address queue 94 and ASB read/wite queue 96 that maintain a nunber
of 15 requggks SDRAM i nterface 110 via
mul tipl exefe 105. E‘?’ﬁ?%??pl‘:gggﬁ?%g%@]g j('s:%n arﬁcﬁq-l ed by the SDRAM arbiter 91
whi ch detects the full ness of each of the queues and the status of the
requests and fromthat decides, pri Qriyt ase n pr ramab e val ue
stored in a 20 priority servi cle cloﬁr)lt rzol¥ %eéi Sqt ir ﬁdo.ﬁog)nce cohthof to the
mul tipl exer. 106 S€Iécis a nEWoryr 7eTerente reuest--=ttre-menorty-+ef er ence
requests is sentmiaroatchecodsuplGhivheabe iz | sxxdecndedsandyan Bgldr ggs, i s
generated. The degpdad- addr ess itsn§e|ntcaépntzh? x?DBABIY' ?5D2| Etéaargage 110 where
a S to

it is deconposed into row and col um ress r obés cteds®t He SDRAM
16a and wite or*$edd*8dt4P dver Watal PinesP1ba2sbridi hPldatk? tiobdus |12, In
one inpl enent ati &%!/sbésr/te2 lis actual |y twe separai2e) bixssespi nsgegd of a
single bus. The gsgRargi& buses woul d inc|ude 39 e ing the

di striguted m croengi nes 22a- 22f -35I ~|| 2 JIAN 280”% 8\%28%5’9%3%{ !

PCTI USOOr 12807 and a wite bus coupling the distributed m croengi nes

22a22f. A feature of the SDRAMya@Btf:0kL &re28ankS dibadwothen @ LY.
reference is stored in the queues 9 in 5 adgi tion tw(‘)3 thg1 O"B |Sggﬁesd VEM

, LN 5
bit that can be set, there is a "chcg’l Af FEPBTEerarREaRatai ni ng bit when set
all ows for special handling of contixgh®wrosterengh méémwendes. As previously
mentioned, the arbiter 12 control s highpBEdORNH M || be selected to

provi meppry, ref erence 10, requests over the conmander bus to queue 90
(FIG (1% ggsg??i%ﬂs%fofh% THER T 9GS50 o BRETehEYRABSt 8 to have the

arbiter sel&téntheatenchtorpdd Uddawd aheP s budreguestefoihat bus
because sefti ng of the chain bit indicates that the m croengline issued a
chain requ%%?w until the end of the cycle in which the jump is in

the ALU stage:

20 b1 20 31 41 51 64 71 81 9|
-------------- R D T e s T S
microstore lookup | 'nl | jp | XX | XX | XX | j1 | j2 1 33 1 j4 |
reg_addr gen | [ nl | jp | XX | XX | XX | 51 | 32 | 33 |
reg file lkup | I _I nl [ jp | XX | XX | XX | j1 | j2 |

25 . ALU/shftr/ecc | - | ] Pnl | jp I XX | XX | XX | 31 |
write back = | [ | | f nl | dp | XX | XX | XX |

Context Switch: )

Referring to FIG. 3B, a format from a context
30 switch instruction is shown. A context switch is a special
form of a branch that causes a different context (and
associated PC) to be selected. Context switching

introduces some branch latency as well. Consider the

-24~



15 Conti guous nenory references will be received in queue 90 when the
chaining bit is set. Those contiguous references will typicallgy2 bﬂﬂoﬁ& ed
“in the order queue 90c because the contiguous nenory references are
multiple megonry, references froma single thread. In order to [
synchronizaggﬁﬁeﬁﬁﬂe menory control |l er 26a need only signal 5§Q%§@ﬁéhgﬁof
t he chai ned nenory references when done. However, in an optim zed nenory
chaining, (e..g, when optimzed MEM bit and chaining bit are set) the
nenory ref fRAEND AR GFEY P tEhff erent banks and 25 potentially conplete
on one of the banks issuing the signal "done" before the other bank was
fully drained, thus destroying coherency. Therefore, the chain bit is used
by the controller 110 to maint&inrt the herody & df e¥ dnces f7om Bhke Qutrent
queue. 30 -36 1.2 JAN-2004+ VWO-p}L /16770 +RCINS0QL228QZ-Raf-ecring-fo FIG
4A, a flLow representation ,of.th itratio licy in,the, S controller
26a is éhown. Thé“lgf%slttof%tllocglﬁuppgl‘?{(:3 ?aaao}?rsqcﬁgi In(ra% 'mn%rloé‘ﬁgl:)%whiﬂ%ﬁy ,
requests. The pr&eesaddrigenst rts! Bt éxaanil g forl 52 ¢had neddni @fokngi ne
menory refer elnce regQfiQst Sxublba. Tlhe prcfjlcqas& 11k Stays At it ke clhai ngd
requests until t in,bit is eared. ,The process ,exam nes, ASB bus
requests 115b fol g&ggkﬁ/gbcf bui reaues{§nli§%quﬁgﬁ ?NoP?tb“ bue
Service 115d, Oppasre @2Bank Requésts!115¢, Oldey [GErde*0 Réquestk 115f,
and Sampp Bank Requests 115g. Chai ned request are serviced conpletely,
wher eas services 115b-115d are serviced in round robin order. Only when
services 115a-115d are f*UP¥S ogrii ALY cGBRETt F€%or ocess handl e servi ces
115e-115g. Chai ned m croengime ifetmanygh meésmwend enldld eauestks are when the
previous SDRAM nmenory request, Bas.dnR&Chal i PideiSet rcali@N cbhixghain bit is
set then the arbitration engine sinply services the sane queue again, until
the chain bit is cleared. The SE&%'s higher priority than PCl due to the
severelperformance penal ty impdsedwoerr2@xt f@o®t rong arm core when t he ASB
isinwait state. PCl has highet Mok@dd kycdohasy t he mi croengines due to the
| at ency requirenments of PCl. However with other buses, the arbitration
priority could be different. As shown in FIG 4B, typical timng of a
menory 25 wi thout active nmenory optimzation and with active nenory
optimzation is shown. As can be seen, the use of active nenpry
.optim zations naxi m Zes a enisxtofsifechtshandt husicamord i aoer a4 WO
011 16779 PCE Y5QR 220 18 REntARCEGHDILRLENEY YLD Sl Hgal SDRAM
caused by saving the correct old context PC.

Conditional branches that operate on ALU
condition codes which are set on the microword before the
branch can select 0, 1 or 2-cycle branch deferment modes.

