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CONTROLLER FOR PARALLEL PROCESSOR ARCHI TECTURE 5 BACKGROUND Thi s invention
“relates to nmenory controllers particularly for use in parallel ppo&ﬁfsz@gg
systens. Parallel processing is an efficient formof information proc i ng
of concurrevbopyeress in a conputing 10 process. Parallel progegsgidagaéemands
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 tinme. Unlike a serial
par adi gm where all tasks are 15 perforned sequentially at a single station
or a pipelined nacbRi¢ @ORTROLBEKSFOREPRRALUEDEPRALESSHSRI ARCACHEETBREONS,
with parallel processing, a plurality of stations are provided with each
capabl e of performing all tasks. That is, in general all or a plurality of
the stagions work 20 sinultaneously ang,pdepepgdent!y on the sane or conmon
el enents of a problem Certain problens are suitable for solution by
appl yi ng paral | el protleisi hgvehkionyreystesstoseemdny pesattel1geecessi ng

tasks can he ineff cifnt I\/bnnry.systerrf can _have a dead tine 25 i.e.,
bubbl e thatp%%%l‘é‘iljf?ﬁé YpBoq Bre2iRyRPER h%ﬁe%‘?‘ﬁas%ng heY$yBBSof nmenory
devi ce enpl oyed. Paral BAN pBOc¥E: DA 164 69n PLH £ LISPON£2853m RY

According to an asgect of the present invention, a controller for a random

access menotEPHBELLHRR BRCGESFLERE @fdCeRARBFRNURYRNtfatn hal dempehbng

ref er epges 5 ! ] n nctional units. The address
and coggran %ﬁ%ﬂsi ng%%%ggiéyré%%g%lgjgé%gaa%%ﬁ%négrééhé)‘éﬁﬁ?ﬂfi?’éeaﬂ 482t hat
hol ds menorof redmy epregréamsnia socempuveess . cdieraont to! s€quaheoaincl udes

control logic including ﬁn a%biter that detects the fullness of each of 10
t he queues ba‘?fbc%s§’c%‘9us P ERAPFRRTRRE 0P L Ut RILHHE Py PEPRRSSPES erences to

sel ect a Mys@ry] 181 LERNERVLDSEE UGLIRY hé PEN O, Ond h&%vogugé-t@es% ror &

of the follow ng advantages may be provided by one or e aspects of the
i nventi on. BEnThe Whbky doserbval epapadionmehenceroall redskengeesorting to

m nim d b L. ipeline_fr an interface to, neppry. The
nenor yﬁgysﬁéa%f%&gggi %né%e{]gl%]éﬂ{l %%ﬁdsW€$ nEnor§°% e%e%t%lﬁ’?]g’?n%ﬁje

i ndependentmach ivaé uwiee rdheaskesDa ye Cpat fothed £naddesi ABIBEY seieionse 20
sorting which reducgf%giad time or a bubble that occurs with accesses to

SRAM Wt h b rBaF NREQCE DS TR 2 SRt ¥ Mt HeY QfF rEfat e @F®Nn on si gnal
> b . . ( (
i nes bet W§Ho ¥ £3EG @ Eh VEAERScRPATVE ESE %M%ﬁgﬁﬂ%ﬁ”&i@%{ e

wai ting for current to settle on conductors cou t he
SRAM cont r gt$ erin Themera]l aht driaepburdbityirof echairstatiams tverbus need to

ot hegd PAOLs{8.shargl s s abgiendlieyy (PG MEOIE! Sullof e
or gani zes relatientesot oanpabbYemlchCéhdih OpbSldmdOSrdfsuitable for
solution by applying parallel processing.
Memory systems used in parallel processing tasks-
can be inefficient. Memory systems can have a dead time
25 i.e., bubble that can either be 1 or 2 cycles depending on
the type of memory device employed.
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30 reads can be followed by long strings of wites. This can -2 1 2 JAN
2004 WO 01116769 PGI/ USOQ 22653 be used to mninize dead time iygtipel 2004
“pipeline to effectively achieve closer to maxi mum avail abl e bandw dt h.

G oupi ng reads and wites inproves cycle-tinme by elimnating dead cycl es.
The nenory 2&M81%er perforns 5 nenory reference sorting baset/usvoazgssad
menory reference. The nenory controller can also include a | ock | ookup
device for | ook-ups of read | ocks. The &igmessy and command queue al so

i ncludes a read lock fail queue, to hold read nenory reference requests

that fail because of PFCPEALNE t&iad iafpest £Hdhe drregentenbnyemsion,

det er m nedabyohfigolloel IFeekEp rA\HdnE a BRI AL THE DRAW NGS 15
FIG 1 is a block diagramof a communicati orrl%s%i&enjidenp %sl gy’ gradress

har dwar e- b&88d CREMANEH AugYeEd thadc dsdais mMen@ry? refearateted | £cbml #ck di agram

of the dar e Lt thr gcessor_ .of FIG 1. FIG 3 is a block
diagraé?ofggggggggzngfggl%Egpgn%gggh%& ORI WEF i n The 26ERRS e- based
nul tithreaded poomesdorueieFiGSlulean@d Zedd uéﬂ%iéh&iéﬂf¥¥$@iagra”10f a

pi peline in tgg niﬁroengine of FIG. 3. FIG 3B. is diagramthat shows a
format for T§2S5WEGRPRUCRG LR holdsc Memer yFimefaErce s ftacka diags am

how ' ar.r. nt. FlG i's, a block
o oo ooy SFPEOSEBERO 8Btk 2bIdY, B I oS A oot T (e

di agram of a nmenory contro or enhance

har dwar e- baBeduddngueni atbésded thatc eetects- The FulInAN LG MRIDIHA6769

PGT/ U 2 3 4A is_a_flow chart that represents an arbitration
polic§N¥L gﬁésﬁgkﬁkéoﬁ S0P BFabHSEPE cATPReEions 9is ontStAngling memony hat

shows advantfigesnoésopbi Beletd SDRAMEINreFer@hnce® ifHsErRd D FULCK
di agram of a nennrg controller for latency limted operations used in the
£

har dwar e- b88dofuFhft AHEHEEd processor. FIG 5A is a timing diagram that
shows advantages of eﬁéiBEZEBQeSBQNkBQ”E%QHE%Eng advantages may be
provided by one or more aspects of the invention.

15 The memory controller performs memory reference
sorting to minimize delays (bubbles) in a pipeline from an
interface to memory. The memory system is designed to be
flooded with memory requests that are independent in
nature. The memory controller enables memory reference

20 sorting which 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 while waiting
for current to settle on conductors coupling the SRAM to

25 the SRAM controller. That is, the drivers that drive
current on the bus need to settle out prior to changing
states. Thus, repetitive cycles of a read followed by a
write can degrade peak bandwidth. Memory reference sorting
organizes references to mehory such that long strings of

30 reads can be followed by long strings of writes. This can
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10 FIG 6 is a block diagramof a conmmunication bus interface in the
processor of FIG 1. DESCRI PTION Architecture: 15 Referring to F1@& JAN 2604

* communi cation system 10 includes a parallel, hardware-based nmultithreaded
processor 12. The hardware-based nmultithreaded processor 12 is coupled to a
bus such aswveoffg7édus 14, a nenory system 16 and a second b s00/36s3
system 10 is especially useful 20 for tasks that can be broken Into

par al | el t &S { OQS ecikfically.hardware-based nultithreaded
processorq%g IS uégéJﬁyﬁgﬁi?gsﬂ§§?h3§&%rghbéﬁamPﬁPﬁipre Ped rather than

| at ency oreéffectivdhe achilemeeccbased tul makhmandedaplapesspbndifas .

mul tiple m.croengines 22 25 each with nultiple hardware controlled threads
that can ba" ¥FPAY ahedeE | AT FiEeSnimPRO¥BENBERLEYEWBEKDEN a task. The

har dwar e- bebagi nat {hd fmeaale_ély@18§.e_88?ﬁe_lx%eﬁb§g bBﬁl:EQE?e? p‘égﬁgr% s
controller 20 that assists in |oading mcrocode contro of ~Ot R&MSr esour ces
of the230 TeMemY%rEefREeRCeUSOT EhRgabadedr oneasvead2mendrpertderencd. 1 2
JAN 2004 WO 01/1676 P 0 ot her _general r pose conputer type
functions such as hg%%?ié%ﬂé%ﬁagéﬁﬁggféﬁﬁeﬁ?Poﬂg?oe%nguaﬁpﬁoﬂPgﬁor packet
processi nglovleure déreice cfoenhooksupssstt heagatkeks. of thEosrgAPESsdghal | ed
processi ng such(gs in boug?ary conditions. 5 In one enbodinent, the
processor ZUING IR ALIN IpAtdee a readetark SriAREMensit bd, hoddt ed

Ki ngdom) bpegd érdly oEdsependber ogaEEEL PHEROREL T BLORLES°820L fgchas an

operating system Through the operating systemt rocessor-2 cal
funct 18ns &%l sparaten on portbemgdHiagendrp2as 2@éteftnpdosgsshe 26ckan use

any suppor e i system preferably a real tine operating system For
the core pir%%keds)pgoé&?%%errent ed as a Strong Arm architecture, operating

systens such as, McrosoftNT real-time, VXWrks and uCUS, a freeware
operating system avail able over the 15 Internet, can be used. The
har dwar e- based nul tithreaded processor 12 also includes a plurality of

function mcroengines 22a-gfpr Fypsti PP G igﬁgwﬁﬁégroengines)

22a-22f each maintain a plurality of program counters i rdware and 20
st at edbassoci at ed WiFHt he s ograbochoudi 2gsam B f est torhyni 8a€06% espondi ng

I lit t f, thread be_sinult |y acti ' h of th
T or oeng! MO LA S HSF e S Beedan | LiRraA9HE BrogngSoRe (| mo

I'n one enbodi nent, tMECE 2rEs S Xd&k &1 DEND 168k 281 29Parg 26 £ aspshown. Each
m croengi nes 22a-22f has capabilities for processing four hardware threads.

The six rﬁQﬁQﬁWﬁﬁ?ﬁQ@%&Qv@@ tiphereadediproceased o£sBLGcek. i ncl udi ng nenory
Symchronous. Dynani ¢ Tdom 3 hdaRe MBS SORAN T LERITRITRE 268 and a
St at i @0Rarftiometiconall @nit ARl HyedD 1/ ¢ 16g 60a FVA #8KA F@H53 Access Menory
{ypi onl |y RISERE ForoRest T TRA T o GO Vol Eirmsl oidiat o, . 9. pr ocesel ng of
network payl oads froma@etawrks RACkES Sk dieg SRV £00tE0bd B n 264 ange SRAM
microengine of FIG. 3.
FIG. 3B. is diagram that shows a format for a
25 context switch instruction. |
‘ FIG. 3C is a block diagram showing general
purpose register address arrangement.
FIG. 4 is a block diagram of a memory controller
for enhanced bandwidth operation used in the hardware-based

30 multithreaded processor.



5 nmenory 16b are used in a networking inplenentation for low |l atency, fast
access tasks, e.g., accessing |ook-up tables, nenory for the core gm@gr
©20, and so forth. The six mcroengines 22a-22f access either the a
or SRAM 16b based on characteristics of the data. 10 Thus, |low |l atency, |ow
bandwi dt h d¥0%1$76% ored in and fetched from SRAM whereas hirghreusobasgyi dt h
data for which latency is not as inportant, is stored in and fetched from

SDRAM The m'croengi (REG 2R 206 & afll % eEhA £t MENDE Yrd é«‘é@ﬁ‘ﬁﬁ é{l‘\s”uc“ ons
to either t DRAM contro] | er, 26a 15 or SRAM control |l er dvant ages of

har dwar e m?l %d’%%é%xﬂﬁ%b@om&rM%nmy accesses.
As an exanpl e, an SRAM@ccassi 4 eslUesh om a, mcroen |ne
wi || cause the SRAM controller 26b 1o | it| a e -an acceslgo‘f% 3V ?Iﬂé

nmenory 16bOfTIPtdmaN iduhtSRRAN rcemtrtoblararbitrati on for the SRAM bus,
accesses the SRAM 16 et st data,.fromthe_ SRAM 16b, and returns data
to a requesting mi cr%‘en%l néerBfZ 9%) a’buq 13IE AR TR/ BRIRQEY  Contrabler

i croengi néox date?dsy Hathivdy Sp&iaeH End Wifé’dj ihaty t hat
m croengine wouyld be dornant until data was returne dgfro &f%ré)%%\%%gBy

enpl oyi ng A FIENE ceslfb RIGRIHRMNG Wit hin each of the nicroengines
22a-22f, the hardwar gepntext; | es. other_cqntexts w th unique
program counters to execut%z(l nssﬁgfpi ni %ﬁa t(:\'f‘?g’i 10w, RAVAREA FRT
thread e.gof Pptdad zErgrSRA cdntrder00 WO 01/ 16769 PGT/ USO0I 22653
functi while the fi t hr.ead 9., Jhread O, is awaiting the read data
to retia(?n. Duri ng exéﬁ-‘ oé:]l tﬁ'églogq ng t% & TN Pathiooty k6.

Whi | e Thr edehtkrdpeieaties tie tﬂ}%m%tp:[ indy Thread_0 is operating on 5
the SRAM unit, a new thread, e.g., Thread 2 can now operate in the

m croengi ne 22a. Thread 2 can operate for a certain anount of tine until it
needs to access menory or perform someDESCRIPTIION) | atency operation, such

as naki ng gSC%S%%E% to .2 bus interface. Therefore, sinultaneously, the 10

processor bus operation, SRAM operat i on and SDRAM oper ati on
all beisg conpl eted @remqua,tged;djm by1 ,one dBnﬁrﬁQﬁ ?% qn *ﬁb e one
ta pat :ig‘h a

nore thread avallable to process nore work in the r dwar e

cont ext swapFrHGes %Wﬁéﬁﬁiﬂl w%ws@ﬁ muld:fittl'aaesied:qrrome&mﬂze, two
t hreads coubd hiphet h%améh%a%i%ﬁ% g}er M, Each ne of these
g., er a

separate functional units, e. 2 sﬁ‘Fe control | er
26a, and tﬁ@uSEDRAMtOO@t rb@ISI esruc’mtns wheaC 1 hm)s danpleeend e @yaterd t@sk from
one of the chroes\ q\ﬂye1 texts reports back a flag signaling

a0 S5

conpl etion®0 StEM 4G dceiafdd i Lilive Usedidengi ne,
t he m20 oefigikneagzre @@Jaﬁtr Haihe Bé.h'}:ﬁ:*bl@é?{ a3d d %al%rlg.eqn sugﬁ%s%a?ij e of an
i

application for the hardware25 based multithrea processor s as a
net wor k pr 58B&§E4PNSAS éﬁm@tl\ﬁe:qalﬁnbdmitaret-rb@srw dmﬂttelthmdelwl tithreaded

processor okBkehh-ages ;1.0 devi.c % as a neg ess
control | erf%ew ce e. g%, 5 f%%%@Bl;fse £3g HAngw |t Et her net
devi ce 13borh,ﬁngede|rartheas taamxetl\mfe}ﬁclw dyieeesr , Thﬁehla%"d@\é@-'é phased
mul tit hreade_dL prpcessor 12 1 2 JAN 2004 WO 01/16769 PCT/ US0022653
muilt readed processor 12 has multiple microengines 22
25 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
loading microcode control for other resources of the

30 hardware-based multithreaded processor 12 and performs
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can interface to any type of conmunication device or interface that
recei ves/ sends | arge anmobunts of data. Comruni cation system 10 fup ti ﬁg@g
“in a networking application could receive a plurality of network g
fromthe devices 13a, 13b and process those packets in a parallel nmanner.