25 Condition codes set 2 or more microwords before the
éonditional branch that operates on them can select 0 or 1-
cycle branch deferment modes. All other branches
(including context rearbitrations) can select either 0 or
l-cycle branch deferment modes. The architecture could be

30 designed to make a context arbitration microword within a
branch deferment window of a preceding branch, jump or

context arbitration microword, an illegal option. That is,
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In this exanple, a non-optimzed access can take 19 cycles while optim zed.
access can take 7 cyles. Referring to FIG 5, the nenory contf@l JAN 20&b 5

* for the SRAMis shown. The nenory controller 26b includes an address and

command queue 120. Wile the nenory controller 26a (FIG 4) has a queue for
menory opt WO aiateren based on odd and even banki ng, nenory caumosdobe2s026b is
optim zed based on the type of nenory operation, i.e., a 10 read or a
wite. The address and command queue 120 includes a high priority queue

120a, a read spielenbX i) s dofft%ewtetéwiteﬁ“%oﬁﬁﬁoﬁb!trSéeéfp&ﬁecﬁU”Cti on
that an SRAM perforns, and an order queue 120c which in general wTl
i ncl ude al®® WG AW ISR H@ndadsansitigreinotbe pipabhnepbenause.

Al though gl riditbnddie addiaay apt.agTERAG.aHeHe 120169ube g0y {ge! ude a

wite queue. The SRAM control ler 26b es core“bus In Ace | ogi c
i.e., ASBantext PCrhe TASB anghiitecénfraceohiddi el$22bentiesigned tbe core

procesgor contraoller 26b., The ASB bus .is a_bus that
includgs a gﬁ %F%£§E§¥§§£%¥%E%ﬂjE§e2§rﬁpfga88}8§§eﬁgtH?n?ﬂg 9kta is accessed
to and frretsding tyanugh) NoMpASE dohzesteviebit28tibnlmiclobyifer. MEM ASB
data deviceg 128 is a queue for wite data. If there is incomng data from

the core 25-15F%dedSHrrVaid, icomrda cated: PR PP ibLReupRFadéahable st ored into
the MEM TSR LH rhkikd cyd subsequently renoved from MEM ASB devi ce 128
through SRAM interface 140 to SRAM nenory 16b. Al though not shown, the sane
queue structure 30 E3gh mizrrpemgioe W2ao2Rf63ROPPCYSUSILE Z280Feaded be

provi ded faedifdds: oot MdAUgl.! ehnbleabar EaE! Lies gD ggoi ne 127 to

pull data fromthe m croengi nes and PCI" bu e menory reﬁﬁe fs axe sent
to SRAM i raldrdwacmes thiead &£ omsdtiantl exesut26g FThetnaftepl exeshd26 i s

controllequ% E?e SRAM arbiter 131 which detects the full ness of each of
the queues HitEd HeE SHER s MEMAe FeEFEE0CE 3RS PRSH YALE BREIdEEh®% i ority

based on agfe@nyETRidng l\edldse belfr@ddbAnd RbEEr Wb¥kSer¥hes KORLyPL M egi ster
130. Once control, to the
1s critical to maintaining efficient hardware execution of
15 the microengines because memory latency is significant.
Stated differently, if only a single thread execution was
supported, the microengines would sit idle for a
significant number of cycles waiting for references to
return and thereby reduce overall computational throughput.
20 Multi-threaded execution allows an microengines to hide
memory latency by performing useful independent work across
several threads. Two synchronization mechanisms are
supplied in order to allow a thread to issue an SRAM or
SDRAM reference, and then subsequently synchronize to the
25 point in time when that reference completes.
One mechanism is Immediate Synchronization. 1In
immediate synchronization, the microengine issues the
reference and immediately swap out that context. The

context will be signaled when the corresponding reference

30 completes. Once signaled, the context will be swapped back
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1b‘ mul ti pl exes 126 selects a nenory reference request, the nenory reference
request, is sent to a decoder 138 where it is decoded and an r i
nory l\/app:ﬂgo"?ﬁ%nhfp

* generated. The SRAM Unit maintains control of the M

SRAM and Expansi on ROM The SRAM controller 26b can address, e.g., 15 16

MByt es, W tWipog1@70 8 MBytes mapped for SRAM 16b, and 8 Wytgérég%ﬁ?%?d for
speci al functions including: Boot space via flashrom 16c: an nsol e port

access for MAC devices 13a, 13b and access to associated (RMON) counters.
The SRAM | d for local J|ook-up tables and queue 20 managenent
functi ons. ﬁhgg%ng%%H%l yheo %bg%"p%fr'tsé“atﬂw@q“@&tl GRCHE St eRRAS Akt Lens:

M croengi netsetjuest so (viam. prives £ Hrsn 1 PaRtSRAMy 12w oE0Le sl{ﬁgggssor
(via ASH busﬁ)) to/from SRAM The SRAM control |l er 26b perfornms nmenory
reference SBPEFRG T o*PFRFRFEECRTERRER UM &x)cToyomsk afites iLssuingm t he

SRAM i nt er £ A€ emdiROr & e FEROE YddEY - ndh &g RAM LI L WIngr; 13Q 126 nory
refere%ge sorting f)ased on the rerc}id i:%9 12 stglffggil\/\%hélﬁfggggngg

PG' T/ US00/ 228B¥eE@ficti on. A bubble can either be 1 or 2 cycl es dependi ng on

the type of nmenory dgvi %@ RAM Q) |l er_26b i ncludes a | ock
| ookup device 142 whi cigﬁ?%ﬁgﬂhéél gﬁ%l elesﬁt Ty aé%glﬁ esg'gci‘(fﬁf‘é'ﬁfat%ogddr essabl e
menory for Ihodklapsd ofynekdon bzatsi orfactheposidricangine udguasvahied bit that

is exam neg%fé subsequent _read-|1ock requests. The address and conmand queue

120 al so i HERCe Y ERE TNt LINNR O RRFCURRe SRESH OLbek REREUbLeue

120d i s usedrkoiheésen@att NBAOIe el e F e@emet 14 1hek.f 3kl because of
a Ioc? exi Stif@ 1?% a portion of nenory. That is, one of the m croengi nes

i ssues% nEMW ‘E]%gtn?‘l’l%ﬁs?ﬁé % rBRFir 28 dlhies thrwad 'iss processed in
address angx&ont{ioh Q&‘?é@m1@9-tﬁ@ec%ﬁt}icfr?%lfestthgwi!slrsltﬁaerr%tfgrgrq gi ther
Wi

the order queue 120c or the read queue 15 120b an recognlzec?t as a
read | ock Pefeestfumtheromerblierpesiomidd. addeshilsoploinaokup device 142 to

det er mi ne ' tiond I dy | ocked. |f this nmenory
| ocati on i%%%Qﬁe%iﬂ%?nr%%f%ﬁ%?aj?éea%%%ct%c{r ggﬁéstw,lﬁhgr’rt ffsSHBRory | ock
request wioutfohé cunrent|tci2fedib, strd exvap) ith®ackadnl eelekaink gHesg 120d.
If it unl ocked Lf 142 shhows no | ock on that address, then the address -

i or
of thahss mefory TR eTRTRECRFT 1N GRRE SR hOTSRARE INUR: exPGEELDgOthe
perform a &fipgéht Offte SRAM GSIH € Shd S Mdrice m%gugg&e}aegﬁmgxegga; The
al s r

command controller 25 and address generator 138 w | ent e | ock
into the |BRkYBDKSYRFRERAERR AN o5 timpl ementeguasingesyol diffeegnests wil |

find the ngi@ﬁyli,%:a%épé}néé)pked. A nmenory location is unlocked by operation
of the a mcroconttol i1nstruction in a programafter the need for the |ock

has 30 ended. The | othttls memanyt oukkaranceclisarissgctibeéedabiitdhbat - 40
20 transfer register, the signal from which the thread is

triggered is generated when the corresponding transfer
reg;ster valid bit is set or cleared. For example, an SRAM
read which deposits data into transfer register A would be
signaled when the valid bit for A is set. If the memory

25 reference is associated with the transfer FIFO or the
receive FIFO, instead of a transfer register, then the
signal is generated when the reference completes in the
SDRAM controller 26a. Only one signai state per context is
held in the microengines scheduler, thus only one

30 outstanding signal can exist in this scheme.
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12 JAN 200 wo oiiis~~0 pc~riusoonZao~ in the CAM After an unlock, the read
| ock fail queue 120d becones the highest priority queue giving all queued
read | ock misses, a chance to issue a nenory |ock request. AstshaAN 2084 FI G
5A, typical timng of a static 5 random access nenory w thout active nenory
optim zati MOANETM t h active nenory optim zation is shown. AscTrasooreseeen,
groupi ng reads and wites inproves cycletine elimnating dead cycl es.
Referring to FIG 6, comunication between the 10 m croengi nes 22 and the
FBUS i nterface Logi cTHd )ades a&hq%.stTlﬁaoFggﬁeggg_eg{,@fgtg 4D a network
application cap perforns header processing of inconing packets fromthe
FBUS 18.,Rqﬁﬁﬂh HE50 WHiah M€ regostratéprabécperpoegsans extidct i on of
packet heagderdesi L i r 1 e j i O r ot ocol
Rached |omkan e |1 R S OB o LTI EE ™ e
packet he&fEPuyte grheranaibuto ande cyere 1pr nemesyrba@8dé bdtoaee sophi sti cat ed

processi n : taj ransmt FLFO 1H2, a 20, Recei ve FI FO 183,
a HASngn?’tpt}grgLie?d %%I&%gﬁ?%%s%ngfgéépggerggfg?grgxi%‘ét?leﬁhese four units
communi catl@tendy .t h&'hiisc peeragiines w1l dvinaka béﬁgewhéﬁptﬁée%s?‘@&ﬁfss to the
SRAM bu%a?§8r¥qw}i ch s connected to the transfer registers , 80 in the
m croengi NES MHHATRYE THEFOSRAHRSS: SXEGHE P8 BBl EHRLE rBhFeaRs BeF oengi nes
are via thddrcuigfiele aQiurNated d88a pREKEBYS interface 28 includes a
push state machine 200 for pushing data into the transfer registers during
the time cycles whi ¢h 6+ & §SNOnagsmagreoargSRAMBecutlilon 2 JAN 2004 WO
01/ 167@0 gggs;gg/ %}&Ql (s t .of S d ul | at e machi ne
202 for fgt.chi ng dat aY%‘Q??r??t e {nrlg%?f g(re Fggi ggg%r%g‘?nofhcgv?%% ctive
m cr oengi ME.CrHencHashiqupwtiet througtestaapdi ovetaFl AfEmodyy8a, 5 188b. The

hash unit t er.m.nes at_ the FBlI 28 .received an FBI hash request. The
hash unit PESEWS 'estlﬂ‘é‘ssn pl?é??lﬂ“oﬁof‘ﬁlg CAFPHAG FRETOeiR fef 2. After the

keys are frbtrehed vinth hashed-tihe codseesiaty €rhiveseds b@&ksﬁpaitrfke calling
m cr oengi n&@%ﬁh Up to three hashes are perforned under a 10 single FBI hash
request. T digdaipes, tdhats sere wask UHPEI rheelerely SORIGNeRsh/ pul |

dat a, 18nd s3pies spash/mWd tdaed. Eaeh fcbhs§ﬁaPHéSPé%\§%§er&a%°m”—"' signal's -

which will provide read/wite controls to the appro m CT oengi ne 22
Transfer C&fdiEasionsof the single thread execution be given

priority over other considerations such as memory bandwidth
or overall computational throughput. A real-time thread
would imply a single microengine that executes only one
20 thread. Multiple threads would not be handled because the
goal is to allow the single real-time thread to execute as
soon as possible--execution of multiple threads would
hinder this ability.
The coding style of these two paradigms could be
25 significantly different with regard to issuing memory
references and context switching. 1In the real time case,
the goal is to issue as many memory references as soon as
possible in order to minimize the memory latency incurred
by those references. Having issued as many references as

30 early as possible the goal would be to perform as many
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-42 ~3~ 2 JAN 2QQ~ WD 01116770 PCT/ USO0Il 21807 Cenerally, transfer

regi sters require protection fromthe context controlling t hem oy agpnt ee
read correctness. In particular, if a wite transfer register 1s belng used
by a thread_1 to provide data to the SDRAM 5 16a, thread_1 nust not
overwite yhiginkegi ster until the signal back from SDRAM cop¢takdonzsita
indicates that this register has been pronoted and may now be re-used.
Every wite does not require a signal back fromthe destination indicating