Wth the hapdysrgréased mul tithreaded processor 12, each net&b}@@i@ can

be independently processed. Another exanple for use of proce a 10
print engi ostscri rocessor or_as a_processor for a storage
subsyst em %ethe%r %&P ’g‘f# QAFECTRRIERT e S GEieRs syl 039 ng engi ne.
I'n the secufaridlaihg histddo I EXAEPE fond heepdvend g ading
requires the use of electronic matchi ngn engi nes tou%tpéheﬁi} g%d&Fés bet ween
buyers and Psr@qeér%lngrﬁéwarkh%tmmrqmqm@ Ragrestiod pashest < aof Hefor
acconpl i sheg,n 4die, SJYé& o SSQr includes a bus interface 28
that coupl es the pr olcess to t%m%egc:lg%g é) ’%é’ Jsaﬁ%tce‘?’?‘g’ctel‘fbs28 in one
enmbodi nent IGDMGesembnai:pmmssﬁte J;i?rdcmsm sm:anlé efl SHRéng Gk RAMUS)s The

FBUS interface 28 is re for controlling and interfacing the
pr ocessor fZ%tr(?C{B l%fo%gﬁk %I’é“‘iitEﬁﬁé nited Kngdamhikpsed FO bus, used to
interface tx30-d¥RHeEAGEESS -ﬁggltgéﬂélearl gmb@ogéa\ﬁ 1205"2944%6 §sS0r

ce

i ncludes a second interface e.q. us I nter at couap§ e%n ot her
syst em conepediats nchaystam de TthLtEh R@te ]a@etnast:ltng tdestmroagssor 12. The

PCl bus in 4, pr d S data th 24a to nenory 16
e.g., the ?%FS/E% ?r‘ieorzrrnrzo0 A c%?‘%u%ﬁ% eaoé’aﬁ“"d‘er‘?ﬁﬂﬂa’d‘%l ckly
fromthe SDRAM2DEA a:he ﬂr&:%ﬁ@ﬁmmﬁz&%% PP RS A pugh
the PCl bus 14, via dire rrem)ry access (DVA trans ers. The hardlvvadrae

based mul t SMFEERIRF 2 2ealy Jide soi?%%ﬁjelﬁgr fWTten.,  Hox Hhawar e
based nul tiddHee 3ARFEYRHC S ehferf@Y | OVe d}i?ur dt DMA .channel s so
if 5 one target of a DVA transfer 1Is ga{l;g;yé) Satraf’:o erﬂoneayrc?rhtthecﬁﬂ\ﬁ@ ‘channel s
can take ow@eratdmRCisyalens sisth s, iMifaromsd fNT tma:ﬂrmﬂmr tavgstkd 0

mai ntai n hi REssor 12 efficienc Addi ti onal | the PCI bus interface
24 supportsg‘[a GE° art TheS eﬂ'r%poé?eﬁ%/t&r{ég Syt aFErabishovar dhe

oper ati®ns Mntertied avardeid Gafedn bus 14 access SDRAMs through reads and
wites that are serviced as a slave to target operation. In naster
operations, the procédohaisiwararbasasd muitd tdirre@@te@ptmcmssroen:éwes dat a

dlrectlyfr t t ti, naI re
coupl ed toag'h@g gﬁlar?grdeéspna?eérlﬁﬁf‘a%%ge %ﬁgzescrl beé:f rél(;1

buses are dualcti®nali Unntmsmqnnes ,(nm*cecd:ars;ﬁrcers)rm-amf @ae:ti‘ or er te)

The har dwar e-. b%sed nmul_t.i t hr.ead fﬁrocessor 12 al so i,s constructed such that
the sum of "EHE Bakd ﬁlﬁ“s’:aﬂd‘ PHIRTEAh AOWEES iim thi‘?édb’ratf@eﬁ’é“r 12
exceed@ he shandw Gidscdfi dEWialh Rk preyiine Edun tidla .pr Wl The
processor |2 includes an i nternal core processor bus 32, e. g., XSB bus
(Advanced 8ySP&FesPONding RisuAds rﬁQi’G?es?sfortl’Uf@r&dSZ@atnobtme nermr

controller : t r i hed The ASB
bus is a sgtg)'glgtlt% t he éé%cgﬁ‘gé; oﬁﬁ\/%ﬂgbrﬁrsbsﬂt }}% |m§i%lf;%e§’%—wnteﬁ IZ% %\[grfong Arm
processor ®bdide Bimd yprooeesisoractiadllso dpeaiatdery atpranyaiohebtimd t hat

coupl es the m croengihe units to, SRAM controller 26b, ASB translator 30 and
FBUS i nterface 28. AXh IhEMPIAIDEIE ¢ SRS 3 STRBLFrosRaineser 26a,

26b t 3 he223-22F as ANARPA WA mi®4lkngines 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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PGT/ US00/ Z2G53 bus interfaces 24 and 28 and menory system 16 incl udi ng ,
flashrom 16¢c used for boot operations and so forth. Referring tﬁ FICﬁ1 ,

" each of the m croengines 22a-22f includes an arbiter that exam &sIp 3@§ to
5 determne the avail able threads to be operated upon. Any thread from any
of the nicrYOy/1618 22a-22f can access the SDRAM control | er %@"}‘ms@%%ﬁb
controller 26b or FBUS interface 28. The nenory controllers 26a an

each incl udecaspgl Mesloryy (GRamje Sit t st i nory, 10 reference
requests. The_queues eiy%/h(er mai lrt:'?}zlittnr'%olrl ereéo%l'rrermry rg?%ﬁ% ejs&%ra%‘?range
menory ref 8P Song rodilien 2&amavnsr yt wrsinmidi gt lusdrfexaibesséfng thread 0

has no depeggdegRci .o elatjonship to a thread 1, there is no reason that
thread 1 and g cgﬁ)z'g%hecso%pfﬁgag: 'h&i@ e RRRF oS ING Gl Mrizvank tiey BRAS uni t

out of ordéromThetworkopagikees .22ahe2iSHAM LTIy &f &S %9_?5:# ests to
t he rrerg)ryg‘ggtgtro&légrs 26a and 26b. The mi croengines 22a- fT'ood the
b

memory su EXs 1582 2ERd USEH dik B SESWHF kidvep riynplefmemdreoei @pef et | Dag such
that the nkaeeMcYbERSLEARc282 d 26h be the battleneck for
processor 12 ope?ati on. Ifct he %ﬁgﬁ s%tj%s'yst%éggef@"in@ QP il egnory
request s tRaRoxVefpHdEpendone proraisisoe, 20he apidd RS FIrth2 can perform

menory reference sorting,..Vemory reference sorting inproves achievable
menory bandwi dt h. I\/E%gysig P&Fﬁ?&ﬁ@é‘n?ér &?ﬁg,”& A¢ESES Isdcthest dle r educes

dead time’ BDRAMbLBAI ert BRAM 06BUBS sl Bbnacsass: / th remr
refer elgces to SRiAIVl Wi tching current directi o%%c?trfqgi%gg% \@llatgise E@Bb%en
reads *&nd WPPEesiBYodAEERCH, biBY bapdwi dtdadatians swaitbiregl fior aeuy rent to

settle on £8PEHELOESROYRRMNT : 16b _to t.he SRAM control | er 26b.
-10 WD 01116769 12°§‘A%§é%b~w§%f%%%0§§§gl§§3g‘?ﬁ&‘?’lugg,h &d fiove M ikt
drive currbatenaythe bat asedmporsehtleiguitpiiedr ih0a6RARGLRS, aes, Thus,

repetiti vesﬁ?(&es f a read foll oweg by a wite can degrade peak bandw dt h.
Memory reference sorti MyCEPEBANERe28apR3Ee58Br cXxeCuE OmeRTirye I ef er ences

Lo memory seitérefios Leserateions eb beeilarcancbephal [Q.ﬁg%ﬁ%&:eggg@g” nos

of wites. This can be used to mnim ze time 1n
ef f ectlPvel §F athiveort 58ker ol flaxi mum avai | abl e bandwi dth. Reference

sorting hel ps naint aj | 10, har,dware_coptext threads. On the SDRAM

reference sorting all?‘gvmgﬁ%?é%%go fhﬁfg‘féﬁ&I@Ei%%i‘rﬁéﬁénﬁaﬁ@t Beanot her

bank. Spect¥plaligd bif SRRMnervSBRAMShebEfDabEessaani 284 b 0aR,Add bank
0 ank,

and an even b, whil e the processor is _operating on the the
iy {Gegs areat

menory contt o &Sheechyr 8 haread_Bvefiromnk. mPceokaggneg i S

possi bl e i¥iENEEysd e b nd even_banks. By
or der i ng rrelrm_r% of ereéelﬁ%es to g{)%gffﬁg%gragéégggsgggtgﬁgﬁsF'Peaﬁﬁﬁﬁ§, tohe

proceéfor e VRENSORAMbandihelt BRAMddoht podley, cohbeb1epti m zati ons

can be us d 0. ex I i optim zati ons,  where operations that

can be ne?ég:eb ,%artglorrrgr%g% %}? Mnﬁé r§CaReREs, thpePRAM 6Bt i i zat i ons
where by eSetnaie g leeldigiss eSran ORenSRANagey Of aRBNPEYLFRsNQh LepRened,

chaining, as wll_ be described bel ow, and refreshing mechanisns, can be
enpl oyed. THIYERFHEEUSIFEENSERe 222219y t SDUFBRGnén SRAMReceess, f Ldgs for

each port drw@tmia MY L &, U I i th. an. Interrupt flag
i ndi cati ng when ser vigggye% ?m%rf%%}aﬁh@g%& ?H?%Jr? a%%rﬁ%gaFéﬁti ncl udes a
cont r 8P| el taRAraRE f At hebckreny ine seduld dbe | ASERARE oRtpackgts from

the FBUS ifs TG BUL LS AR G218, {051 ding Fardi 200 2. 20,
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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15 20 25 30 WD 01/ 16769 packet headers and performs

sour ce/ destination/protocol snoothing) in SRAM |f the resolve, 1ihgawpagiet
" header for additional processing. the follow ng internal data

PCT/ LFS00122653 a i croprogramabl e hashed | ookup (used for address hash
does not s HQ@eHE476?|y is sent to the processor core 20 The FHAusdongeéshace
28 supports transactions: FBUS unit (Shared bus SRAM to/from m croengi ne.
FBUS unit guhatRbhvahelButheWrites the@adDRAMGUNI try RS ¢inisty (via Mous}
Reads to SDRAM The FBUS 18 is a standard inddstry bus and includes a data
bus, e.g., 28215ing kheergnd spdabied resurnsl Duriagdessswgricomead/ wite

control. T Sqi r 8 o)V J .l t Q.i,nput .l arge .anount s
of data us?ﬁéggusérﬁég %?%?ﬁ%uFﬂgn§b%§®pb?%ﬁ%gtggﬁ%Qa%@§gg hﬁﬁﬁ FI FCs
29a- 29b, thpematesengi hbe SRRAB2Lnfiet, clndatthria@moorn sC epErdt ithie c3PRAM

contrcnger gGa k%g ve data froma receive FIEFO in which data has cone from
a devi ce oftBusReY Unhte EnBeHBLRYEALCer fale 128 NIRRE_#aCaT APWODENAtE

through nmegaryheofteebkagidéazba . SDRAMEBTD ahbdpetad @ f ) &C qg%ﬂﬂ{
ato

access. Simlarly, the mcroengines can nbve data fromthe S
i nterface 2Boupfit ofotEpesSungilyis needeBUS AdcesSacem?dy Pat pefrfiarhi ons are

di ib ' ' . Vi SRAM 26a, SDRAM
26 and FE08 38 0L Ry, A00aARRANE o BEEEE LA o MR 3% AR A (BECESFonor y

request orte BBbSsréquesfackor gxetplfered eomARdnRULaS!, ¢Ha nove data
fronlﬁigegister Iocatgd in m croengine 22a to a shared resource, e.g., an
SDRAM Y12 PTPCSSSAK 3604ANWDAYE/ 26PHS PETratdonz2S83M epsirasionsra

| ocation, tbaal BpEREYiBh 82TEbMGsAddRRIetelNB:C Horehl, gt to
each of the'func??qnallunits and 1 Re sﬁgré&egeggugggggQéﬁﬁg@gi,%&hgnfhared
resour ces ®Bacnoengassg £8anandt hamvel onal mbukf éhiregdofavialid athdteatoRat her, 5

t he shared C C distributed da | ocat ed i nside of the
nicroengingéségggsﬁéﬁgbﬁgginﬁgr%éﬁggﬁgg EQ%EZZf, to have | ocal access to
data rather than arbirheahargwbee a@ﬁeégtoawanuaga@dsbi%&n@%Qb%&E%%“ for
the bus. Wth this feature, there is a 0 cycle stall for waiting for data

10 i ntlet naFoRBLlER&OR fosAGkAes Fo4&- 2ZAMPIRe &aathyeess eoyld ASE bus 30,
SRAM bus 3¢pan i g4t he har esour e.q., nenory
controllers gG§a§E§ég%EH§r§§8§9£§%f?é?éﬁtg andmﬁggﬁﬁség% %%ZFhFﬁgre are no
i nternal bserheatekfunThisnailnuoide;, togl &hei FBUSt iheeedlhse RBE RhecCessoOr
12 has an width_requir nt ere e f the fynctignal units is

provi ded m??ﬁgaFopgﬁgﬁ Fﬁigggfhagﬂa§sﬁugﬁBﬁﬁdﬁP&Fﬁogﬂth 5Pnt ¥PRRI buses.
As an exanphey tbmpBBRAMaC@BquEBtad64abikt rebaechds oft tB3 MieroLhg:iRBAM data
bus cqul d have separate read and 20 wite buses, e.g., could be a read bus

of 324t sthrgedr GRALAELAt ¥6BOKES RAgkaawfiles bignslisg sompletdenat 166
MHz. That (g, ghn 8R¢8n. 64uwRkkS + hUNg i,ch,is effectively
tw ce the ban mﬁ8F%§o?E§Ré SBg%blt§Ee%2§ eﬁér%gggggédggbaggg can access the
shared 25 mésvoepgineThtheomécpoenginer c2A HeseamdneeaghiedMiurieadt iken to

t he SDRAM %ontroller 26a to the bus interface 24 and to SRAM control |l er 26b
via bus 32°UEBwEPer, to access the m croengi nes 22a-22f and transfer

registers |ocated atoagyeRbmphe BECEQGE?EQQEa%Z%h2%Br the RRr&RLeeRr OCESSOr
20 access the mcroengines 22a-22f via the -13
25 Dbased multithreaded processor 12 is as a network processor.
As a network processor, the hardware-based multithreaded
processor 12 interfaces to network devices such as a media
access controller device e.g., a 10/100BaseT 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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1 2 JAN 2004 "~O 01/16769 PCT/ US00/ 22653 ASB Transl ator 30 over bus 34. The
ASB translator 30 can physically reside in the FBUS interface 2.§2 ‘I_%,ﬁ 2004
“logically is distinct. The ASB Transl ator 30 perforns an address

transl ati on between FBUS nicroengine transfer register 5 |locations and core
processor adYPBYLEIE (| e ASB bus) so that the core processacrOsmaness
access registers belonging to the m croengi nes 22a-22c. Although

m croengi nesarRZinterfiseet b6 angi shpe 8¢t chAmBXERaRIBndALI a8 descri bed

bel ow, a scratchpad nenory 27 10 is also provided to permt mCroengines to
wite data JHtetAthetAeRoF§cedresy Rendsi Eﬁ@eﬁgamesnte péadat@he scratchpad
27 is couplEshhen Pest O€RS [e. includes a R, SC core 50

i mpl emented in 1gnfi ve§é?ag g%lg%e ?nggfﬁce:‘r&?(?rgﬁlg%glg 8 HS?‘EOI 18Fcl e shift of
one oper ancARRP1igwr bper andddi neaesvagheptyeheitpr o¥i feswBuk! bakikegki on
suppor t aggfr?@nb&%eb rre(I: sh'i%t sgggort. This RISC core 50 is a standard
Strong Arnv archrtectuf &°But-7¢/i nPREnBRPERSHI ERoaef Peekstagénpapel i ne
for perfornpencel Yehsamsnedhe pieResrer - S 16
kil obyte instruction cache 52, an 8 Kki }Ilgg?/?gggatggs%gcﬂgiggtgggggg& ef etch
stream buf RFCBBSSHhel £or e2h oRet¥erk2papketocas bei Lthdependepelgtions in
paral | el widh, y.wites and instruction fetches. The core processor 20
interfaces wth other functional units 25 via the ARM defined ASB bus. The
ASB bus is a 32-bit DAmbtketiexahpbestd2. usddof Brdcdddb2094 YO 91/ 16769
PCT/ Usg 122653 M croengipes: Referring to FIG 3, an exenplary one of the
m croe gi n&¥ I, engin €°r FiRPBERGF BBt 2RFOFES8ABWAT Fheanprooesgone

i ncl udes a fgntg o ' [ ne ' ntation, ingludes a RAM
of here 1,024 wor dts&f)éf)égf‘%?ét&éfrﬁg' Rg\l\f'sfogégﬂgé?nggr%%?’éﬁgﬁm ﬁ’he

m cr opr ogr &HAEeHaRD| &S bys thamabekipg oergsne . 20In Toke NE6cQeENgiae 22f al so

i ncl udes c [ The_controller Logjc includes an instruction

decoder 73qg{r1&dﬂpérl§éréaér??c%ﬁa7n 21 PEye 1f)d‘6ﬁ?Fs°#2%i9‘?HF°‘Th% tsrdingcro