that the function.has en, conpl . because if .1Q.th hr. ites to
the sane &6 Wﬁlﬁ&t&ﬁgﬁeggt tpﬁa{wagégg%laﬁsoﬁaﬁm%%sﬁéqﬁ ﬁ'l%e%Péég‘gg s, the
order of uhehcaiel ekifetenseguar Antewsurvatiom fllvat thavraed respoddst hus only
the | ast command requires  the signaling back to the thread. However, if the
thread us&® mFRdi it eCBMH‘GZEBlgBeh%‘s (order and read), then these command
requests nust be broken into separate context tasks, so that ordering is
- mai ntalned via context swapping. The exception case indicated at the
begi nn?ng of ©hi SSy&mEr&phlis relative to a certain class of operations
usi ng an unsod)i ceddmENISEftD 20 transfer registers fromthe FBI for FBUS
status inforngtigLe Lo, 9.dey to protect read/wite determ nismon the
transfer registers, the FBI provides a special Push protect signal when
t hese speci a|°’FBFr§ﬂf§h“<Hf5e’r'é’12PW§“5r°é B T8 1 439D 01/ 1b770 12 JAN
2004. PCT/ USOD228fkh Anycomptetdemgifneer?2ef Hat uses the FBlI unsolicited push
technjgue nusf) LesforhNodtr 9%%9&&&“0& IRl JE OlanhiOiREEERRNE D Ren FBES
i nterface/ m croengi ne agreed upon, transfer registers. If the flag is not
asserted, 3fAeh the 5 transfer regi sters may be accessed by the m croengine.
If the. flag ¢)siAsserhecewhean réfs bagedext pseerdios warkk- N cycles prior to
accessing theyy @ghdt @b ScomPrMibQrds héh Se€quNt is determ ned by the nunber of
transfer registers_being pushe |l us a frontend, prqtection w ndow. . The
basi ¢ i dea 10°% EFHA" ‘E’%é‘ ﬁﬁpcef‘g%’htgf’weﬁu%ﬁf e8] %%nge?ﬁngami k?\gnme(ﬂnuf?:&l y nmove
the ddba vhich it wishes to read fromthe read transfer registers to GPR s
in conti guoUSoCYGLES an§ hewhiferPYSfs BHGHANEn PReseding workl i de with the ,
M cr oengi ne read. Cgeh:er En‘gotdiage rsnemlgek% is to be understood that while
the inventi on®hd"pedR TEELFTBRA T RCSAT unction with the detail ed
descri ption themeoform Herk deragdenig ctleder ¢9PPLeionsof atbrd&ets o illustrate
and not |imtof hess€QRe mfs hdie réfy @Biddoan psbéeiing vodef i ned by the scope of
t he a%Bended clains. 20 Ot her aspects, advantages, and nodifications are
wi thi i“the scope of the following clainms. What is clainmed. is: -44

In contrast, optimization for throughput and

bandwidtﬁ would take a different approach. With
optimization for microengine computational throughput and
overall memory bandwidth less consideration is given to

25 single thread execution latency. To accomplish this, the
goal would be to equally space memory references across the
microprogram for each thread. This would provide a uniform
stream of memory references to the SRAM and SDRAM
controllers and would maximize the probability that 1

30 thread is always available to hide the memory latency

incurred when another thread is swapped out.
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1 2 JAN 2QA~ WD 01116770 CLAIMS 1. A controller for a random access nenory .
conpri ses: PGINSO0lI ZZ807 an address and command queue t hat holgs qﬁ@fﬁﬁ 5
references froma plurality of mcrocontrol functional units; 4i 004
read/ wite_gqueue that holds nenory reference froma conputer bus: a second
read/mmitevaﬁ@%@Tphat hol ds nmenory 10 references from a cor #GFVEWe32887: and
control logic including an arbiter that detects the full ness of each of the
gueues and a status of outstanding nenory reference to select a nmenory
r ef er ence Ragirsteme fafl et heldyessesyp&5:2. The controller of claim 1l wherein
the control logic further ,select ne_qf the queues fo provide a next
menmory references baSE§ToHlS Po%ﬁgnna r ethel BRO TR ¢ 20dReST ity
service Cefdcdls te@itSke®ist2@rd. 1.5Ba1CoNLESLEEILDY sbaismdryhesgin the
address and command queue_ conprises: a high priority queue that holds
nmemory ref@RRiddy PFERSSILER eprrgistereadrsesobblasby #1b JAN 2004 4. The
Contr05|eﬁd&&d@n@ﬁﬁb%.Wth%'@eh@%aﬁdgﬁgﬁésénﬁe&9§H§PQ HeSRE) CRLPr1 Ses: an
even bank queue; "an odd bank queue; an

implemented as two separate banks (A bank and B bank) whose

addresses are interleaved on a word-by-word basis such that
A bank registers have 1lsb=0, and B bank registers have
1sb=1. Each bank is capable of performing a simultaneous
10 read and write to two different words within its bank.
Across banks A and B, the register set 76b is
also organized into four windows 76bo-76bs of 32 registers
that are relatively addressable per thread. Thus, thread 0
will find its register 0 at 77a (register 0), the thread_1
15 will find its register_0 at 77b (register 32), thread 2
will find its register_ 0 at 77c (register 64), and thread 3
at 77d (register 96). Relative addressing is supported so
that multiple threads can use the exact same control store
and locations but access different windows of register and
20 perform different functions. The uses of register window
addressing and bank addressing provide the requisite read
bandwidth using only dual ported RAMS in the microengine
228! |
These windowed registers do not have to save data
25 from context switch to context switch so that the normal
push and pop of a context swap file or stack is eliminated.
Context switching here has a 0 cycle overhead for changing
from one context to another. Relative register addressing
divides the register banks into windows across the address

30 width of the general purpose register set. Relative
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wherein, when an optim zed nenory bit is set, a mcroengine sorts nenDry
references i nto odd bank and even bank references 5. The ConiéeJA @@8
claiml1l wherein the address and conmand queue conpri ses: o} 'ﬁ e and
wherein control |l er exanmines an optim zed menory reference bit- and if set,
causes i ncOMPAY16784 erence requests to be sorted into either RGRUSOPRB0B ank
queue or the odd bank queue. 6. The controller of claim5 wherein the
address and conmand queue conprises: an order queue; and wherein if the
nenory ref gi@ness igg ueSlowoescdis ame of RDWLnapksTraaktnebtd cgé, the
menory reference is stored_in the order eu 7. The controller_of claim1l
wher ei n t h8tageRE PRI %ﬁﬁﬁ%@ﬁénﬁéérﬁﬁséngrhﬁlé 1s@nory
structure @HQBGPgﬁi'ﬁﬁsthfﬁ‘é¥ék¥té3ﬁﬂ¥%'M%kr%t%%&ngngegﬁr¥héeferences an
even bank quele for storing menory references; an odd bank queue for
storing neabsglukd erepisters masgrbqoraqyrasrs)edq@euenwopfstcbm khreaderby

52LF;8 A VEf§q+%%%%ht% LBIOT Yy géégnégeiﬁgﬂfgal%eggented into - 46 12

T 0070
Addressing of general purpose registers 78 can

occur in 2 modes depending on the microword format. The

two modes are absolute and relative. 1In absolute mode,

addressing of a register address is directly specified in
10 7-bit source field (a6-a0 or b6-b0):

7 6 5 4 3 2 1 0

B e O et ettt

A GPR: | a6l 0 | a5| a4| a3| a2| al| a0l aé=0

15 B GPR: | b6l 1 t b5| b4l b3| b2| bl| b0O| b6=0
SRAM/ASB:| a6| a5} a4} 0 | a3| a2} all a0l ab=1, aS=0, ad=0
SDRAM: | a6| a5 a4l 0 | a3l a2l all a0l a6=l, a5=0, a4=1

register address directly specified in 8-bit dest field
20 (d7-d0):
7 6 5 4 3 2 1 0

D Lt e et S

A GPR: | d71 d6! d5| d4| d3| d2| di| d0{ d7=0, dé=0
: B GPR: { -d71 d6lld5I dd4] d31 d2| di) 40| d7=0, dé=1 .
25 - SRAM/ASB:} d7| d6| d5| d4| d3| d2| di| d0| d7=1, dé=0, d5=0
SDRAM: | 471 dé| d5| d4| d3| d2| dl}| d0i| d7=1, d6=0, d5=1

If <a6:a5%>=1,1, <b6:b5>=1,1, or <d7:d6>=1,1 then
the lower bits are interpreted as a context-relative
30 address field (described below). When a non-relative A or
B source address is specified in the A, B absolute field,
only the lower half of the SRAM/ASB and SDRAM address
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four different queue regions, each region having its own head and tai
pointer. 8. The controller of claim?7 wherein the address and¢y ggﬁgﬂnd
queue further conprises: an insert queue control and a renove queue
arbitration logic to control insert and renoval of menory references from
t he queues.w0®126770he controller of claim1 further conpri sipgrauscwasevand
controll er and address generator that is responsive to an address froma
sel ected nmenory reference fromone said queues, to produce addr esses and

comands t @aely’ dard BRI BRLEL f Ap8red B 01y Tredeild Al o Cl @i M 9
further conprising: a menory interface respons Ve to ge erate Addr esses

and connané%UNﬁiSﬁﬁ@ﬁﬁuﬁ@WﬁﬂﬁSr%aéonheoefﬁeghaVs a@dyesls ﬁ@&n&mantroller of

claim1l wh e 0 alnl t hat when
set alloms$¥ﬁ#ﬂg%2cﬁg?Q% |ng o 28% §§u§§§¥ %Dr§péi§eﬁea Qﬁ? The
controller fa.feld,alwmﬂ::.\ﬂgerteuen SRAMFSDRAM sti2b tibes ctited NEuli X a/udﬂes:snnt rol

the arbiter _to have the arbiter select the functional unit which previously
request d %2 %us because setting of the chain bit indicates that the

m cr oengl ne issued a1ghaidlataedesibde; 44ddrd2sd AN 2spedriddie frud ol | er of
claiml wherein the control logic is
is offset within context space as defined by a 5-bit source

field (ad~-a0 or b4-b0):

7 6 5 4 3 2 1 0
10 e et ST TE PR
A GPR: | a4| O |context| a3} a2| all a0} ad=0
B GPR: | b4l 1 |context| b3| b2| bl| b0| bd4=0
SRAM/ASB:{ab4] 0 |ab3|context| b2| bl|ab0| ab4=1l, ab3=0
SDRAM: |ab4] 0 lab3|context| b2] bl]ab0{ abd=l, ab3=l
15

or as defined by the 6-bit dest field (d5-d0):

7 6 5 4 3 2 1 0
T T L s S LT et
20 A GPR: | d5]| d4|context| d3| d2| dl! d0| d5=0, d4=0
B GPR: | d5| d4|context] d3| d2} dl| d0| d5=0, dd4=1
SRAM/ASB:| d5| d4| d3|jcontext| d2| dl]| dO| dS5=1, d4=0, d3=0
SDRAM: | d5| d4] d3|context] d2| dl} d0| d5=1, d4=0, d3=1

25 | If <d5:d4>=1,1, then the destination address does
not address a valid register, thus, no dest operand is
written back.

The following registers are globally accessible
from the microengines and the memory controllers:

30 hash unit registers

scratchpad and common registers

receive FIFO and receive status FIFO
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réspon5| ve to the optim zed nenory bit and a chaining bit, and assertion of
the chaining bit and the optim zed nenory bit controls the ar by benan ogo4

" mai ntain an uni nt errupt ed sequence of the nmenory references froma current

gueue unti] the chaining bit is cleared. 14. The controller
wherei n t hYO%HBfT8r has an arbitration policy that favors chglfrﬁgaﬁﬂb%

m croengi ne nenory references. 15. The controller of claim14 wherein the
arbiter has an arbitration policy that services chained requests until the
chain bit is cleared. 16trERsNd&nEAEA er of claim1 wherein the arbiter has
an arbitration policy that. stafiks Je%am l;@g for chained m croengine
menory reference requests. he contro er of claim 16 wherein the
arbitration policy elm'blnas:rcdwqm@snmr potegosstrsupbd Geivenvi céach
conpletely., 18._The controller Qf cI ai Wh%l‘%l n.when the %F?I n,bit is

set, the AMFIGAIOEAFIIERS & ggﬁe GeiB8g8i ReEnFLPYth2 chain

bit isscl es{®sbn -badded on state smgnaled by other devices in the
.A35. A @®. Ahy. A A & A@oAr. A .AL.ANL. A{& A .AS .AA _A9r. A Al.AA A9 A({

sL. Ahy. AhLPTRCESSOMRK2 A9. A AS . A Ah. A@yr. Af. Ar. A Ay. AL. AUr . AUG A. A Al f. A@
A. Ar. AS. A5SL. A 2 :
~Xr mhc”Y] caj ca]yZ:ai cgca%i c\zﬁ{i ctao] cFétaLﬂ c$a]t(1;1 a]Sgggchgfggfgafggfgg] %a] ca] ca] ca
] ca] ca] ca]2&d @a‘}ccia.}m awa;qwmqech@a quguelsy 90 where memory

V#{vql ga\ V. a C aJ ca) ca] ca
(Ve ot Yool e d el enle ol salvnl b hanlaokapkolesteabenkgl oal oo ca
8E&E&' 1T - V2 zfa-zzf l 03r*ry§ oS gﬂdﬁﬁ:ﬁtﬂ]mlﬂmwmw]lm‘aﬂsc ahcajrbatea] 8a] ca] cal]

ca] ca] cal] cal] ca] cal] ca] ca] ca cal] cal .cal c

333333= 4>4’818at.$$.l¢\8¢@\811\EA§(ﬁ§ FP&;GPHHNHGW PS as) 6]‘3?% %‘%]aetﬂeﬂ%%é’]ecsé“ﬁ] & ca