progr am couregrisre 1 duse eo froe 1é et FeEli & Wn@@éﬁﬂ%eenaf'ﬁe@ £6 Orﬁg'gézﬁ'e 22f

al so i gl udes, context event sw tching Iogi c 74. ntext event logic 74

rEs/Eﬁi'l'vRESggggggg W'W%e'r? %@EI\{I'%E@P e TWTE REo PC]\ISg\IS:‘E - om oa h
¥ . rom eac

one of the shared reso%?sces, e %if}?ig%&%%,o%r D% REEERP core

20, controllCand status registers, and so forth. These messages provide

i nfornati on on whet he]rr a reguest ed {#m,cti on has conpl eted. Based on whet her
or not 20 a function l'é%&%qkéeus I9F a4 MRGHITRS 2 T cirtPEfare ghatkat

conpl eti oncouiR dhrand prassiss I Wb LtKOTsddd P! £ | 0rg,3d gﬂ%er?ﬁ%j I the
t hread ¢s &nab,l ed to operate, then the thread is placed on an aval 2bl e
thread?? i sE8 At VoIPOdHREN FHAR fethofprogedene 12 nuxithensd-e. g., 4
threads 25avaidfalpys |18 adshgd 0 ev jgnal s that arg local to an
executing thread, the rrjlmcr oeng? (r)%“'lsé)Z'z efrﬁp% o@é@gﬂéﬁ’fga%‘? a"leees”'t hat are
gl obal . W triesgiopsdlbley fimtemt mol kiveg Uhn d 0L the epek tHOeRSd s o 51 gnal
state to a:k]z ?,&0 r;_l crc%eé’{%' riees '22T Recei ve Request Avajl abl e signal, Any and
. o the . he 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
€.g9., 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 16a
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-15 1 2 JAN 2004 WD 01/16769 PCT/ USOQ 22653 all threads in the

m croengi nes can branch on these signaling states. These si gnalihgANt280es

" can be used to determine availability of a resource or whether a resource
is due for servicing. 5 The context event logic 74 has arbitration for the
four (4) thweause769n one enbodi nent, the arbitrationis ar [
mechani sm O her techni ques could be used including priority queulng or

wei ght ed feh$o UtRE. enlficCh@engi:ne I incl udes an uti on box
(EBOX) data 10@g|§t Eﬂg6P%FEa?gigngﬁﬂdgg'aaﬁg?ﬁ:t@hﬁr%gw’ggl 8§F855ni(§ﬁgga and
gener al pu‘ﬁp@lﬁ@??egi-st@hesb‘ara@breTbasedi hhietitbreaded ghbtedfarPghf or ns
arithneti Cs&ggoi‘?gi gal fupcti ons as vvebl as shift functions. The registers
set 76b ha3 & terativePy FAPGELRGSher THE Hererarepbrpedempdgithoeadeds wil |
be 15 descpidbeslssdrFiS c3B, eimplbbi § | abigoRMhh 64 _gener al

pur pos% registers in a _first anl?, BEEEL"%\&EE% %5 Pﬁkaeégggﬁgsb%k}?&nk B.
The gerer #PpurPpo3etrefi 3t BMB hranefadotedbasyw bhobhedesnsi bedtge t hat
they are r td d S e ddres l . 20 The_m croengi ne 22f al so
i ncl udes a%i%%%%gﬁgf%%rgégét é?egt g%ﬁ ?@aﬁﬂ%%e%%?’%ﬁsfer stack 80.
These regi snErxmatonl 50 ahndhwedtaﬁgébatotiﬂ@!nﬁé@nrﬁigﬁiﬁ?b&e@ggr 12

absol utely €€dressabl e. g\IL%e trfTsfer register stack 78 is where wite
data to a FesoureRYs 2BIdiEirRaller nthar FGI busdintgréece 2dack 80 is for
return datsuggert® chased LR80MAS S to current.with data
arrival, an FiéEf/ent S| gﬁgl fromt hegfgsgggf??sggéﬁér eggféggu %%r@%b‘?r,lst he SRAM
cont r 8P| er2aZBLPEMARPRBNVRErEcs1a8h devioes pnobessbd 26cwés| sbrapsovi ded

to 30 cont n i 74, whi c ill then alert the thread -16 12

JAN 2004 Ol%%%%%éﬁﬁ%%ﬁ?%tafﬁesﬁﬁYéch agaf| abk¥e okohas been
sent. Bot htadrgeisfeperaglsher Dﬁrhkﬁsi’graeﬁeggt%ﬁsPoﬂﬂécélfgcigsé)fjecg%gcmiOn
box ( EBOX) on, the read transfer

(ZG théou h agata €ath. I n one inplenentati

register Has TFIRPIRERrSIERAT et Qr PEcreceivpsfdata e sectl hakr 6
regi sters.trs showntérfi& 34, the microengine datapath naintains a
5-stage m cro-pipeline 82. This pipeline includes |ookup of ,
m crotAstructi on worBacl82af thenfuncoiofial heniegi stercdhpPeddes esses 82b,

read of o f 0 ister file, ,82c,.ALU, shift or conpare
oper at i ons g‘g),qsean{ﬁ% aei Eb:kg%ﬁe%f r §u‘l'1?§c’f’ob?€g‘?%3t%‘r's %.ifg'ypema)l/i ding a
wri t e- backoutain dw@adsal Nte2 ther Abkkssi {1es. ,U%ﬁé,b@@?fh&’ Pé%ﬁ%r@ the

a ,

registers are inplenented as a register file (rather an t he
ni cr oengi MR EHPHAFHP a 15he| haFduareneasedimeltithtendehprorckssdt €,

whi ch conpl-etgl i i i on.. .The SDWint rface 26a
provi des rrglzgiaqn%{t)l %%gioé%%%tégqﬁgg ?'Er\%&?n %Q%e%‘ﬁ? N o‘H"? M“H’Fﬁﬁ"s
i ndi céfPes afhdiheerintexnal yowsesrimcthe rerbossdde T2askdsspiasie The 20

m cr oengi . aracode. i s responsi ble for checking the SDRAM read Parity
flag whenqi nergw%% e%%i%t%’érg§f}h‘§/s?%t?ﬁw a0 Upthh RIRISESRE thde flag, if

it was setThd hrcisdssdr TANCHENGHOS dd Ch€e¥Sait | hag is only
sent ~when t he SDRAM i s enabl ed for checking, andc?%%ep&%\ﬂtél/osgﬁg%ty 25

pr ot ect ed.32Fhé - or AhPTR PEhd(Adeammd Fystem Busle Wty camplesd atte
notified j Ther r (f. the .process core 20 or FIFO
requires pari tyés:)%/roteéecg:lfél ?n‘,’ ggrﬁé)org%%él%% @ ?DEC?J??%%% FRUSRS Erhe
i cr oehgi rees ABEAfarsippioor 2Onikdcniiedd Welwhes. THha W sis Gase 30

condi ti One}slub%re e lt%ee'nscgl égﬁeé nfb!IBuzglbn s jtuhnapts)isocucsuerds 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-



-17 1 2 JAN 2004 WO 01/16769 PCT/ US00/ 22653 when the branch decision is a

result of condition codes being set by the previous nlcrocontrg
“instruction. The latency is shown below in Table 1: | q JAN(ﬂ@$|

| 71 gl + + + + + + +

microstore WOIKIESY ni | cb 1 n2 1 XX1 bl 1 b2 1 b3 1 bg 1 Pe reyuamm.sgenl

I nl 1 cb1l XXIT XX1 bl I b2 1" b3 1 reg filelookup !l I I nl I cb |l XXI

XX | bl | bgs| inoenfecesi Rlerhdc2B and memorly ysteX1le Xadiddidgwite
back 1 | I nx i S pre-branch nlcromord (nl
sets cc' s)fggéhkogor]igl Ct Sﬁg)oéﬁrraﬁxﬁtlogeﬁft@nﬁo@tndors&ncﬁ@ﬂﬁf‘crovvord XX is
aborted mcroword AsRsifew®ihg tabkecl, 2|t ea:hNQlf t the
condition codes of nl _are se? and the brgﬁch dec#?%g#%§?3 ﬁﬁ%gnﬁad

(whi ch in $RP528Asénedydes 8ReaBbiten (hel E@tabeme@olfé.@guqo tion cycle 5). The

m croenrgi n a4+ Rl C penal t se it must abort
operat?%ns&ﬁEQEHgﬁe t% XQE?%?%?%wgpéégg é@t%ﬁ §$%§P%fﬁglﬁ¥§hthf“ﬁh t he
pi pe, befotkrehd Hrenchnpadli hhgi nscroehilihelsh® 2pi-pe Middh 23-QRaS atHon bl.
If the bra Eﬁgs no% E o m.crowords are _aborted and execution

conti nues %@ | 97 fﬁi c?géngﬁﬁgéMh59§t§@4éﬁ§I2&@cﬁ§nﬁﬁﬂ§ to reduce or
eliminate {heeekheet pge b'rﬁecme{uat:?ne»sntIBﬁl@r%r 9%R9L,RRS 2Pl def erred
branches. 30 Deferring branches arée en a m croengi ne allows
n1cromordslﬁﬁl@detﬁepgﬂaaéhtwooécqueubef@oestbeebbamshandﬂﬁg«ﬁéﬁaﬁ (i.e

t he e ect r def.err WO 01/16769
pGT/ USS0/ ﬁgggkéﬁc? %Bjﬁﬁe.?ﬁué &5 uS&FHstSHEhéénmﬁénF&aHdOt@em quthe

wast ed cychemoajt eefebenbeanck Erenayer flembRen relfa rahaReh da i ¥n i
hi dden. A 1- cxcle deferred branch is shown bel ow where n2 is allowe to

execute aff@Fory PRRAwpEEBre Bop| expmplep if3al thresd @l hals @O

| enen t
| ookupl nIdI cbd?nnZ I XX | _ﬁeiéﬁﬁg?ggif_gi_ﬁ_ehfeg (o genhFre:FEfggg ?rﬁZI

XX( bl b2redsonibhatrehréatell andup tanhonl cbmpmbtezthéxlr Belmd¥y

IALLV |ft 2 ite back Il I Il nll cbl n2l
2 c§%f§§%%?8Pr§8 tbgnghAﬂ ugxgmﬁuﬁep wP rdrEre THenmigr@engimes bot h

al I ovved t 228RpL et £sbakonembh Beamebnte ?EqQQE‘E%StoNQh‘é En'%?nfo 2-cycle

branch defernment _is only all owed when the condition codes are et on the

i crowor d PPREEGEAGLrEhEbpr andh26be | The mirrgengings| @2n-2218 fllodd

I " + & + T + + +m crostore
| ookup i %T FERR=T R3°TH3 i8$ r63 #RY ?BB il§§_88°388rmﬁgﬁ M nl I cb
n2l n3l blteberehse bpetaﬁlonseguthlehhku13hé|mlam6lry| s@bkyBZema3bell | b2l b3

AU 2B TARG b nboBht ERE B3LeT2heBl! £87 pYOLLSLBNL bperation. ' 2!

If the memory subsystem 16 is flooded with memory

requests that are independent in nature, the processor 12
can ‘perform 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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The microengi nes al so support condition code 30 evaluation. If the
condi ti on codes upon which a branch decision are nade are set 2 or nore

" mcrowrds before the branch, then 1 cycle of branch | atency ﬁ? Xe
elimnated -19 1 2 JAN 2004 WO 01/16769 PCT/USOO zz653 becali$éedAM@0r anch
deci si on caWM/1f¥de 1 cycle earlier: | 11 21 3 14 15 16 | PCT/US00/22653

I mcrostore lookup I nl I n2 1 cb I XX 1 bl | b2l b3 I b9
I reg addr gen 11 nIITnﬁkIlsﬂﬂtﬁémdﬂﬂaeﬂgﬂtﬂgiIdfgbgldﬁigég%ughlg d nl |

n2l cbl XXl bll b2 IALW shifter/cc Il I | nll n2l cbl XXl Iwite back [
I 11 nll iausCme%nq@qW{au%ltemretmpl@éx@rtm@mx.cﬂi‘mmdes and n2

does not s | r f deCISI n ca

nmade at cyge (ra éry&h (O%j%s |ffr°1lﬁliat e &lq{y ba\ %ﬁfhceorca%h q%aecﬂec I'n
t he exanpl pead dandifdtie 1Moycny txreaﬁuﬁerﬂb&a‘ @d‘ﬂ&:t]lngimll.lﬁ:ﬁié Yeretting of
condition codes are %p3%§ed to .conmpletely hide the branch | atency:

Condi 11 9n SOAEETHEE Of &l CHIAPIARS AR S] Ty AHaBRIH Syl Thatch: 20 |

11 21 3 10ng strlngs of reads can be followed by long strin

I t

| cokupl , nlwmtﬁazs ‘l @55 5h$alfbl-gel b@elcb?rol rruznumaez@ aiiiﬁd deimd Ilmfthoesn(zjrje chbl

31 bl I 5 bl__n3l

N U S T S W A A I T M S P

| In the caamdatieith.t h®efiErdndeosoradesy Wm ntaa.raﬁlsﬁtp%lbél(l .e. they
are sef_in_the n1cromord recedi g%the branch t he m croengi ne supports

br anch{%ue%r RAM| & efie ratii exP e h
latency -2Q11o0Q %ld]!.%@%f' el 2200% @on?%%%k to another bank.

Specifically, if the memory system 16b is organized into an
odd bank and an even bank, while the processor is operating
on the odd bank, the memory controller can start

15 precharging the even bank. Precharging is possible if
memory references alternate between odd and even banks. By
ordering memory references to alternate accesses to
opposite banks, the processor 12 improves SDRAM bandwidth.
Additionally, other optimizations can be used. For

20 example, merging optimizations where operations that can be
merged, are merged prior to memory access, open page
optimizations where by examining addresses an opened page

~of memory is not réopened, 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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that remains. By "guessing" the branch path or the sequential path, the
m cr osequencer pre-fetches the guessed path 1 cycle before it QfJKN Qgg),y
" knows what path to execute. If it guessed correctly, 1 cycle of "branch

| atency is elimnated as shown bel ow. guess branch taken /branch is taken

11 1 21 3 WOLI66% ~| 5 |10 PCT/US00/22653

+ + +_ 4 + + + +m crostore
| ookupl nI packet méaders|aadl partbéms b5mh.be§ ed@&aaﬁabttb nl 1 cb | ~I bll
b2l b3l E b2( b3ALU shifter/cc |1 |

ok
| nll cbl %é&tgff?} %ﬁstt%aﬁf?répsatrchr haﬁheﬁl rloetsupqusgld forf addeess
m crocode GiesSEEing Pr aRcirRARKenTEN r y e.qiLc i1 onI y
wastes 1 cycle: 20 gﬁess branch tlgkgﬁé/ E(raghc Eg RE)# %gﬁgﬁ %fﬁ‘ 314
1516 I~ 1 12&9401"3: the packet header is sent to the+procé§_sgr+cm:e+20_+25

' mcrogto |~ In2. In n5 _lreg addr gen IL nl |
cb | n||5 2%%5{3)* 8’& jr ép°%?F81P80ku§hF ’}Pbﬁr iptepfage| 2XFURRPPLES
| ALU shi f t etHeecfd1ldwingl inebtnal | dXXh B2ah¥kbteoRack 1i | 11 nll cbl nll
XX 1 30 However, the latency penalty is distributed differently when
m crocode guesses a branch is not taken: -21 1 2 JAN 2004 WO 01/16769
PGT/ US00/ 22653 Fasgeress branch g)er &%@n ranch E?S"Jg?r taken there are
no wasted cycl eS8 S8 out bel ?)vyﬁ 7Hegorin
mcrostore | ookupl p’(’”@lﬁe b‘ﬁl) I n2 | it tef 4 o5 SPRANG Uit g
addr gew |1 nl IFBEE ¢nitl | n2| nBtian@bus5 Ireg fil e Re@supo Ispramnl 1 cbl nll
n2l nll b9 IALU shifter/cc. Il I I nll cbl nll n2l n3 110 wite back |1 |
[l nll cbl nll n2 | However for guess branch NOT taken /branch is taken
there are 2 masﬂ@ﬁEC@&W$81815$ El $t2nda8dlﬂnﬁﬁstﬁy|5ué and includes a

+m crostore

Iookupl ni :iataﬁqumﬂ b‘F*WrWe paNn @r%bda@l@ﬁadg@ﬂntrohl forch | XX
XXI bl b2l | I I
ALU shj ftera/dggéls{ﬁ%ﬁd nﬁéfﬁfﬂ’?(tx‘% Cé?ﬂkoil\irb?tt‘éxﬁ 8% ’r{%% ?% $8cbl XXl XX

| The +Pcr @&ﬁﬁ’lr?@ﬁ:aﬁfh%oﬁh)ﬂrﬂetﬂbrmcim@wesbangeV\nmdmuri‘esycfedbtanﬁﬁlld?fQr ment
to i nprove 5 Db takep with 1-c
deferred branch/sﬁranclhx{é{géﬁ J;:t?ﬁp@t’:'efinﬁ_ ?& "?%bt 5 £%°T7the8F¥FOS