] ca] ca] ca Bf%&% aderadCaddd Lﬁﬁ]tcsaU](@]v‘é%]%ﬁh%a]o‘ﬁ@] o] eak] cal] ca]
cal] ca] ca H HHH | MNNNINF NNNOROO® PPG>Qv Q0?7 Sp'S

TCT} TTTTT%L@F@@J}@%&J} £3] @FSQY:J&GJCTEQ @]%ﬁ&?ﬂn&ﬁ EEEEa) E&Fca) ca) cal calcalc
T R4SV |Eémbnd f

g]gga]gm%ﬁég k a ‘Sé-yt 0] gi%fﬁ cajc kﬁiﬂ cg%]ecgﬁﬁég]%%ag%g]zggé]m%ga caj ca?J

] ca] cd]&alﬂ;ua@eai@pai@sﬂea@@]%m]mﬂ re]iemd&Ea) cdjfc &becal] ca} pwssssst t

8v/ # C~K~ o] :

- C\éll] \é\g\ﬁ(gg{céﬁﬁ%’%ﬁ‘%l%%ﬁ‘fﬁ% é]‘%%]%c%/ \gﬁuctg]éca cacf l~}ca- gﬁa?%gﬁggaqc;a EZ]U]C

g}caCRn GFlt;hthe 1n§8Fffg refirence request will be sorted into | ca] cal
aQrnvx6| wr mhc”Yj e calJcalcalc ca ca] caU] ca ca] ca] ca

ca] ca] ca] ca}Eh?éa‘f AUp¥aly %ﬁ‘]‘ a‘E)}%‘é‘% c%%%é% %Fgfglzi‘rﬁgT L

$[ y| wr ngb\ kef ]@ﬁ?ﬂéceéféf&ﬁ@&f@& sl & s aloalealc al erleadycal cal cal cau

ca] c*a

] ca] caU] ca] ca gca] cal] ca] caU] ca] caU] ca vw

ohps| QUpkPrtWezaLiohc }'éaf%?a] cﬁﬂ*%a‘]‘%&ﬂ}% ]‘*é’aU} &f é'é] &) Y% Bfcay] ca] cay

Igﬁl]Q;?% Cg]zﬁglﬁgg]fv@llg%lj %% ? } cg%ca] ca] ca] g?éﬁ ::lasU]acaﬁecsaol‘Jl] ca] cal]caJca]c
a] caU] caUphathaik ca]\aa]adaimal]lgaﬂzha] ERUS cujeentfacq 2B, she
*5AQ0 88@BLVWKSU |
g] ca] cal] CH]“EQEJFEQTZ:I(:%PCQ]“% #ﬁg]zt{# f{fg%%%f%lafﬂagarfc%ﬂ(ﬁbﬁgiﬂcga] cqlcalcale
{J]qu}‘ ZV eth&QéMé@U]zsahﬂzabl% ﬁ&}lﬁﬁa}atﬁkl} sast zog aaaﬁlmi@aﬂm}rmiﬁmﬂﬂiw caj ca
ca calca]calca]c
DBvP" * DZ Chfé%?céf&’&&cﬁ?}ﬁ%ﬂ%’ﬂﬁ ca] TAF SHRA SRR cay ¢
s ;
b ;s‘]vczk;%}tfel speptapl ppechetipalipleol cRlamateiof s o) oy carc
a] ca] ca] caBp®aM} ca] ca] ca] ca] calcalcalcalcalca %}
The order queue 90c maintains the order of .
reference requests from the microengines. Wj.th a serj.es of

30 odd and even banks references it may be required that a
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A ] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] capc a] ca
: K~ytoj e’ caJca]calcalca]ca]ca]ca]c

fga]cétfig]gg}igﬁagg}cakﬂca]ca]ca]ca]ca]ca!)+BFBS7[cfn{qugb\V@%]@&i?&g]ca]

cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] calJca] ca] ca] ca] ca] caU] ca] cal] ca]ca]ca]c

a] ca] ca] ca]wapradmmd . h+Rbi HsS7[ cf n{vqgl gb\ W] ] cal] ca] ca] ca] ca] peg/gadopasgal cal
caj ca] ca] calca]ca]ca]ca]]cal] calca] ca]ca] ca] ca]ca]ca]ca]ca]cal]cal]calca)”ifH
10%& ()-3 &10%&' () -

f109&' () - @1@9{&1@5%&@%«1@ éfo 4B 1 [ " 18R L1QWFE () -1t
g ’?) M1 &0/3 F3

| Z" 109%AAL () - | Z" 109%AA& (
10%&;()_,7m9@or10r9fgrgggea_ 9 -bgth the odd and even banks If the

: ' VR
Tora<ibe 1T TTA00 & 1) - G ES1 0P (A SO CToF1 o9e0( pag bank
.| 109%& () 2nd~p el ObyhROPEE ¢ e ye 4 (IANDH -0l AU anksS1 %L Ehe$@0%

% 8 I5t #it 89/@2’(’%\/?? gﬁé&h“?ﬁ‘ &k STemREK & §Genensesohe fore) thel odog () -

JdE: / bank but the signal is asserted on the last even reference,
the memory controller 26a could conceivably signal back to
a microengine that the memory request had completed, even
though the odd bank reference had not been serviced. This

10 occurrence could cause a coherency problem. The situation
is avoided by providing the order queue 90c allowing a
microengine to have multiple memory references outstanding
of which only its last memory reference needs to signal a
completion.

15 The SDRAM controller 26a also includes a high
priority queue 90d. 1In the high priority queue 90d, an
incoming memory reference from one of the microengines goes
directly to the high priority queue and is operated upon at
a higher priority than other memory references in the other

20 queues. All of these queues, the even bank queue 90a, the
odd bank queue 90b, the order queue 90c and the high
priority queue, are implemented in a single RAM structure
that is logically segmented into four different windows,'
each window having its own head and tail pointer. Since

25 filling and draining operations are only a single input and
a single output, they can be placed into the same RAM
structure to increase density of RAM structures.

The SDRAM controller 26a also includes core bus
interface logic i.e., ASB bus 92. The ASB bus interface

30 logic 92 interfaces the core processor 20 to the SDRAM
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j }’\?7/ 10 WO 01/16770 PCT/US00/22807
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10%KE&' () - 26nB8OYGEr (2 63+ 10848 A3B WBUHD U A bus#Gat0ihEQUd&s( h- BH10% & () -

106 bit data path and a 28 bit address path. The data is
accessed to and from memory through MEM ASB data device 98,
e.g., a buffer. MEM ASB data device 98 is a queue for

5 write data. If there is incoming data from the core
processor 20 via ASB interface 92, the data can be stored
into the MEM ASB device 98 and subsequently removed from
MEM ASB device 98 through the SDRAM interface 110 to SDRAM
memory l6a. Although not shown, the same queue structure

10 can be provided for the reads. The SDRAM controller 26a
also includes an engine 97 to pull data from the
microengines and PCI bus.

Additional queues include the PCI address queue
94 and ASB read/write queue 96 that maintain a number of

15 requests. The memory requests are sent to SDRAM interface
110 via multiplexer 106. The multiplexer 106 is controlled
by the SDRAM arbiter 91 which detects the fullness of each
of the queues and the status of the requests and from that
decides priority based on a programmable value stored in a

20 priority service control register 100.

Once control to the multiplexer 106 selects a
memory reference request, ‘the memory reference request, is
sent to a decoder 108 where it is decoded and an address is
generated. The decoded address is sent to the SDRAM

25 interface 110 where it is decomposed into row and column
address strobes to access the SDRAM l6a and write or read
data over data lines 1l6a sending data to bus 112. In one
implementation, bus 112 is actually two separate buses
instead of a single bus. The separate buses would include

30 a read bus coupling the distributed microengines 22a-22fF

-35-



10G 10GF710%&" ()-S5 109%& () -333 10%X' () - #2) zX6bC
10l y@ #109383&' ()-'t @#10%' ()-!'f. @ #10% 12 JAN 2004
& ()-1~@#10%&' ()-!~@ #10%m& ()-#10% & ()-2G kwU3bC : _
V#9009 () - #%A0%W*& () -1 #%M0N [ & ()-!f~#%0%& ()-!, s#10%& () -
|, s#10% : & ‘%’P-Olﬂﬁm 11, T#10% : & () - . SH109& () - 109&' () - $&1 BERUSP0/2280Mn
10nn 10nn! #%40%n& ()- A zX9uVv4 1!'! T#109&' ()- .!'1, TH109%&' () -
N~ THI0YR@R@ () - . !t, TH10%H& () - ., THL09& ()- .!'t, TH10%H& ()- . A EF G
HUa p T!b@la! vSi6%hs ¢dupHlheo tige (Jidthidputed mit@ddidids 22210 10
10y710%&f(Eé;[!"#$%&WUBb@D
A feature of the SDRAM controller 26a is that
when a memory reference is stored in the queues 90, in
5 addition to the optimized MEM bit that can be set, there is

a “chaining bit”. The chaining bit when set allows for

special handling of contiguous memory references. As

previously mentioned, the arbiter 12 controls which

microengine will be selected to provide memory reference

10 requests over the commander bus to queue 90 (FIG. 4).
Assertion of the chain bit will control the arbiter to have
the arbiter select the functional unit which previously
requested that bus because setting of the chain bit
indicates that the microengine issued a chain request.

15 Contiguous memory references will be received in
queue 90 when the chaining bit is set. Those contiguous
references will typically be stored in the order queue 90c
because the contiguous memory references are multiple
memory references from a single thread. In order to

20 provide synchronization, the memory controller 26a need
only signal at the end of the chained memory references
when done. However{ in an optimized memory chaining,

(e..g, when optimized MEM bit and chaining bit are set) the
memory references could go into different banks and

25 potentially complete on one of the banks issuing the signal
“done” before the other bank was fully drained, thus
destroying coherency. Therefore, the chain bit is used by
the controller 110 to maintain the memory references from
the current queue.

30

-36-



11 SH109h& () -. ! SH10%H& ()-. ! SH10%h& ()-.! S#10% & ()-.!DS#10% h

h& ()-.! YSH109Mh& () - . 888EE&&& BC 1! S#10S#@L0% h&' () - @ 0% h&' @)2 JANCHI0H
h& ()- 10 h 10 h 10 h, 710% h& ()- S#10% & ()-.'')), ++L, wU3bC 1! S, #10%
& ()-F 1yf #10%h& ()-#! f#10% h h& () - #! af #109Mh& () - #!

f#109Mh& (it 0%&' ()-#L,6-r-s-t-u-v---~ @1!S, 10%}| & () - 10
h 10 h 10 %@f@%&&' ()-S, #10% 0& ()-F 'yS, #109%& ()-F -l-z..(n’)&gjgpz{o}g(igﬁoj(@%l!!t

"10%9 | & ()-3 ! "10% | & ()-3 ! "10%E H & ()-3 ! 10%|"| & ()-!
10@6,&f()-y#}O@&l&f()-0T1§2333§332[PEE 1!!"104| 104! ) .
104 @10%1 & () @103 & ()L @I L FIPIE Qe AP 0333045
ﬁ%fé% | & Ehe3akk#L0%kE &n( boBsEYl 1Q%H& §DRAL QUM & ) ekl Y &s() - 688OH: : : 1 ::
shown. The arbitration policy favors chained microengine
memory requests. The process 115 starts by examining for
5 Chained microengine memory reference requests ll5a. The
process 115 stays at the chained requests until the chain
bit is cleared. The process examines ASB bus requests 115b
followed by PCI bus requests 115c, High Priority Queue
Service 115d, Opposite Bank Requests 1ll5e, Order Queue
10 Requests 115f, and Same Bank Requests 115g. Chained
request are serviced completely, whereas services 115b-115d
are serviced in round robin order. Only when services
115a-115d are fully drained does the process handle
services 11l5e-115g. Chained microengine memory reference
15 requests are when the previous SDRAM memory request has the
chain bit set. When the chain bit is set then the
arbitration engine simply services the same queue again,
until the chain bit is cleared. The ASB is higher priority
than PCI due to the severe performance penalty imposed on
20 the Strong arm core when the ASB is in wait state. PCI has
higher priority than the microengines due to the latency
requirements of PCI; However with other buses, the
arbitration priority could be different.
As shown in FIG. 4B, typical timing of a memory
25 without active memory optimization and with active memory
optimization is shown. As can be seen, the use of active

memory optimizations maximizes the use of the bus and thus
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Referring to FIG. 5, the memory controller 26b

5 for the SRAM is shown. The memory controller 26b includes
an address and command queue 120. While the memory
controller 26a (FIG. 4) has a queue for memory optimization
based on odd and even banking, memory controller 26b is
.optimized based on the type of memory operation, i.e., a

10 read or a write. The address and command queue 120
includes a high priority queue 120a, a read queue 120b
which is the predominant memory reference function that an
SRAM performs, and an order queue 120c which in general
will include all writes to SRAM and reads that are to be

15 non-optimized. Although not shown, the address and
command queue 120 could also include a write queue.