I 29a-29b,+ the microengines 23a-22f fetdh datta frdWi&Fostore

| ookupl nl I ch | %'fl | b2 1b3 Ib4d | bS5 i30 reg addr gen Il nl | cb I n2l

bli b2l b3l %ﬁ%& T 1PHEb KRR To e 262 bFo mevedat@| faam a

| ALU shift eisleadd Breo i ablc@ath Ind2 dd iRk ddvicd 'ofhugP! 2
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 to interface 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 via 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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WD 011 16769 PCT/ USOA 22653 In the case above, the 2 cycles of branch

| atency are hidden by the execution of n2, and by correctly gueg9 |g|mtz¢?@

" branch direction. If mcrocode guesses incorrectly, 1 5 cycle o branc

| at ency remai ns exposed as shown bel ow. guess branch taken with 1-cycle

deferred br\&ﬂ@mﬂﬁgnch is NOT taken 111 21 319 15 16 17 |BCT/USO022653

- mcrostore lookup('nl [ cb Il n2 IXXIn3 in4 In51In6 1 n7 Ireg

addr gen | Lowmlatiiorhh ISREM DOGatnidn N4flasH memdd e i dsmé e ldddrdds.) cb[

n2l XXl HBLI‘ nol n5[n U shftr/cc |1 (tr‘F; nli chbl n2l XX[ n3l n9 [15 wite

back I | e COMIANGS, (258 SGRE |O4Y HR GastbRE ci'chﬁ e@%’??tm%]sémla‘:?oranch

NOT taken ah@e&hteh%h@ﬂ&i s dd ¥ ss sequaidded | % 11{?:{@ f@% 4y bed
20 N4 en Cﬁe mcroe

case. If mcrocode incorrectly guesses branch ngi ne
agai n expofes negrc|te® (Efa-’mtrﬁrldddeqttaﬂe hxgftaning of thevaateel oRathess

branch JOT o3 GV e dgud T dieds Tl eBinfted data docaradidngide | |

m Cr oS

nl [ cb ~reg¢ ﬁ:lhlee rd:ukinbe'ndlriesﬂ %ﬁ@ﬁﬁﬁéd Gfidrdengifidd GZWZﬁ led | 4
_+ n2 1 n21 cb [ nl | | XX [ n2 1 cb Il ni ~1 81
9

I _+__._have jocal,accesy U(ﬂ T’ﬂ?ﬁzrlatﬂ’@n then aaﬂoltzbatxnmzfqr b3 | b4 | |
XX 1 bl | bl
hede /sk%30[n la ¥d :.bég% Vfﬁ%:rénﬂl&p fopzt}granc Wn.th 2t?fxd.s( nl

JAN 20D4 WO 01/16769 PGI/ Cl SO0~ e nXx Is pre- m CFowor
sets cc's) felatiure,cahting dimla B arpetldstisl poir wabicingn feovdatch XX i s

abort m Gr word 5.0n the case of a ju i uction, 3 extra cycles of
| at enc 0aré‘ ﬁ(ﬁﬂarled:on tcrheuétél%‘f)e rqu%% I's not known until the end
(()f t|he cycl eI in whl CiTHid tibiged N d he. AASBIRGL 300 draM Ibids 138 dndfl | 5
J %DRA% bus; 38 coupling these shared: resgurces, e.g. ,mmgmmmre
| ookup | nl Jo 4 4l ] I I nI
o1 x| SRR RS 24 dnd 2do lad df qudshqid iR AR S 0 T
I XX 1 jl IthJaZ: Ith‘b‘i:eb\laﬁshfd r:lrctoetnal Ibdttileregks) Xhus X4 &Qﬂérjdo\/\ﬁl te
gg?kal}%r v oﬁ:{;mo&%ﬂ s, the pf(o)é:elss%Orntlef(thaSsWaEt?hban%evgfc{ rl': ng to FIG

requirement where each of the functional units is provided

with at least twice the maximum bandwidth of the internal
buses. As an example, the SDRAM can run a 64 bit wide bus
at 83 MHz. The SRAM data bus could have separate read and
20 write buses, e.g., could be a read bus of 32 bits wide
running at 166 MHz and a write bus of 32 bits wide at 166
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

-13-



20 switch instruction is shown. A context switch is a speci al forn1of a
branch that causes a different context (and associ ated PC) to% %ﬂ ed.
" Context switching introduces sone branch |atency as well. ns er t
follow ng c witch: 251 11 21 31 4151 61 71 a

¥ Qﬂiﬁﬁi7é; + + + + + + + +Pﬁnnﬁmgmnmg
| ookup | of é nl n2 1 n31 nd |l n51 n6 1l reg addr gen | | of -
ca | XX ( PSP ﬂgapsﬁgtprnQO|ON§r|bg@ Bég fThe RSBptirahslatbord 308 danX | nl

| n2 | 3 | XX Lnl I n21 n3I t
bagk I P I ?H?S%Fé%yéag%ga§gflnlkpengBﬁ%- &%erfafeJﬁﬁnzéﬁﬁnﬂgqggﬁié$ggl )
where ox isialdisbmneXt f rhe RSB/ DpexkZ€sz B | r?B?ﬂSh ﬁ;%g% gid in old

context ca js co? gxt Earb|trat|on (causes confext swt X i 'S new
context flow XX T8%4BBr 8HwﬁF8rgﬁHﬁdeﬁrQEEGﬁﬂéxtrsmﬁfem tbglsMEr ni cr owor d

i s aborted 16cavPbHsCaRlr ebran i_es.that be 10 caused
by saving the corregt ol d cgnt erg%QBEDQQH#géﬁé aﬁChegggh Sdp&Pat e on

AhU condltlﬁﬁﬁﬁoﬁbg GﬁréhpapeessbrOQOtbennncceﬁerdebﬁéﬁéﬁstB%lgh@E % can
sel ect O, 1tgr fégoghgnﬁ g% nt nodes. Condition codes sét

nor e nlcromords ore Snal branch that operates on then1can
sel ect 0 or 1 cycle bAhﬁhbudBfﬁiHBBEn Hes. Zélé fat n i.ncl_udi ng
cont ext qhbltr i ons) .can sel ect elgﬁ or ? cgg%egégaﬁgﬁiaéferﬁﬁg
nmodes. The FEERRRIR e %Eﬁl§3b€e|@§i§ﬁ@db@bowake acrahthpadambinbigt Rgn

m cr owppd h. de t w of a recedln branc u
or contextviﬁEE??gigg%pﬁgggoagr%g£§%€|T¥% g NEpEFan °Tﬂ5%tﬁgdaFﬁ §Bﬁel ™

enbodlnemnioeﬁhﬁwmemorsmfcrhomnetdmﬂofoéﬁgﬁhégmes E@a@ccugpnduring a
br anch, trqggé gn.in %2 F gell e because as mentioned, it could unduly
conpllcate saV| Qﬁ t 1P o9 %ﬂt%?t . 34he archltecture could al so be

desi gned to nake braHEMéUﬁr&bé@é@rtEér@r?@cfngfugégﬁgt%f$¢?§m%$f?@ avoi d

precedi ng branch, junp or context arbitration m Crfowor

conpl|cated@%ﬁﬁ%ﬁﬁ%ﬁ%lenuﬂpfeﬁecsb@¢@‘mﬁwmbhnbepamfﬁmmlngBQ £8£8le
m croengi N&Z48s 24{; SUPPP &Se %eraﬁgrgzadtwo operands in a single

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
parallel 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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execution of four contexts. One reason for this is to -25 1 2 JAN 2004 WO
01/ 16769 . PCTNSOO 272653 all ow one thread to start executing j1u‘stJAﬁf r
*another thread issues a nenory reference and nmust wait until that reference
conpl etes before doing nore work. This behavior is critical to maintaining
ef ficient huOdWHE769 execution of 5 the m croengi nes because nErEUSKol4s8NCY
is significant. Stated differently, if only a single thread execution was
supported, Mivrddrgiasi nes would sit idle for a significant nunber of
cycles waitTng for references to return and thereby reduce overall

conput ati onal througHprferainaute i EXIGw ehvdaah ecanplary adhevet avhe

m croengi nes; | _ ency. by performan ul i ndependent work
acr oss sev@a‘%%ﬁ%ﬁ?g n?év% iszsfn’c%' 1’26{?%%%0%7&%%1:%% 7 esq%%‘ﬂbt [ eﬁ"? n
order to alniowaeerndireadidoludssiea oo art SRRAN e Bslencen ame t hen
subsequgntl,y synchroni ze to, the 15 point in time when that reference

conpl et Bs. SREHAR R s St% R st 4 1wordseef a32
synchroni zaj4on, 16 " PESH i ' fer(ﬁﬂg i iately swap
out that c?}ljiﬁe)xt .fﬂﬁeﬂﬂébgnt ext ,Sp\;eﬁl I Ee is]%(gfraafng'd en%?ﬁéépoc%%‘g%@ng% ng

ref erence 2@adsipiesties. tithoeod grrdeeksor RO corlfiextmidtdeheiseadped back in
for execution when .a. context-s event. o rs and it Iis jfs turn,to run.
Thus, fromatchhseo oo S T RS .ersilﬁcquec %te S FIREFUATHF+eam the
m croword africludess Wmgin Seruer sef ds s doesam0tp 98k r ax st #Ni bt t he
refer en8e 25 compl etes. A second nechanismis Delayed Synchronization. In

del ayedUsyithrichi ZaT 040+ t NG £We it Fie0 i REQEEAN HEOURERF 222~ 32d ahen
: f . i h .
continues tnpaﬁa@ﬁﬁeg% %%Aggreﬁe Pile WP & dHIRRED M sd tﬁééﬁg&égnce

Some tine l|ater conme necessary to synchronize read' s
-26  ~ ~ Jont@id enN@rddl/ wBitehindPAiddiSO01426 5 exextiteventst teghe t D4t he

conpletion of the issued reference b r e k. is perfornmed. At
this point TShtH ST Hi L?D%o’r dﬁ@-ﬁ@gﬁﬂa&@ﬁ@]%i | either swap out
the currentpghreaghT s SORGE / tsiReK EVENPNRidPENSEL espRamhen the reference
has conpl eted,” or conti nue executing the current thread because the

ref erehée hBEVENT RESPNMH cand ATR| ENENR\RRIFANSERt fromieachpireevfed
using two di i gnal ch S: en is
associ at edddvé% ﬁsrrgﬂleoétrans %?e%eg(?'s b’r,ém%%’ﬁgﬁ%?%‘i cﬁgt he thread is
triggered iprogmssart exbwde20 t heorrtrossqroh B et s arsdesterg) sdwed sal id bit
is set or cleared. For exanple, an S read_whi ch deposits data into
transfer re{ff’gﬁké'r A'ﬁﬁﬁﬁ &%%%Q%aﬂﬁgﬁ%‘?erﬂ#%r%ﬂ% PR Yhether@set. | f
the menory Jd& s Neentsids 0 ad&fbMeddy ! hepddansderwid fIR Pl of g?%ece' ve
FIFO, instead of a transfer register, then the signal is generate en the

ref ereRfe confingieeon nreqee NPY ontloread en. canpleted angnaigsabed per

context is i the mcr | he edul t one 20 out st andi ng
signal can %@[éﬁné$hi@§cﬂg%gﬁ%$%ga€% "g%itf egélts @p\/\%yg%%%?ﬁ?t%%%r ational
par adi gns fsigaaihi cdndri ©f oclont tiotéed 16 cermal ©Yricdsopeti te petlesi ged. One

woul d be that overall mcrocontroller, conpute throughput and overall nenory

bandwi dt h areF 93 ot iRt 28 RPN 1R ¥ DILRTFRA el HT e BRCEXBRLAR bn
| atency. Thitge PRI @b &g YR 2h Foken SROPE YRl Lhien SyBtEny hasy %#éé’é?
m croengi nes executing nultiple threads per m croengi ne"on unrel ated data
packet 2> A aexblablme is that nicroengi ne execution 30 |atency should be

optim zed at the EXPeR €, glié)i/gr[xailzé 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

30 microengines 22. Receive Request Available signal, Any and
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27 1 2 JAN 2004 WO O1/167b9 PCT/ USOCO Z2653 ni cr oengi ne conput e

t hr oughput and overall nenory bandw dth. This paradi gmcould HQVQAN? i

" execution of a thread with a real-tinme constraint, that is, a const g}nt
whi ch dictates that sone work nust absolutely be done by 5 sone specified
time. Such WOMMET6Pai nt requires that optinization of the sipgrrusobsges
execution be given priority over other considerations such as nenory

bandw dt h albvirdddsopputhéi ARakobAE9HERP -4 read woul d
inply a single mcroengine that exgcu?es onF%noﬁgégghthbgga&gﬁUItipIe

threads wouTtfbting sbhatesd bEheseesitvajdnb statesabhawbehassidngle

real -time tdueanife € : 500N A i bl e--executjion of nultiple
threads woul d m:uﬂﬁ %ﬁ%giﬁg??fﬁg.g?hé g%%?ﬁﬁcgtﬁFew PLPRESE TR OPECEdi gns
coul d be 15sidpe ffeanseéyvilcihgrent with regard to issuing nenory

referenges and contex# switching. In the real _tine case, the goal is to
i ssue a3 many nenory ToFeTeMEEXT evenbnlagifoddi bas anbsrdetico fom i ze

the nmenory diad efedr | régee st ho e Vi i ssyed_as.many
references as 20 earpgpas_poss?bleffhgﬁ%oéﬁg§gé?akgé ?gepéfgésﬁﬁié°ﬁany
conput at i oS & RGN eebimgneckansspossObheri hephnabhes wbhhdt Be used

ref erences.; 4 ' w_that corresponds to_real-tinme optimzation
is: 25 O)ﬁ%§£§§%ﬁ§;ﬁéegﬁi%§ FLRYEFeRf r 8 lﬁhg?digéﬁE Fearieg.3 Bheperform
wor k i ndeperiderterafinera2 £f sl do :Zn@I'ﬁ’d@sOénsé‘ﬁEEuE?oﬁoﬁBJ{et(Fgaxg gqgqref 1
30 0) Pgrforggmgégdggﬁgpdent on nemref 1 and independent of memrer 2 and
3 -28 V1 PIFAN LI PrrreEHmebEs3logic senit aRganandnem ref s
based on pr i ) t eti o] mref 2.0),perform
wor k dependent éﬂgggﬁégﬁéufiﬁﬁggé%réﬁ%en ent g en%ﬁgfg eglg b?é?gsue any
new nem r el ifadéd @epfennsiagl vunétio)asyntdgi catofphet i eRsOohsmparief 3
0) perform_work . ent. on the,conpletion of all 3 refs 0) issue any new
nemrefs bg\ggﬁ&ﬁ%@%ﬁﬁﬁl%rEl.'hﬁgpe.gﬁlt%%t?%'%t?map‘t’ﬁn a2aredatively

thr oughput lamgebanisel fogoybsbsatk o dd o eplspops 0achs WIih gtim zati on
for mcroengi ne conputational_throughput and overa menory bandw dth | ess
consi d atF@ﬁQQ§Rﬁ i tBfG. 3B, in this implementation there are 64

general purpose registers in a first bank, Bank A and 64 in
a second bank, Bank B. The general purpose registers are
windowed as will be described so that they are relatively
and absolutely addressable.