The SRAM controller 26b also includes core bus
interface logic i.e., ASB bus 122. The ASB bus interface
logic 122 interfaces the core processor 20 to the SRAM

20 controller 26b. The ASB bus is a bus that includes a 32
bit data path and a 28 bit address path. The data is
accessed to and from memory through MEM ASB data device
128/ e.g., a buffer. MEM ASB data device 128 is a queue
for write data. If there is incoming data from the core

25 processor 20 via ASB interface 122, the data can be stored
into the MEM ASB device 128 and subsequently removed from
MEM ASB device 128 through SRAM interface 140 to SRAM

memory 16b. Although not shown, the same queue structure
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can be provided for reads. The SRAM controller 26b also
includes an engine 127 to pull data from the microengines
and PCI bus.
The memory requests are sent to SRAM interface
5 140 via multiplexer 126. The multiplexer 126 is controlled
by the SRAM arbiter 131 which detects the fullness of each
of the queues and the status of the requests and from that
decides priority based on a programmable value stored in a
.priority service control register 130. Once control to the
10 multiplexer 126 selects a memory reference request, the
memory reference request, is sent to a decoder 138 where it
is decoded and an address is generated. The SRAM Unit
maintains control of the Memory Mapped off-chip SRAM and
Expansion ROM. The SRAM controller 26b can address, e.gq.,
15 le MBytes, with, e.g., 8 MBytes mapped for SRAM 16b, and 8
MBytes reserved for special functions including: Boot
space via flashrom 1l6c; and Console port access for MAC
devices 13a, 13b and access to associated (RMON) counters.
The SRAM. is used for local look-up tables and queue
20 management functions.

The SRAM controller 26b supports the following

transactions:
Microengine requests {via private bus) to/from SRAM.
25 Core Processor (via ASB bus) to/from SRAM.

The SRAM controller 26b performs memory reference
sorting to minimize delays (bubbles) in the pipeline from
the SRAM interface 140 to memory 16b. The SRAM controller

30 26b does memory reference sorting based on the read
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11 S@10% P8’ t ?eFtYWQQ%qH@J(y -device i@mloyedt () -, 10%4 & ()- 10t 10t
10t7-10% & () - zbcdet £ 9978y controller 26b includes a lock lookup
device 142 which is an eight (8 entry address content
5 addressable memory for look-ups of read locks. Each
position include a valid bit that is examined by subsequent
read-lock requests. The address and command queue 120 also
includes a Read Lock Fail Queue 120d. The Read Lock Fail
Queue 120d is used to hold read memory reference requests
10 that fail because of a lock existing on a portion of
memory. That is, one of the microengines issues a memory
request that has a read lock request that is processed in
address and control queue 120. The memory request will
operate on either the order queue 120c or the read queue
15 120b and will recognize it as a read lock request. The
controller 26b will access lock lookup device 142 to
determine whether this memory location is already locked.
If this memory location is locked from any prior read lock
request, then this memory lock request will fail and will
20 be stored in the read lock fail queue 120d. If it is
unlocked or if 142 shows no lock on that address, then the
address of that memory reference will be used by the SRAM
intérface 140 to perform a traditional SRAM address
read/write request to memory 16b. The command controller
25 and address generator 138 will also enter the lock into the
lock look up device 142 so that subseguent read lock
requests will find the memory location locked. A memory
location is unlocked by operation of the a microcontrol
instruction in a program after the need for the lock has

30 ended. The location is unlocked by clearing the valid bit
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in the CAM. After an unlock, the read lock fail queue
120d becomes the highest priority queue giving all queued
read lock misses, a chance to issue a memory lock request.
As shown in FIG. 3A, typical timing of a static
5 random access memory without active memory optimization and
with active memory optimization is shown. As can be seen,
grouping reads and writes improves cycletime eliminating
dead cycles.
Referring to FIG. 6, communication between the
10 microengines 22 and the FBUS interface Logic (FBI) is
shown. The FBUS interface 28 in a network application can
performs header processing of incoming packets from the
FBUS 18. A key function which the FBUS interface performs
is extraction of packet headers, and a microprogrammable
15 source/destination/protocol hashed lookup in SRAM. If the
hash does not successfully resolve, the packet header is
promoted to the core processor 28 for more sophisticated
processing.
The FBI 28 contains a Transmit FIFO 182, a
20 Receive FIFO 183, a HASH unit 188 and FBI control and
status registers 189. These four units communicate with
the microengines 22, via a time-multiplexed access to the
. SRAM bus 38 which is connected to the transfer registers
78, 80 in the microengines. That is, all communications to
25 and from the microengines are via the transfer registers
78, 80. The FBUS interface 28 includes a push state
machine 200 for pushing data into the transfer registers

during the time cycles which the SRAM is NOT using the SRAM
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20
3. The controller of claim 1 wherein the address and
command queue comprises:
. a high priority queue that holds memory
references from high priority tasks.
25
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5. The controller of claim 1 wherein the address and
command gqueue comprises:

an order queue and wherein controller examines an
optimized memory reference bit and if set, causes incoming
reference requests to be sorted into either the even bank queue

or the odd bank queue.

6. The controller of claim 5 wherein the address and
command queue comprises:

an order queue; and

wherein if the memory reference request does not have a
memory optimization bit set, the memory reference is stored in

the order queue.

7. The controller of claim 1 wherein the address and

command queue is implemented in a single memory structure and

comprises:

an order queue for storing memory references;

an even bank queue for storing memory references;

an odd bank queue for storing memory references;

a high priority queue for storing memory references;
and

with the memory structure being segmented into
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10 9. The controller of claim 1 further comprising:
a command controller and address generator that
is responsive to an address from a selected memory
reference from one said queues, to produce addresses and

commands to control a memory interface.

15
10. The controller of claim 9 further comprising:
a memory interface responsive to generated
addresses and commands to produce memory control signals.
20  11. The controller of claim 1 wherein the control

logic is responsive to a chaining bit that when set allows

for special handling of contiguous memory references.

12. The controller of claim 1 wherein assertion of
25 the chain bit will control the arbiter to have the arbiter

select the functional unit which previously requested that

bus because setting of the chain bit indicates that the

microengine issued a chain request.
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responsive to the optimized memory bit and a chaining bit, and
assertion of the chaining bit and the optimized memory bit
controls the arbiter to maintain an uninterrupted sequence of the
memory references from a current queue until the chaining bit is

cleared.

14. The controller of claim 1 wherein the arbiter has an
arbitration policy that favors chained microengine memory

references.

15. The controller of claim 14 wherein the arbiter has an
arbitration policy that services chained requests until the chain

bit is cleared.

16. The controller of claim 1 wherein the arbiter has an
arbitration policy that starts by examining for chained

microengine memory reference requests.

17. The controller of claim 16 wherein the arbitration

policy enables chained memory requests to be serviced completely.
18. The controller of claim 16 wherein when the chain bit

is set, the arbitration engine services the same queue again

until the chain bit is cleared.
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