20 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
register stack 78 is where write data to a resource is

25 located. Similarly, read register stack 80 is for return
data 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
controller 26b or core processor 20 will be provided to

30 context event arbiter 74 which will then alert the thread
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single thread execution latency. To acconplish this, the 15 goal would be
to equal |y space nenory references across the m croprogram for 4eagjant fpead.
" This would provide a uniform stream of nenory references to the SRAM and
SDRAM control Il ers and woul d nmaxinm ze the probability that 1 thread is

al ways avaiweltmens® hi de the nmenory | atency 20 incurred V\/nenpéﬂg%{bﬁ? hr ead
is swapped out. Register file address types: Referring to FIG ' e two

regi ster aq{ASSHPILRS tihat i e I ccessibly registers, and 25
d obal |y accessible regi slir%ras\%;lcl?e%% b?%qﬁ% a%gr?‘n' %?rbtengi%%@? §HRNEESEr al
Pur pose Redlegistey GRRY)s 6% dmpledrentedkamdrtedopi eie daskse {dn and
B bank) mho§ﬁxﬁﬂd3ﬁ§§§§xg{%hint rl eaved on a word-bpy-word basis such that A
bank regi sters Have |SHEF IR BBty sterangdrpbonertatioEacthdank i s
capabl e of meid WrENFer Sl deoyss read- ands v i L{{grent words
wWithin [ts bank. 29 t G‘rZI}ZILJAN 200 WD 01 /16769 P%%&%O#%é‘%{&%r 0ss banks

A and B tAEFasfish dediatemmhas 6 seeavsatsed into four windows 76bo- 76b3
of 32 registers that ti v adgy essabl e, per thread, Thus, thread 0
will find its regi stﬁ%%@@%&l %%Gg'l g‘ﬂ‘&r S MIRFIMERE 2aFapathtind its
regi st er ~0 mainTtALnE egifstsradi?)midiu-gaihe d 184 J ndrlits gRaisies 0 at 77c
(register 631.) d thread 3fﬁt 77d (register 96). Relative addressing is
supported S %’l‘gesmﬁoﬂqﬁpéq RSO I TR 19 wokds SRaw formatiorstaf e and
| ocati ons hie 3eASTH fHialenidddddvs fy I edl erformdifferent
functions. The uses of register w ndow achr g%sal%ngafan %a%k sadgtﬁoé%si ng

provi d&0t heagdgivies tfd hee &R baddli dishifli my arimpatuealompard wibRAMRd N t he

m cr oengi n%n%@rrigée-%%éﬁt %%Oyiﬁe%t]ﬁgcgsi ttg{rs%qc#gs not azvegu;o@yzarn\jlre d'atig'fglg from

context switch to context Swtc

context swariftie-baak slaaek bypadls Mintd athe Gany i Mt ARG ey fb}? a0
cycl e overhead f.or chang:i ng fromone context to another. Relative register
addr essi ng 3§8WGE9 the FeFistershades inplenantrsha e gegigte ndiless 20

width of thea@eRer &haPUPeI)!, Pt ?t{ic%%en ‘?Jeaj[éa\ﬁegge%o sing al Iows

access_any of the windows relative to the arting % he wi ndow. _
Absol ke agdredsangous aegd steppdiitied read fhirsd andtie,eciiict Wi e pne of

t he absol u regi.sters. be accessed by any of the threads by 25
provi di ng glﬁ'geg’xlgz’te g’%&r%ié’p&ratgﬁé’nr'egi ster. Addressing of general purpose

registers 78 can ocChel BDRAM Q% cGeRRRIINER YrdNYdE & QW 1f Y +The

two nodes are absolute and relative. In absolute node, addressing of a
regi ster ad@fed8IVEsHingcMiFrogagimes@®n Fezalsy thiat dogicetiisewheta®@ra0 or

b6-b0): -3@ pa@§E91@¥§B§9occurred on the read request. The

20 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
SDRAM is enabled for checking, and the SDRAM is parity

25 protected. The microengines and the PCI Unit are the only
requestors notified of parity errors. Therefore, if the
processor core 20 or FIFO requires parity protection, a
microengine assists in the request. The microengines 22a-
22f support conditional branches. The worst case

30 conditional branch latency (not including jumps) occurs

-17~



5710 15 20 25 t 2 JAN 2004 PCT/US00~27653 7 +---+ A GPR | a6l B GPR | b6l
SRAM ASB: | a6l SDRAM | a6l 6 --+ O I 1 1 a51 a51 5 --+ a51 bS53 2a9AN ok i 3

210 --4---+---+---+---+ a4l a3l a2) all a0l b4l b31 b21 bll b0l 0 I a3

a2l all 1 a21 all a0l a6=0 b6=0 a6=1, a5=0, a4=0 a6=1, a5=0, a4=1
register éﬁpess irectly specified in 8-bit dest field (d7- RIUYU300/22653
76593210+ - - === oo =t - o foo ok Dok oo oo - +A GPR |

d71d61d51dﬂ&8§18§$dPFa@f@7dGC&§4@B @BRa |result of condition codes

d71d61d51dgdgaddaiel LgOtez SRAY:
d71d61d51d41d3%d21d| | g01d7:% ggzé’ dg!:@%%%&ﬂtﬁ“ instruction. The
d71d61d51dkatenagg1dkl ¢houn=-bedow0 indTablled 1<a6: a5>=1, 1, <b6: b5>=1, 1, or
<d7:d6>=1,1 then the lower bits are interpreted as a context-relative
address field (described below). Wien a non-relative A or B source address
is spedfied in the A B absolute field, oanly ghe QOEF hal § of tlhe8I
_________________________ fectlvely readi ng
absol ute SR AM SDRAM devi ces has the effécfivE“EHﬁF’“"§ﬁéd€"ﬁﬁmEVer
since this restri cPiHPS0%S 1askurmppl i nlol tdke Idestl Kkel 81 w2t i ng § het |

SRAM SDRAM sti | | uses aldhe del | addr essnsppcs. | I rgt gt b¥ ggdﬁmapdr esses
a specified addres§e%§_,19£flfo W tlhl n cont ext space as deftine a 5-bit

source 30 field a4 1 bRl N2 A0% 7 ¥X 5 B13l b2 l

+e - 0--+---+---+ALQ/-FhAf'GIRCC[ a41 0 [ coht ext [nla3l cB |GRR | kxbéb1l
lcontext! b3l 5 SRAMtASBadiab4[ 0 lab3lconf exb| SDRAM ,[gpg[ xR l[ §93| cont ext |
WO 011 16769 2

where nx is pre~branch microword (nl sets cc's)
cb is conditional branch
15 bx is post-branch microword

XX is aborted microword

As shown in Table 1, it is not until cycle 4 that
the condition codes of nl are set, and the branch decision
20 can be made (which in this case causes the branch path to
be looked up in cycle 5). The microengine incurs a 2-cycle
branch latency penalty because it must abort operations n2
and n3 (the 2 microwords directly after the branch) in the
pipe, before the branch path begins to fill the pipe with
25 operation bl. 1If the branch is not taken, no microwords
. are aborted and execution continues normally. The
microengines have several mechanisms to reduce or eliminate
the effective branch latency.
The microengines support deferred branches.
30 Deferring branches are when a microengine allows 1 or 2
microwords after the branch to occur before the branch
takes effect (i.e. the effect of the branch is "deferred"
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--+ a2l b2[ b21 b21 PCT/USOCO Z2653 a 1 0 --+---+ al[ a0l a4=0 bl& &@} @ﬁ:o
bllab0l1l ab4=1, ab3=0 bllab0l1l ab9=1, ab3=1 or as defined by the 25 & st

“field (d5-
| d51 dol ¢
d21 dil do
d9=0, d390

25 30 |f <dbndiime)y T

regi ster,
are gl oba

recei ve st
are not in

processor

PCT/ USOQ 72653

10

15

20

25

30

do): 10 76 54 32 1 0 #---d---d-oodhoodhoodbooodtoohoo 4+ AGPR

[

ow e&f%llw 31 d21 dlIl dO0l1 d5nD, d4=0 B GPR: | d51 dol context! d31
SEUAT94-1 SRAM ASB: | d51 d4l d3[contextl d21 dl PCAS0Q/z653

1 5 SDRAM % d51 d41 d3lcontextl d21 dll dol d5=1, d40, d3=1 20

Hen tife useSuiln atordn caud bes £ otmels tootfiaddress a valid

t o] opetL.and i i.tten _hack. The foll ow ng registers
|9H358§s§§§§%5f%§§%?h§h%iﬁ&@@ﬁ 'mé§§%¥@rghet%@ﬁDFFecgﬁﬁpéﬂﬂers:
hash unit ragkteheyscaer dechijadennd ACQHEYE 1 HeFedread BTaNEE FlsFOnand

aéui FIFO transm.t FI._ FO transmt control FIFO The n croengi nes

t BRLOBt WBEEGeRZ EScR1doMess [towexestteca et cbeobpitebiedorand t hen
a new flsow p$:chosen based on state signaled by other devices in the

: t he SDRAM nenory controller 26a includes
menory reference queues 90 where renbrly 232 3 + 2 $AN 2008 IW¥ 011 46i769

12. Referring to FIG 4,

microstore lookup

reg addr gen

ALU/shifter/cc

I
req file lookup |
I
write back |

----------------- e Rtttk L L LR T R S U

I nl 1l cb |l n2 | XX | bl | b2]) b3 1| bd |

I'nl | cb | n2 | XX | bl | b2 | b3 |
I'nl | eb | n2 | XX | bl | b2 |
i l nl | ¢b | n2 | XX | bl |
| ] i nl | eb | n2 | XX |

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

allowed when the condition codes are set on the microword

preceding the branch.

microstore lookup | nl | cb | n2 | n3 | bl | b2 | b3 | b4 | bS

reqg addr gen | | nl1 | ¢cb | n2 | n3

reg file lkup | |
ALU/shftr/cc | |

write back ] ]

| b1 | b2 | b3 | b4 |

nl | ¢cb | n2 | n3 | bl | b2 | b3 |
Il nl | cb | n2 | n3 | bl | b2 |

|l ¢cb | n2 | n3 | bl |

| | nl

The microengines also support condition code

evaluation. If the condition codes upon which a branch

decision are made are set 2 or more microwords before the

branch, then 1 cycle of branch latency can be eliminated
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reference requests arrive fromthe various mcroengi nes 22a-22f. The nenory
controller 26a includes an arbiter 91 that selects the next of t‘?ﬁJPN 2004
i'ts.

" mcroengine reference. requests to go to any of the functioning

G ven that one of the 5 microengines is providing a reference request, the
reference r &ABY167¢4 || cone through the address and comand q‘tel‘z'lgso%B 6

i nside the SDRAM controller 26a. If the reference request has a bit %5?
cal l ed the bBephiusez&theVEIVMRIINALIS JiRFONW eference request will be
sorted into 10 either the even banlglq%gletr?ea@g(%e 3}%(%13 G rﬁ@ﬁ]tﬂe%@ 90b. If
the nenory reference request does not have a menory optim zation bit set,
the default will be to go into an orlde{ lqlé%ue %Oc. The SDRAM controller 26
is a resource which is shared anong the F d i At br ffade 28, €he @oreslb
processor 20 and the PCr THterface=24---The -SPRAM-geni4+ol L ey-_26,.al.59

mai ntai M a state mbctusnerd ab f or fipA | EY-Wite. atomic .
ptrol T g S R e By claoh  SAnLRf ohe

operations. The SDRAM troller 26 als rne
requests of data fromag%PRA{?l% 20 'Ilhe ragrI (ﬁ‘aehé:de)c’Y’hﬂi b di b8 t 8 order of

reference request s¥¥¥ ditt @k r dengilnes.| Wit h r@ sest @sxof; edd) aad, even
banks references iALUrahibeer/egqui red that @ signgl i regurn only upon
co i | n°2h| %b ' hRd ™k

npl etion of a segugucg, gf menory rqf erences to both the 'odd a ven
banks. _If the 25 m croengl ne 22f 'sort's t e nehor y! r8f érethdesbin®y bdd bank
and evéfl bank references and one of the banks, e.g., the even bank is
dr ai ned of nenory ref%egﬁgg before the_odd bank but the signal is asserted
on the | ast 2even ref erence; -t ig2MBAGr yPloftEs| FBe gendibdbn codesi uakl v
si gnal backnZ od88sanatcseengh8ecbhattl re had c | et ed, even
-33 -~ %2004 WO 01/ 16769 . PGI/ u%gﬁlngggéé'thgﬁgggf-ﬂ&%dgggank
ref erence ok deehsienvFerdbe Thade oatucyeheedcouhtheaushag Sgt‘e'i:%”cy
probl em Thel Shinatd op & cggf)&flegrgxcgrg%{tdi n tiJe 1t(_?éder queue 90c all ow ng

u

a microengine to have nuftiple nenory referdntesiButieafdsngle belakich

only i {8 [ d<he METeYS§le divarch edaferset ® §1@1@n@érﬁycggg{gﬁj?ggtfh;e[gﬁgégﬁélr\lﬂ

control ler 264 al includes a high priority queue 90d.

priority queue %o%r?e SO ERRT n5°n‘g letetvrkide thenbparcbf latency:

m croengi nes goes 10 directly to the high priority queue and is operated
upon at a 'qhgr priority than other nmenory references in the other queues.

All of the e 39e v EeF bahkseuelieccPilke s tiherotsl Hankegupae 90b, the
or der queu%le%&:?é};ﬁﬁ igh priority queue, are inplenmented in a single
RAM structure 15 t at{%é&}bgi cally segnmented into four different w ndows,
each wt®dow having its own head and tail pointer. Since filling and

drai ni ng operations are only a si nﬂl e.input and a single output, they can
be placed into the same RAM structurettlo #nlcr 8ase 4dénsitly &ff RAM 8 |
structures. 20 The~SDRAWFcontrott-er-f6a-at-se+inclides.core hus_interface
logic i.e., ASB buscfHostoFbe ARR, bus interface logic 92 ipterfaces the core
processor 20 to the_ SDRAM con?fg%l B @62?#&(5 angu's%ilsPaszt'Jsb% HalP? |
includes a 32-bit dat¥ PaPH and a 28' Bilt | &8di eds Ipad H. bThe bdat &3 $ 25
acces to and frem fideotgokuhr ough VEM ASE dada (deyiicg3 9818 §p (@ buffer.
MEM ASB dat a devi ggu%iifg &gueue for wr'*te ata. |f there is incom ng data
fromthe core processor 20 Via ASB interface' 9 !t¥& lds®al dbh Ibélktlor ed
into the MEM ASB #&ite&®aoB and slubsequent |y renoyegh fir gm i3@pMEM3ASB devi ce
98 through the SDRAM interface 110 to SDRAM - 34 12 , 1 AH 2004 WO 01/ 16769
PGT/ USOQO Z22653 nenory 16a. Al though not shown, the sane queue structure can

be provided for the HBadde TaseShRAMec thier @oneli ta®d codes cannot be

30 set early (i.e. they are set in the microword preceding the

branch), the microengine supports branch guessing which

attempts to reduce the 1 cycle of exposed branch latency
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al'so includes an engine 97 to pull data fromthe nicroengines and PCl bus.
5 Addi tional queues include the PCl address queue 94 and ASB read/wite

" queue 96 that maintain a nunber of requests. The nenory reque %s are sent
to SDRAM i nterface 110 via nultipl exer 106. The nul ti pl exer 18 AN 2004
control | edyRyof{k86sSDRAM ar biter 91 which detects the full nestrnisoeraasss 10 of
t he queues and the status of the requests and fromthat decides priority

based on a_pr.ogr | e r:ed v QI vt V] ntrol register
100. Once 5@&% 5%%%%%@‘%%@% 13&%%%8@5? ?asr’r:g{ngrf/etre erence
request, theq@Rminl efargnahe afjursisequentiers gietfetachdecdder diissdere it
is decoded and an address is generated., The decoded k%%Sress}hi s sent to the
SDRAM i nt ePRdée 11 Ay ShfeRefars étdéjﬁﬁriﬁﬁé:@g-yi P YSoW Rt addr ess
strobes 10 AeeRss t he SORAM AR RN EWrdt 19, Meadydial & ovsFantai a |ines 16a
sending data to bus 112. In one 20 inplenmentation, bus 112 is actually two
separ at® busdgenawstisndcldminadiedylas Eeownmhelayyar at e buses woul d i ncl ude a
read bus coupling the distributed mcroengi nes 22a-22f and a wite bus
coupling the distributed m croengi nes 22a22f. 25 A feature of the SDRAM
controller 26a is thadsshefaricHBEken rAfeiradiceld scaftaried in the queues 90,
in addition to the optimzed MEMbit that can be set, there is a "chaining
bit". The chaining bit when set allows for special handling of contiguous
menory references. As 30 previously freitiiored, 4He arbi el F2icdntirol s

whi ch 1§5 12 ,1AH.2004 WD 01/1.6769. RCIL1ISQQL22653_md_crpengine wi || be
sel ected to provide nenory reference requests over tE%zcorg?Rdg‘g bF? to
queue 90 (FIG 4) ™MELeAPRHPHFPt he | Mail nilt Phvi | PLcbit?r &I arlbPrer to
have the arbiter ssigeeddd genfuncti onalnlumi¢b WhKXh pievibdusibd 5 béeduest ed
that bus because sgiting 9bokdie £hain bif indi eatesxthan §he migs gengine

i ssued a chain requéest. Contiguous nmenory references wi ||l be received in
queue 90 when theq’b’WéFh’r%rb‘f"c i 5 sef. Those 'cBhtli GAoLEX ' r dritndes will
typi caltby be storegdiite sdxx order| quene 90c 10 beclamdel tdvel ct¥ntlilgudus nenory
references are multiple menory references froma single thread. In order- to
provi de synchroni zation, the nenory controller 26a need only signal at the
end of the chained nenory references when done. However, in an optim zed
menory chaining, 15 (e..g, when optimzed MEM bjt and chai n'ﬂ me are set)
the nenory FEfEhenBisresdra %Be??lg‘b‘ i prapeht tH ?l‘ils“é‘ﬁarﬁﬁi:t gia ¥
conplete o ba { SSA ign fdone" before the other
bank was fu ?§f%§é?%§§ tﬁﬁgl%eés#%ggy%gg%%hgrik%/e Therefore, the chain bit
is use@Oby 20 the controller 110 to naintain the nenory references fromthe
current queue. Referrin 0 FILG . 4 a epLe tat| of the
arbitration policy 9Hels%e SPRAM E%ﬁ Po(%ggwﬁéag%sﬁgﬁo%%gﬁlhe arbitration
policy favors chained m croengine 25 nmenory requests. The process 115
starts by exam ning for Chained m croengine nenpry refegenc equests 115a.
The process 115 stays at the chai ned! réqbeﬁé ﬁt'i Ist'hegc ai%n{bﬁt ?i saSI

cl eared. The process-exantnes-ASB+bus +H-eguest st-ti5h-——-+-———-t-===4=-=-+

25" microstore lookup {nljcbfnl | XX|n21]ln3i{ind| nd|
fnl | ¢cb{nl | XX | n2 ] n3 | nd |
| fnl | cb|lnl | XX | n2| n3|

reg addr gen |
reg file lookup |
ALU/shifter/cc ] | | | nL ] ¢b | nl1 | ¥X | n2 |
write back | ] | | | n1 | ¢cb | n1 | XX |

30
However, the latency penalty is distributed

differently when microcode guesses a branch is not taken:
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foll owed by PCl bus requests 115¢c, High Priority Queue 30 Service 115d,
Opposite Bank Requests 115e, Order Queue -36 1 2 JAN 200g WO 01116769

© PCT/ L1S00/ 22653 Requests 115f, and Sane Bank Requests 115g. Chdi 2eJANr 200est

are serviced conpl etely, whereas services 115b-115d are serviced in round
robi n or derWO8MI§76hen services 115a-115d are ful ly drai ned HBCEAISHIMR2653
process handle 5 services 115e-115g. Chai ned m croengi ne nenory reference
requests are when theFpregiueas BDRANhNHOGr yakegugsbraagcht He ®oT R alkeh set.
When t he ch%é; %Ié S _set t@eﬁ the.arbitration engine sinply services the
sane queue Agalh, 2TRtPP VARCEHAFKCLES PS SPEaP¥E. PEROWASE i s hi gher
priority 10 than PClI due to the severe performance penalty inposed on the
Strong armcore when the ASB is in it state. PCl has higher_priority than
the m croengi nes due to the Iatenéy\/\friéqu?r';grrgnl[5901J ! ‘gidwe?/e'r fi th” ot her
buses, fhe ar bi tratton-prrorrry coottoe-difetent+-45+As--shewrr--a-+1 G 4B,

tyfi cal timng OI_ apjmilas_stg'reyvilbdsnﬁ@t _aquye; BPIraL pid {p’hggt QR ?r}g Y"!ntShl
active nmenory opti shown. n _be seen, e use of active
mermory optim zat i onn}sezgarrtéxégﬁigfgs thimusé 8¥alt ﬁg bd@ Af s 'hPdds PBhk

i nherent | atency wi X% diphyepker SDRAV devii @ésl <20l Int tihaz lexainpbe, | a
non-optim zed accessLwyanifwiecd4 gyclgs while pphi Maed acgegs can take 7
cyles. jgeferring t 0, 5LG Lo the'mfm)ry control|er 26b for the éRAM IS
shown. “The menory controrier 26b inclUdes an abidr e§tahd®®dnfhridukue 120.
VWhile the nmenory 25 controller 26a (FIG 4) has a queue for nmenory

optim zation based ongddy8pdeeyeauBaskbRAncHERBAY aRBH ILEERA0RS S
optim zed based on the type of nefory operation, i.e., a read or g wite.
The addr esstaieh ctoneamdageclewagbednciades.a high priority queue 120a, a
read queue 120b 30 which is the predom nant menory reference function that
an -37 1 2 JAN 2004 WO 01/16769 PCT/ USOCO~-Z2653 SRAM perforns, and an
order &8eue 120c which in general wll include all wjtaes tg $PRAMang reads
that are to be non-optinized. Al though not, shown, _{he address gnd_conmmand
gueue 120 could also include a wite queue. 5 The SRAM controlTer 26b al so
i ncl udes core bus iTHBPFERRE LOY® i .. 1 ASBPHUNLLP2XX Thiel ASB2 blud3i htbdr f ace
l ogic 122 interfacesed Bedcaes prog¢essqarnl0 o [ hx& BRAM contres lieps26b. The

ASB bus is a bus t (M 2 bit data,pat bit address
path. The data is 1 gagggésgggﬁlfpg ind flr oma]rrél%m ycgt ﬁp%ugh)a%&tl\)i’;énga'ta

devi ce2928, e.g., RWUPhEfterkemM ASH ddta devi cen128 dbs | ax¥quexie If bt write
data. If there is iwaes pgkdata from tthe core processof &40 |via |ARB |
interface 122, the data can be stored into the MEM ASB devi ce 128 and
subsequently renoved from 15 MEM ASB devi ce 128 through SRAM interface 140

to SRAM nmerghy rfbrodhginegbanotombone, bthachafbedderHg GiEHCLUEGGaAN be
provi ded fqr reads. The SRAM controller 26b al so includes an engi ne 127 to

pul | data fRARIHISFBRAEI hesiBRECPE thasrespltnéunthery r EQuesuesar e
2 . . ; 5 . 1o |
cont roffed by THs AR A e -y LL PUEKES A b ARk hRh YT £ AR R0 °

t he queues fd the status of the requests and fromthat decides priority
based on a programmabl e val ue stored,i 5 prjority service caqntral
regi ster 130. Once control to the rru|tiqp?e>2<2e§ 1526 sél'ec s! asrﬂam}r;'/ 8
reference request, ttre-nmenmory-teféremnde-requests--rs-sent-t-o-a-decoter 138

where it is decodedniidsedreaddsiegs s genercdt echy They $RAM|Ugst, mai Etb%iSEZM
e

cont roPng t he I\/brroj_[%/gdl\/gg egcénoff-?%g |Sr|3f"\{| fgl:gdI 3;8 I‘E@larllskl)zorll 530\(1 b;l’

contro r 26b can @ddress, e.g., !
reg file lookup | | f nl | ¢cb | n2 | bl | b2 | b3 |
ALU/shifter/cc | | | | n1 | ¢cb | n2 | bl | b2 |
write back ! I ! I | n1 | cb | n2 | bl |
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f 2 JAN 2004 5 10 15 20 25 30 WO 01/16?69 PCT/ US00~2653 16 MBytes, with,
e.g., 8 MBytes mapped for SRAM 16b, and 8 MBytes reserved for 9$reghr|2004

* functions including: Boot space via flashrom 16c; and Consol e port access
for MAC devices 13a, 13b and access to associated (RMON) counters. The SRAM
is used forWPIAF?o0k- up tabl es and queue management funct i BOBUSHR26SRAM
controller 26b supports the follow ng transactions: M croengi ne requests
(via private bus) to/from SRAM Core Processor (via ASB bus) to/from SRAM
The SRAM conirpller _26b_perfor nory._reference sorting to mnimze

del ays (bubg$e eiﬁaPﬁeaBP38ViEgegﬁoﬁy%ﬂgssﬁﬁprﬁP€Pf&é&em@g g&enenory 16b.
The SRAM conide@éheby2€hedegsciiRiBhY ofeher e r e d 164" ead
function. A bubble gan ei t her be-? 8? ggéygﬁgsg e%g% Fﬁgi nggﬁgggége of
nmerory devi Eke hprbglddirretSrAM ¢t mikirecodeh gursisedesnaokraektilgpkap
device %42 i J i.gh try. _address content addressabl e nenory
for Ioo%—up%pgggrggdBngkg.&Eggﬂggo§¥pﬁﬁHsiﬁgpﬁasdaaﬁaF QWBi CeLRYE i s

exam ned by subsequengueesadblaakhr eguiest withhe-agdnasgezad egnmand queue
120 al so includes a Read Lock Fail Queue 120d. The Read Lock Fail Queue
120d is used to hol d PEaBhéRBRAPChefer NRTetRkgDest s that fail because of a
| ock existing on a portion of nenory. That is, one of the m croengi nes

i ssues a nenory request that has a read | ock request that is processed in
address and control queue 120. thé derdrly Belquést i)l éoperiatie o edtiher
the ordér queue 120G-of-i-he-+Lad-gueue--39---1.-2-JAN.2004_WD Q1116769 .

PCT/ US00122Gh3 1 i Ll _rec ize. it as a,read_|ock request., The
control l er 26b vviZ'F crgggoeégslf’%}&? I?g%qkﬁpc%évpge' fﬁz'ar"& gé‘c4e|‘rﬁ e ¥hetRer! this
menory | ocation i%e%hRASAERD ocked! NI 1t4H 4 n2nokY || odat indn! irS | aoked from
any prior read | ogdg Fitequast, then this meaprynd ockxr equesty lls fl ail and
wll be stored iWuﬁn% %g%%clock f?il gueu& ;ﬁOd. If it is unlocked or if

142 shows no | ock™dr “PREY “Sddt ess! t hén t AePhddPRsls 8! #Rat Mehoty |
referede will bewtigeddbank t hel SRAM i nierfdce 1961 tiocper @r mxx 1 rredijt i onal
SRAM address 10 read/wite request to nenory 16b. The command controll er

and address generator 138 will also enter the |lock into the | ock | ook up
device 142 so that subfemiienpcpdadcborkctéiyugsesses| b bradchhromenory

| ocation | I Lon_ i s,unlocked by.operation, of the

nicrocontrgfgg 1ﬁ%€§ﬁgﬁ¥8n8?§g; BFOS}SWFaFFgPePﬁéaEEXleOFhFh@OFBﬁi has

ended. The hwpettenbed vabeckedfbyiekeabtngihberyabtdybihesBethsrSAM, After

an unlgﬁk, the read |l ock fail queue 120d becones the highest priority queue
11

gi vi ng HReukdkeRad FBEKMAFESERIiRSCAEALR PEPPESEelackeker 9] ock
request. Z0uisrSBOUE: 18 EkEoublon! ¥B! SbyH! BLAG,O! @ static Tandom access

menory w thout active nenory optimzation and wmth active nenory
optim zation is. shown. As can be seen, grouping reads and wites inproves

cycletine el'n]natIggeggagrgxgke§OT'taken/branch is taken

25 I 1 21 31 41 51 61 71 81 9|

microstore lookup | nl | cb | n2 | XX | bl | b2 | b3 | b4 | b5 |

reg addr gen | I nl | cb | n2 | XX | bl | b2 |{ b3 | b4 |
reg file lkup | | Inl | cb | n2 | XX | bl | b2 | b3 |
30 ALU/shftr/cc | I I f nl | cb | n2 | XX | bl | b2 |
write back ] | | | I nl | cb | n2 |} XX | bl |
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25 Referring to FIG 6, comunication between the m croengines 22 and the
FBUS interface Zogic (FBI) is shown. The FBUS interface 28 in qu’h&%}@

" application can performs header processing of incom ng packets*f t

FBUS 18. A_key function which the FBUS interface perforns 30 is extraction
of packet H&g’é}@@ and a microprogranmable -40 ~ 2 JAN 2002 T¥$00722658769
PCT/ USOOn~653 sour ce/ destinati on/ prot ocol hashed | ookup in SRAM If the
hash does not successfully resaoihege nxhés paekmtanhk aderowsrdnniiees d0sf he
core processor 28 for nore sophisticat ed RLEGASSLNGraped N€ FBI 28 contains
a Transmt FIFO 182, a Receive FIFO, (183, a HASH unit 188 and FBI control
and status registers 189. These fourP*unf ROSERMHIAR CHEESHATE t he

m croengi nes 22, via a time-nultipl éXeds aboessi mbctdwer&RAM bus 38 which is
connected g k@ Isa 4 oflind elris i o0 J i Wi pengipes. That is,
all communi cations to and from'the m croengines are Vi e transfer

regi sters 18te@®y Hxe ABUSHnadcrHem RS the lhmescn quiddessd ai€ nmehi ne 200
for pushin a_jnt.q the transfer .registers during the tine cycles which
the SRAM i %“%%%‘ afs“."%é the ot FHGE (lﬁ'ar"fhldg" e 3RS albul |
state machithe 20% fsvyadent ching data fromthe transfer registers in the
respective mcroengi ne. The Hashing unit includes a pair of FIFO=s 188a,
188b. The hash unit determnes that the FBI 28 received an 20 FBI hash
requesig The hash unit 188 fetghes hagh keys f,romd he I 1'Lng gicrqQengine
22. After the keys are fetchedqang Ihaghled',§ fhé |Pndr)| (':esécgr ejl d'el Pvgrgdpback
to the calling mcroengi ne 22" U to Y hree nashestaretpertorned-ontder a
singl e FBI hash méguegire Threkbpisises B4pankx38 xar ¢ each; L5 yni dijsectjonal :
SDRAM push/ pul | n bys_ pysh{ pul a, Eka f these, busses require
control signals \%h@%gahdd\?\n ?Tnspﬁlovi Hené Qaé})v\f%er é{gnﬂkgfé :floqt ha 'aﬂ%rgpri ate
i croengi ne 22 Trafsfee tef dterd. -41n1 § 3p UAX DOBY | WX 01516789 |

PCT/ USDDI 22653 Gamerstfity/cd r ansfar regi stems regui r prot gckkonsiromthe
context controlli to guaragntee read coyrectness. rtigular, if a
wite transfer rgglggét E)(rag%s bgi nga}use by g th£ é‘gdiljpti )f))!rgv?ge' gt to the
SDRAM 5 16a, thread_1 nust not overwite this register until the signal
back from gpRRAM.gort @ der 26a indicates that this register has been

pr onot ed an'ggéay—nvwsae—r-e' -used. Every wite does not require a signal back
from the destinati on Refmaitriq\g:d IRIG 1 I8B,f unEdremthaxdacen coargdat ed,
becausg . if 1Q the thread wites tqQ the sane command queue at that

dest i rg(Bi o WHEAR ARG 3T st t8howhe  df O tEXE W idsitplis idrFResial

guar ant eed sairthigE @y GRIATBHL AUSHES ; npﬂ}p requires

t he signaling back torthe t hr ea%. Hom?esflgﬁnﬁyét&hégltehdrogg%%es mul tiple
command 153§sefdatest B 4l heesmpleatash t axd ectmeavid abdqueest s nmust  be

br oken i nt ont ext t .,.50 that ordering, is .npintained via
cont ext s&Bg&%gu%ﬁ%e%eﬁee&ﬁaorﬁé{§Saetemﬁﬁcaasté"c?qgt't &5 %itﬁbe of this

par agr aph ifsllewdingyedrtextceddiidhcl ass of operations using an unsolicited
PUSH tf 20 transfer registers fromthe FBI for FBUS status information. In
order £ protect read/wite determnismon the transfer registers, the FBI
provides a special Push-protect; signab pwhgn, thepe sspecd 3l Bl pushg |

operations are set up. --42-
-------------- R et S T (TP S ———E

microstore lookup | ¢l | ca | br I nl | n2 | n3 | n4 | n5 | né |

reg addr gen | l ol | ca | XX | nl | n2 | n3 | nd | n5 |

30 reg file lkup | | l ol | ca | XX | nl | n2 | n3 | nd |
' ALU/shftr/cc | l I ol | ca | XX | nl | n2 | n3 |
write back ! I I [ | ol | ca | XX | nl1 | n2 |
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~~ ~ ,LAN 2004 WO 011 16769 PGT/ US00/ 22653 Any mi croengi ne 22 that uses the
FBI unsolicited push technique nust test the protection flag pyioANC4
" accessing the FBUS interface/ m croengi ne agreed upon transfer registers.
the flag is not asserted, then the 5 transfer registers may &Eﬁgad by
the nicroeWQi%@67%t the flag is Asserted. then the context gﬁgﬁﬁg fart N
cycles prior to accessing the registers. A priori this count is determ ned
by the nunmber of transf#Reregistersd ferhepdsted, plus a frontend
protection wi ndow. The basi cod 'deab;hﬁch_smit:lamortdhm raldr eartgktie nmust test this
flag then quickly move Lhe dal 3 Ml botilesclsh (ERGS afdle I ead
transfer registers to GPR s in contiguous cycles, so the push engine does
not collide with the m croentiif€ht ead. Ot her Enmbodiments 15 It is to be
under stgpod that while the inwenkigew bastdreemwalescri bed in conjunction wth
the detail ed description theggeqf, _the for I ng description is intended to
illustrate and not limt thexgggp%‘%fe?%%ggﬁvgﬁtion, whi ch is defined by
t he scope of the appended clains. 20 Ot her aspects, advantages, and
nmodi fications are within the scope_of e f.ol bk guing,cl-a8i,i8g 23 aphdted 1 2
I AN 2pp; "' T. ATM- fﬁiﬂecﬁﬁﬁﬁ%ﬁ e?w%géﬁatﬁgndgﬁqagé%%s Menory, said
control | er tgOERbILS BBntad1AGHE IS ndMy CONPIRKidiise tHd dul s wenory
references froma plurality of mcrocontrol functional units, said address

and cdrfhangagsede byosaviigichghen GRIFEFuelE coierdt Bead/ write queue that

hol ds nenory referen T rqna‘.11 c r%%e ' St pladwai ¢ i ncl udi ng
an arbiter that detegﬁéqﬁé} ullggggﬁg eac Eﬁ the queues and a status of
conpl eti oncohditttisnardidegs nenimly amdf eveinces tthe sEl@uwerderefgre eflee ence
fromone of the_gueues.

2. The contraoller of claiml erein the,control
| ogi ¢ furt REANSH &aFs selaordr rerr '&é’qlreorhrcﬁ?ecrpbfd%mﬁé??‘ﬁs provi de
a_next menpoudiefieherepidiased on o MO HIERR e Uss 4 echén a priority
o)

service contr register. 3. The controller of claiml wherein the address

and cdrandoqadis onalt herarcgnpatesoperatiaf @ itgren yCcapetrl ¢%at 0 hoF ds-
menory ref%&%ﬂ%?%éﬁﬂ% rHé¥EfHéﬁ¥'ﬁé&é£§k§ul.other branches

(including context rearbitrations) can select either 0 or

l1-cycle branch deferment modes. The architecture could be
designed to make a context arbitration microword within a

20 branch defefment window of a preceding branch, jump or
context arbitration microword, an illegal option. That is,
in some embodiments, a context switch would not be allowed
to occur during a branch transition in the pipeline because
as mentioned, it could unduly complicate saving of the old

25 .context PC. The architecture could also be designed to
make branching within the branch deferment window of a
preceding branch, jump or context arbitration microword
illegal to avoid complicated and possible unpredictable
branch behaviors. . .

30 Each microengine 22a-22f supports multi-threaded

execution of four contexts. One reason for this is to
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4. The controller of claim1 wherein a mcroengine sorts menory references .
into read and wite nemory references. 5. The controller of clal@ JAN@Blei n
"~ the address and command queue further conprises: an order queue that holds
wite menory requests wherein - 44 f 2 JAN 2p4 the controller exani nes

i ncom ng mY@PY1676K er ence requests and sorts the incom ng mepgryssoRheizence
requests into either the read queue or the order queue in accordance with-a

speci fi ed aﬂdKBS$nHMhhréhd'waé%ﬁ&ﬁféié%u@in§|fﬁﬁ%lanQEe%H?kﬂgraddress
and comman ueue .conprises: an order queue; and erelni e ienory
ref erence %ﬁ%ﬁiﬂ SH& Meery refprsneptand zmusbnwbit setilt bragenory

f QAN d | cqueue. 7. The cgntroller of claim
;emzéfgfﬁ [he addftiéﬁgﬁggggﬁﬂé% <a%%3§5}§&iﬁ§f%ﬁﬁﬂfgd iﬁgéss RBRELRENOI Y
structure &fd quditdieal domdisesaimingreffiglene Kordehssi 89 BBRDEY of

f wplne . read queue for storing menory references; a high priority
(rqﬁeﬁtraepig)(rass,tpgr %r%‘&grr?(aer{&)g‘q'sefbe‘?%;m%?@rw tateney nbfosygsificante being
segnent ed iStla® o\l FHSHRItARE, QW TP U %%%f@%gggﬁogxgﬁﬁ/tﬂgnl L5g0un

head and tail pointer. 8. The controller aim erei atitfess and
command quéi@PRFteder tdemprioreenginenseruldueie todhé rdbraad a renpve queue

Fef er ences fbmre sty S B AT e R ot arradencro
conpri si ngreducomasmad tdecedbar ﬁHﬁhdﬁkﬂﬁéﬁhIﬁﬂﬁﬁﬁﬁﬁﬁaﬁfﬁﬁalSthroughput.-
10 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
15 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

20 completes. Once signaled, . .the context will be swapped back
in for execution when a context-swap event occurs and it is
its turn to run. Thus, from the point of view of a single
context's instruction stream, the microword after issuing
the mem reference does not get executed until the reference

25 completes.

A second mechanism is Delayed Synchronization.

In delayed synchronization, the microengine issues the
reference, and then continues to execute some other useful
work independent of the reference. Some time later it

30 could become necessary to synchronize the thread's
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- 45 1 2 JAN 200 responsive to an address from a sel ected nenory
reference fromone of the queues, to produce addresses and connﬂdﬁﬂANde

" control a nenory interface. 10. The controller of claiml further

conprising: a nenory interface responsive to generated addr esses and
comands t oWpraad6m@ nenory control signals. 11. The controll ph%oﬁ2§3m 9
wherein controller further conprises: a |lock | ookup content addressa

menory for beelaupenobeiaan keckne Rmplatseaniolher ok elaln 0 wherein

t he address and command queue further cConprises 9T €BTEue to
hol d read |Bekorenbrythetewonde isepeefiosmeiat malkhb@C@b&ﬁtOE a preexisting

apdom access nmeno controlled by the controller.
HngTﬁg 2Oﬁ§?ﬁ%ﬁ908§ graﬂlcffwﬁﬁ élneﬁﬁg%g %&tdEé&&eFlF§§Eoﬁ@§Plf one
of the n1croeugthescussaﬁs ahtread,| eold eagcit BYACIBSSLRGLLRE hgg%rlookup

menor to det er ther a nenory |location specified in the re
requegt %P?%ghgeIBE ggeneg. hege coppleseder osf consimues executiing fthehe

ry loc Y Rl @ |.o est.. then.the issued
Temor Y |OCE&‘#‘Z232§$?§FS§ AR R L

The cont ro|lD%lamdcsunnhmnWaeteon ifs timp lementgd| ueahgomwbSdaQtfelreﬁleed
then the isgigdaigad Lehehglse 's - 46
If the memory reference is associated with a
10 transfer register, the signal from which the thread is
triggered is generated when the corresponding transfer
register 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
15 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 signal state per context is
held in the microengines scheduler, thus only one
20 = outstanding signal can exist in this scheme.

There are at least two general operational
paradiéms from which microcontroller micro-programs could
be designed. One would be that overall microcontroller
compute throughput and overall memory bandwidth are

25 optimized at the expense of single thread execution
latency. This paradigm would make sense when the system
has multiple microengines executing multiple threads per

- microengine on unrelated data packets.
A second one is that microengine execution

30 latency should be optimized at the expense of overall
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172 JAN 2004 converted into address signals for the nmenory by tgfolggrmé% ,
interface. 16. The controller of claim15 wherein the conmmand J r 208 d

" address generator enters the |lock for the nmenory address for the issued

read reference into the lock look up nenory. 17. The controller of claim1l
wherein thaveooriéred | er is configured to control static randoperpgsRnssddemOry
(SRAM. - 47 .Any. A .ALLA &

(0. 2ot Aefcldoryind domdSe 414y Mol Mooy M ARG SNL A 1 A8 MG AL A5
A}‘ A] *A?r mm}r}m dEh g cpéradiRi;Q:a] caﬂaaiﬁ%&ea] s@é@ﬂ&féﬁﬂ#%? %gag g;l&
ca] calcalc ca ¢Ra] ca] caU] caU] ca caU| ca~#* n
8&&g+++, | %ltlj%];ﬁﬁ L# %aa e %al]l%‘aqeau cHl %'Q]Ll%] ca] cahshthiat) ga] caU
| ca] ca ca] saiea] Qﬂ]dxaatﬂ@@]ﬂ@éa&cﬁrﬁé%wi‘t%ﬁ\}lg@] Bss1 %icg]%éf’%gﬁ\’%bﬁr%g
a

L1 % 90 <<>? @REEa G vgkfa\W]ca] ca {a] ca] ca]

A A b b

cay catﬁﬁﬁls@éﬂ SHH g at}:e?q%a]T Bughaa cef}setaﬂitttaz}e:@hﬂqﬁ@é] et
GGGEEEEXK ztnjd ca] ca] ca]ca] ca] c™a
U] ca] ca] ca]ld?]a nl %i cai ca%)]_rr Yﬁ%%%ﬁ%a? faJt¥&Pca] cal ca] ca
] ca] ca] ca] pa:‘lorlty over other cons:.deratlons such as memor

@B HMY h ddf ffffj Trc%mn’[m"rm n#op9sAsCsMsYshsTt uv~ ysnhb]g(S? ]lca(]jcaU] cau

] ca] c$au] c$A] c?é]ec‘aﬁléa 33 R ah) B geshrel ca) daxealictinaltadad] ca) ca]

cal] cal] calral
vE>l<J]xny] y4 @gycgyz | h|ak|sll|1]g—~lf~?~~n&~c’f9‘?n%m%l %aﬁ’&%c]%taﬁ%a?rcja:f cHICa] calcal ¢
a] ca] cH éi Rl citjoed ds] wa) ba | wet)] sa W ot ke sed #@d £ s k@] ca] ca

I 9800wz C$ I |

U ca] \(/:vg] c!a car%l J] C% £ l (] g']]liéj]% ﬁ%ca%ad]‘a] cal cal.ca] ca]tcg]é:}a]gla% caasU] cal ca
"KSU |%N[bmwﬁ€}a§@sdisalﬂr@4£@l§@\l@fdﬁad§%&?d ﬁé@f%ﬂ ca] ca] ca
U] ca] cal c caU] ca] ca] caj ca] ca] c*a] ca] ca] ca] ca] caU] ca

Q #% 0<K~y Pdie?sﬂ'flmj

ilU]P]C?]BCSElJL)iS]nﬁg]U]XFg]lJ]%? caf]cgfa%] ca] Ceilaﬁ ]pc"’aﬁac%ﬂ%na‘] SR AR cajca -
] ca] caly capdguliddlceaitdal aﬁ]ﬁﬁe]nm]ma]ncﬂa]ﬁ@aﬁ.&i (623 Ci%sulng] memory )

4BFJ‘V638’7X*§-%:FEFI zupkf a\ WdU] C ajc aj . cag]:'ca] cal callc ]acaU] o aU] cal calc
Jea:]%gﬁ gﬁ-ﬂ ddle agadajtdane case,

e e LA e \@dﬂtﬂgs@ o sl e o caUl ca caU
st ARG S A

] ca] ca] cal] ca] cal] ca] c"al] c"a] ca] ca]c

hpr ~AB! 8U] PPE&ABLRqEGo 0% ]'q%é‘]‘m]me:dim'ﬂﬁmim]lﬁilmﬁiwa&ﬂaﬁim ca] ca]

o 5o3vaR SAESoERGT O] (A isiing By B Eenencnn ot cal cal

ca] ca]2hl] eardgUpsapoalditslec ajhea]qallc alsiald walltealdedlrednm &BQany SS] _i 0
} xsnhc”Yi %ca% cal] calU] ca] ca] .ca] ca] ca] ca] ca] caJ ca] ca] ca] cal ca] ca] cajcalc
aU] ca] ca] cg{’ g}‘ @ELaJUJ THICGNHES @ e Possdbilepin parallel

wr mhc”? gahc a lkGalnealca calU ca] ca] ca
9a] caj ca]Y]cg] cg] gg]@cg]éga] caj cas]: ca%gk]%cdﬁ&@ (}la]ﬂ@wc%]h%%] %@r%:@spo%l Jealcal
Q w nhc”Y] FeaFrealciieg] eatdalicatdarc dlsca) cal ca] ca] ca] ca] ca] ca] cal] ca] ca] ca]
ca] ca] ca] ca] ca]ca] ca] ca]cal] ca]ca] caljca*"fE ; Y@ y#10% /& ()-m'3
10%<& () - S#H109& () - S10%<& () - $L) 10%t<#<& ()- G MLOY%&' () - LAMKWUA @
©y#109 " () - ndD!igsle mem ref 1 -

©) issue mem ref 2

t'c\a-U] cal ca] ca] cal ca] ca] ca] caU] cal] ca] caUl ca] ca]c

o) issue mem ref 3
©) perform work independent of mem refs l, 2 and 3
©) synch to completion of mem ref 1

30 o) perform work dependent on mem ref 1 and independent of mem ref 2
and 3
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#10%<<& ()-m'! @ y#10%w, w, & ()-ni'!t @ y#10%<h<& ()-ni'!~@
§#10% <r <§ez) ()-ni! é// y#1090J& () - uV7 #@O0%& ()-109%&& ()-$, 100472 JAN 204 0<<
- 10<< 10<<! 9610%<& ()-"210%& ()-9N wJ3uV7! F $109& ()-/!F $10%

& ()-1"F $109%& ()-/'F $10% & ()-/!F $10983& ()-/'p F $109%& ()-/

: >?@\N} r g\ SWOR4EHI () - 10Z 10Z PCT/US00/22653
10ZSl 7109Z& () - F $109%&& ()-/! F $109%J& ()-/! F $10%HH& () -/ NzZi >Z}[ 9g\ =! | F#10
YBB& ()-S! | #10%&' {§suk| #iy0) 38W (em! keif0BhIeY b)) CrEdOURE (Irk@ 0%Z& ()-]] WU3g\ =! ~
F#109& ()-S!; ;

F#10°/<ZZ<(§L') ()- S CEeT00e (3 -G I8 TS R 1homze () - St F#1096x& () - S{\ - 1 ~!
$109g! q! & () -! PLOBRTECFY -Word;, PPEndeit: PR M- ref0¥ apy2 independent of mem ref
10Z@109%&& () -! @#109ZZ& () - Se<wU3{\: ! #10%W (v(& ()-!k $10%K, K, & ()-!!}
Toraeeasl) )L SOt il beu olt MAVTIR b eSS (1%, () -1 P-4 (BT
10(710% & () -4 10 & () ~4Y1100% & ()~ - OF10%FE"T5S
#1098 () - ! ~#1098~ -%‘3 COTRIGEOR Of mem ref 3

10(! 628109 {] { & (Pertfbim &ibd¥odatehdent/ bx &hA%dnB 16 ron/ 68'a10%8 G&'sE) - ¥40% 0&' () -

10( 10(dl:WXl\/B?Io) lpés%e any new mem refs based on preceding work.

10 In contrast, optimization for throughput and
bandwidth would take a different approach. With
optimization for microengine computational throughput and
overall memory bandwidth less consideration is given to
single thread execution latency. To accomplish this, the

15 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
thread is always available to hide the memory latency

20 incurred when another thread is swapped out.

Register file address typeé:

Referring to FIG. 3C, the two register address

spaces that exist are Loéally accessibly registers, and

25 Globally accessible registers accessible by all
microengines. The General Purpose Registers (GPRs) are
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 lsb=0, and B bank regisﬁers have

30 1lsb=1. Each bank is capable of performing a simultaneous

read and write to two different words within its bank.
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10' 0 10' 0710% 0&' ()-! #z&810%J& ()--/! #Sz&10% J

& ()--11xz&10%&' ()--/!2&10%*& ()--/ !'""<NBT7! 15/&%&00
10! 3s$10%&' ()-/!*3s$L09FT& ()-/!3s$L0%{ & ()-/#y1l09%& ()-10%& () - 394 0% (

" V5596 &Q&K &I &WX9. 7 10@10%&R' () - 3s$10%& ()-/!3s$10%&' ()-/13s$10%

& ()- /l3s$1‘U%°)‘/8§763 /13s$10%yy& ()-/| &m8n&z&&&o' (j H7 PCT/US00/22653
10@1! 3#10%h&' () - #! 3#10%&’ () - #f #S10% h& ()-10% h& ()-F% 10% h& ()- 10

10(d) *g++, , WBH? 10+#A6%088' banks+K10%E' 6)- th@ﬂf&@%t&r( )sét 76b is
lx3#10‘%((&'éi@?f 3#10% h h& () - #! 3#10%h& ()-#, ., ..

10! 109%& () 09 IRN 1 3ed0BALR: EPUroFiDHOWE’ [ FbodD6Ms IJ;I)‘:‘ FBZLO:éliﬂ:O%rs
hfhg%&bu&(Lgﬂﬁﬁf?ﬁf%qgwéf ég?“éég&éﬁiagig1g€gg§ﬁ%%é§3w3%gus@)t read 0
10! }F", 10981} 1 SEAdRi €S- r&@lster 0 at 77a (register 0), the thread_1
5 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
10 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
22f.

These windowed registers do not have to save data

15 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

20 width of the general purpose register set. Relative
addressing allows access any of the windows relative to the
starting point of the window. Absolute addressing is also
supported in this architecture where any one of the
absolute registers may be accessed by any of the threads by

25 providing the exact address of the register.

Addressing of general purpose registers 78 can
occur in 2 modes depending on the microword format. The
two modes are absolute and relative. In absolute mode,
addressing of a register address is directly specified in

30 7-bit source field (a6-a0 or b6-b0):
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10 .U 10 U710% U&' ()-F"$10% P& ()--!}F"$10%& () --b3r 3Wl 5n678zX6~_@

10! | xF&$109%&' ()-f/1 F&$10%) & ()-f/! F&$10988& ()-f/!

F&SL10%F& ()-f/! F&SL1OUKKE' ()-f/ SHI10%& ()-89 ::::::*:~ @. 12 JAN 204
10! | x109%3& () - $109%& ()- 10 10

10, 710%& () WREMIMR: ()-f/ 1 nF&$109%& ()-f/*:9::;<9=S>zX6~ @ FPCT/US00/22653

10! 1 $109& () --/! $109& ()--/!$10%& ()--/!$10%&' ()--/! $109%& ()--/#, 109%G& ()-S
>h?@aaEEad r g\ = 10! ! 1098& ()- 10G 10G

10G, Y7- L0%G8 () - $10%6& ()--/!| $109%&' (J-- 4!} $LO%K (a--/@\BCE- FzX6g\ =

10! | F#109% B} B& () -/ ! ~F#10%BxB& ()>-/ 1 F#109@Be (3-/tFePoveBs () -/ ! F#109BB& (
) -1 #109B&' () - @ F8QUGZ G § GHEEBH- @6+~ $10% b (-r+$510% U& ()- 10B 10B
10Bf 7- 1098B& () - F#10%&HR):- / | xB8100& b3r h@PAIPEIE31@a01  a6=0

5 B GPR: | b6l 1 | b5] b4|l b3t b2| bl| b0} b6é=0
SRAM/ASB:| a6| a5| a4| 0 | a3] a2) al| a0| aé=1l, aS5=0, ad=0
SDRAM: | a6l a5| ad4| 0 | a3} a2{ all a0| a6é=1, a5=0, a4=l

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

e i et ST N S U RS

A GPR: } d71 d6l d5] d4| d3| d2| d1f d0} d7=0, dé=0
B GPR: I d7) d6| d5| d4) d3| d2| d1| 40| d7=0, d6=1

15 SRAM/ASB:| d7] dél| d5| d41 d31 d2| dl| d0| d7=1, dé=0, d5=0
SDRAM: | d7| dé| d5| d4{ d3] d2| dl| d0| d7=1, d6=0, d5=1

If <a6:a5>=1,1, <b6:b5>=1,1, or <d7:dé>=1,1 then
the lower bits are interpreted as a context-relative
20 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
spaces can be addressed. Effectively, reading absolute
SRAM/SDRAM devices has the effective address space;
25 however, since this restriction does not apply to the dest
' field, writing the SRAM/SDRAM still uses the full address
space.
In relative mode, addresses a specified address
is offset within context space as defined by a 5-bit source

30 field a4-a0 or bd-b0):
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1011 10% U&' ()-410% U& ()-, 10% U ()-$ 10% U& ()-10% U& ()-,10%
U&' () - GKH HoHHHI dE~_@ 10! ! 910% U& ()-110% U&' ()-110% U& ()-1 10‘;/??0‘%- @E}O‘V
U& ()-[10% U& ()-1:L| MMMMWMWM \ = 10!!s!109B& ()- %109B& ()- 10
- 1009 () -11110% & ()-!'1110% '
Uy7-10% U& 0 01/16769 ° O . __ PCT/US00/22653

7 6 5 4 3 2 1 0 !

Rl L T T

A GPR: I a4l O Jcontext| a3| a2} al| a0| a4=0
B GPR: | b4l 1 |context| b3| b2] bl| b0| b4=0

5 SRAM/RSB: |ab4| O |ab3|context| b2| bl|ab0] ab4=1, ab3=0
SDRAM: fab4| O |ab3|context| b2| bl|ab0] abd4=1, ab3=l

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

10 7 6 5 4 3 2 1 0

e e R R i T Ty nupm—
A GPR: | d5] d4|context| d3| d2| di| d0| d5=0, d4=0
B GPR: | d5] d4lcontext| d3{ d2| d1| 40} d5=0, d4=1
SRAM/ASB:| d5| d4| d3|context! d2| dl| do0] d5=1, d4=0, d3=0
15 SDRAM: [ d5| d4| d3|context| d2| dl| do| d5=1, d4=0, d3=1

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

20 The following registers are globally accessible
from the microengines and the memory controllers:
hash unit registers
scratchpad and common registers
receive FIFO and receive status FIFO
25 | . transmit FIFO
transmit control FIFO

The microengines are not interrupt driven. Each
microflow executes until completion and then a new flow is
chosen based on state signaled by other devices in the

30 processor 12.
Referring to FIG. 4, the SDRAM memory controller

26a includes memory reference queues 90 where memory
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U U8 () - MNOOPQRzX6{\ = 10! #109BB& ()-,/! #109%& ()-,/! #109BB& ()-,/
#109%' ()-, /! #109@B& ()-,/! #10% B} B& ()-,/RT>TCTDTETFTST T-_@ 1041 10%
U&'()-&?le%)U&'()- 10B 10B 10BY7, 109B& ()- #10%& ()-,/!N 004
#109% ()-, [ ToTP X6~ @ 10! ! 9$10% & &&' () - (! 9$10%& ()- (! 0
u&'()-(!9$Y6h%¥%?J)-(!9$10%NN&'()-(#10%)u&fEg-vawwwwww44089§§&8ﬁ%bﬁ“”
10! 1 L$y10% ()- 10 U 10 U 10 USF7- 10% , , ,

U&' ()-!| 9$X8FRIEPCE FEMABYS -JUTFRHANE (Hhg WaLtPys (Wrgreengines

ot Fi10% MPER( P2 51 TR o copendXickoiad tatgacs A aEeet o1
' that selects the next of the microengine reference requests to
go to any of the functioning units. Given that one of the
5 microengines is providing a reference request, the
reference request will come through the address and command
queue 90, inside the SDRAM controller 26a. If the
reference request has a bit set called the Aoptimized MEM
bit@ the incoming reference request will be sorted into
10 either the even bank queue 90a or the odd bank queue 90b.
If the memory reference request does not have a memory
optimization bit set, the default will be to go into an
order queue 90c. The SDRAM controller 26 is a resource
which is shared among the FBUS interface 28, the core
15 processor 20 and the PCI interface 24. The SDRAM
controller 26 also maintains a state machine for performing
READ-MODIFY-Write atomic operations. The SDRAM controller
26 also performs byte alignment for requests of data from
SDRAM. |
20 The order queue 90c maintains the order of
reference requests from the microengines. With a series of
odd and even banks refergndes it may be required that a
signal is returned only upon completion of a sequence of
memory references to both the odd and even banks. If the
25 microengine 22f sorts the memory references into odd bank
and even bank references and one of the banks, e.g., the
even bank is drained of memory references before the odd
bank but the signal is asserted on the last even reference,
the memory controller 26a could conceivably signal back to

30 a microengine that the memory request had completed, even
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priority queue, are implemented in a single RAM structure

15 that is logically segmented into four different windows,
each window having its own head and tail pointer. Since
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.

20 The SDRAM controller 26a also includes core bus
interface logic i.e., ASB bus 92. The ASB bus interface
logic 92 interfaces the core processor 20 to the SDRAM
controller 26a. The ASB bus is a bus that includes a 32
bit data path and a 28 bit address path. The data is

25 accessed to and from memory through MEM ASB data device 98,
€.g., a buffer. MEM ASB data device 98 is a queue for
write data. 1If 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

30 MEM ASB device 98 through the SDRAM interface 110 to SDRAM
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S, ##10%-X#-#£1 4P - /ncludes an engine 97 to pull data from the
microengines and PCI bus. |

5 Additional queues include the PCI address queue

94 and ASB read/write queue 96 that maintain a number of
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

10 of the queues and the status of the requests and from that
decides priority based on a programmable value stored in a
priority service controi regisfer 100.

Once control to the multiplexer 106 selects a
memory reference request, the memory reference request, is

15 sent to a decoder 108 where it is decoded and an address is
generated. The decoded address is sent to the SDRAM
interface 110 where it is decomposed into row and column
address strobes to access the SDRAM 1l6a and write or read
data over data lines 1l6a sending data to bus 112. In one

20 implementation, bus 112 is actually two separate buses
instead of a single bus. The separate buses would include
a read bus coupling the distributed microengines 22a-22f
and a write bus coupling the distributed microengines 22a-
22,

25 A feature of the SDRAM controller 26a is that
when a memory reference is stored in the queues 90, in
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

30 previously mentioned, the arbiter 12 controls which
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| 5 requested that bus because setting of the chain bit
indicates that the microengine issued a chain request.

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

10 Dbecause the contiguous memory references are multiple
memory references from a single thread. 1In oxder to
provide synchronization, the mémory controller 26a need
only signal at the end of the chained memory references
when done. However, in an optimized memory chaining,

15 (e..g, when optimized MEM bit and chaining bit are set) the
memory references could go into different banks and |
potentially complete on one of the banks issuing the signal
”doné”.before the other bank was fully drained, thus
destroying coherency. Therefore, the chain bit is used by

20 the controller 110 to maintain the memory references from
the current queue.

Referring to FIG. 4A, a flow representation of
the' arbitration policy in the SDRAM controller 26a is
shown. The arbitration policy favors chained microengine

25 memory requests. The process 115 starts by examining for
Chained microengine memory reference requests 1l15a. The
process 115 stays at the chained requests until the chain
bit is cleared. The process examines ASB bus requests 1l1l5b
followed by PCI bus requests 115¢, High Priority Queue

30 Sexrvice 115d, Opposite Bank Requests 115e, Order Queue
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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 115e~115g. Chained microengine memory reference
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
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
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
hides the inherent latency within physical SDRAM devices.
In this example, a non-optimized access can take 14 cycles
while optimized access can take 7 cyles.

Referring to FIG. 5, the memory controller 26b
for the SRAM is shown. The memory controller 26b includes
an address and command queue 120. While the memofy
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
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
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command queue 120 could also include a write queue.

5 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
controller 26b. The ASB bus is a bus that includes a 32
bit data path and a 28 bit address path. The data is

10 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
processor 20 via ASB interface 122, the data can be stored
into the MEM ASB device 128 and subsequently removed from

15 MEM ASB device 128 through SRAM interface 140 to SRAM
memory 16b. Although not shown, the same queue structure
can be provided for reads. The SRAM controller 26b also
includes an engine 127 to pull data from the microengines
and PCI bus.

20 The memory requests are sent to SRAM interface
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

25 priority service control register 130. Once control to the
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

30 Expansion ROM. The SRAM controller 26b can address, e.g.,
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s1098& () - & 19¢BEed) if! 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
interface 140 to perform a traditional SRAM address

10 read/write request to memory 1éb. The command controller
and address generator 138 will also enter the lock into the
lock look up device 142 so that subsequent read iock
requests will find the memory location locked. A memory
location is unlocked by operation of the a microcontrol

15 instruction in a program after the need for the lock has
ended. The location 'is unlocked by clearing the valid bit
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.

20 As shown in FIG. 5A, typical timing of a static
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.

25 Referring to FIG. 6, communication between the
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

30 is extraction of packet headers, and a microprogrammable
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source/destination/protocol hashed lookup in SRAM. 1If the
hash does not successfully resolve, the packet header is
promoted to the core processor 28 for more sophisticated
processing.

5 The FBI 28 contains a Transmit FIFQ 182, a
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

10 78, 80 in the microengines. That is, all communications to
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

15 data bus (part of bus 38) and a pull state machine 202 for
fetching data from the transfer registers in the respective
microengine.

The Hashing unit includes a pair of FIFO=s 188a,

188b. The hash unit determines that the FBI 28 received an

20 FBI_hash request. The hash unit 188 fetches hash keys from
the calling microengine 22. After the keys are fetched and
hashed, the indices are delivered back to the calling
microengine 22. Up to three hashes are performed under a
single FBI_hash request. The busses 34 and 38 are each

25 unidirectional: SDRAM push/pull_data, and
Sbus_push/pull_data. Each of these busses require control
signals which will provide read/write controls to the

appropriate microengine 22 Transfer registers.
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Generally, transfer registers require protection
from the context controlling them to guarantee read
correctness. In particular, if a write transfer register
is being used by a thread_1 to provide data to the SDRAM
16a, thread_l1 must not overwrite this register until the
signal back from SDRAM cbntroller 26a indicates that this
register has been promoted and may now be re-used. Every
write does not require a signal back from the destination
indicating that the function has been completed, because if
the thread writes to the same command queue at that
destination with multiple requests, the order of the
completion is guaranteed within that command queue, thus
only the last command requires the signaling back to the
thread. However, if the thread uses multiple command
queues (order and read), then these command requests must
be broken into separate context tasks, so that ordering is
maintained via context swapping. The exception case
indicated at the beginning of this paragraph is relative to
a certain class of operations using an unsolicited PUSH to
transfer registers from the FBI for FBUS status
information. 1In order to protect read/write determinism on
the transfer registers, the FBI provides a special
Push_protect signal when these special FBI push operations

are set up.
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: - accessing the FBUS interface/microengine agreed upon
transfer reglsters. If the flag is not asserted, then the
5 transfer registers may be accessed by the microengine. If
the flag is Asserted then the context should wait N cycles
prior to accessing the registers. A priori this count is
determined by the number of transfer registers being
pushed, plus a frontend protection window. The basic idea
10 is that the microengine must test this flag then quickly
move the data which it wishes to read from the read
transfer registers to GPR's in contiguous cycles, so the
push engine does not collide with the microengine read.
Other Embodiments
15 It is to be understood that while the invention

has been described in ¢onjunction with the detailed
description thereof, the foregoing description is intended
to illustrate and not limit the scope of the invention,
which is defined by the scope of the appended claims.

20 Other aspects, advantages, and modifications are within the

scope of the following claims.

25
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provide a next memory reference based on a programmable value

stored in a priority service control register.

3. The controller of claim 1 wherein the address and
command queue further comprises:

a high priority queue that holds memory references from

high priority tasks.

4. The controller of claim 1 wherein a microengine sorts

memory references into read and write memory references.
5. . The controller of claim 1 wherein the address and

command queue further comprises:

an order queue that holds write memory requests wherein
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urther comprises:
an order queue for storing memory references;
the read queue for storing memory references;
a high priority queue for storing memory references;
and
with the memory structure being segmented into four
different queue regions, each region having its own head and tail

pointer.

8. The controller of claim 7 wherein the address and
command queue further comprises:

an insert queue control and a remove queue arbitration
logic to control insert and removal respectively of memory

references from the queues.

9. The controller of claim 1 further comprising:

a command decoder and address generator that is
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one of the queues, to produce addresses and commands to control a

memory interface.

10. The controller of claim 1 further comprising:
a memory interface responsive to generated addresses

and commands to produce memory control signals.

11. The controller of claim 9 wherein controller further
comprises:
a lock lookup content addressable memory for look-ups

of read locks.

12. The controller of claim 10 wherein the address and
command queue further comprises:

a Read Lock Fail Queue to hold read lock memory
reference requests that fail because of a preexisting lock on a

portion of a random access memory controlled by the controller.

13. The controller of claim 12 wherein the command decoder
responds if one of the microengines issues a read lock request by
accessing the lock lookup memory to determine whether a memory

location specified in the read lock request is already locked.

14. The controller of claim 13 wherein if the memory
location is locked from any prior read lock request, then the
issued memory lock request fails and is stored in the read lock

fail queue.

15. The controller of claim 14 wherein if the memory

location is not locked then the issued read reference is
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converted into address signals for the memory by the memory

interface.
16. The controller of claim 15 wherein the command decoder
and address generator enters the lock for the memory address for

the issued read reference into the lock look up memory.

17. The controller of claim 1 wherein the controller is

configured to control static random access memory (SRAM).
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