;e3ep TL86 Tp G B APR 2003 CROSS- CLOCK DOVALIN.DATA TRANSFER METHCOD AND
APPARATUS FI ELD OF THE | NVENTI ON The present invention relates to thed PRI}
of data transfer, and nore particularly mem‘mwwmﬂmeng i nformati on between
circuits th are operated in different donal GROUND
OF THE INV@%%P n nmodern el ectronic devi ces,..if 1s often négggégﬁy to
transfer data between circuits in different digital clock domains.

"al though in many cases the clocks in the different domains are entirely
unrel ated, in sone cases the clocks are generated froma common base cl ock
or ot herw s€REYS-ALOCEIDSONMA INEDAIT A TR N SHER MEYHOD w9eD APPAREITSE
transfer of information. For exanple, in at |east one prior art nenory
system a reference clock signal is used to generate both a menory clock 17
and a host clock I5. The nenory clock 17 is used to tine the transfer of

data and copranse)t PHENEVPENTON Menory devices via a hi gh-speed,
packet-oriented communi cati on channel. The host clock 16 is used to manage

MENDry access refuepeseheesvattb fdiMeexbahndlelagdd&aanshdier, hadmbrd he
requests into appropriate command and data packets for consunption in the
menory cl ockaiticutkaigpiten trafefdrriagaffsrnaatinrbvandear cdatids platkat dperifed inenory
clock 17 domain, control logic in the host clock |6 domain asserts the
packet to |dgferenindighe! morhrdombmsk 17 dommin for as many cycles of the
host clock I b as required for the nenory clock 17 domain to consune the
packet. OneBA3EdR@nildeOF THReINWBWEI@®$cr i bed packet transfer technique
is that, except for certain nenory clock 17 to host clock 16 frequency
rati os, the contlromodsgn eiactromredmges dt tschfta® neoersary W Hanafesalata t he
packet to the nenory ~ 8 APR 2003 w0 OO 2b799 PCT/ US99/ 2564! cl ock 17
domai n beyoPRivess Ctlr%tsnec@éf@aw digital geckedrspgingt odkhengladienany sas€dnsune

th ket. F that the f bet th
ooy y o ociie oSG He ARErEe; %%a?f}f %rgeetrirre?%?encgle@ ng?B?’}emgﬁesgélt hey7

d h th ket | f the host
c?ggLnl(éanB@@aus b e S ol SR R BB e O e o
packet duri Req&e lle?at?(gn 2}2 tﬂ?tsx&l ?l ézhselr?’t ttﬁ‘ﬁe (ER@ttfa(Hsfe% rOSH { %fn‘p{x}nérﬁkﬁ'\shOSt

clock 16 domsu n o tputs ea pac or at east two cyc

clock 16, evenethoymhid Qele%@freﬁy loR Gt AlerOPRE s, la @PESHAR clobR s%fﬁaa in
only one and one- ird cycl e of Fhe host cl ock 16 (each quarter of The
packet is cenmﬁetd gemetatebiotld aohemozy elerkol7 hhe kst dbdcks. 1&he memory
Consequently, each packet is asserted for two-thirds of a cycle of the host
cl ock 16 | odgek 17hamsedtesisae yhe rhesfebyf detuehdgarhmeaghpatoremt mpor easi ng

response |atency in the nmenory system
memory devices via a high-speed, packet-oriented communication channel.

The host clock 16 is used to manage memory access requests received from
external agents and to format the requests into appropriate command and
data packets for consumption in the memory clock 17 domain. To transfer a
command or data packet to the memory clock 17 domain, control logic in the
host clock 16 domain asserts the packet to logic in the memory clock 17
domain for as many cycles of the host clock 16 as required for the memory
clock 17 domain to consume the packet.

One disadvantage of the above-described packet transfer technique is
that, except for certain memory clock 17 to host clock 16 frequency ratios, the

control logic in the host clock 16 domain will assert the packet to the memory
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8 APR 2003 WD 001 26799 PCTI US99I 25641 SUMVARY OF THE 1ii-VENTI ON A net hod
and apparatus for transferring units of information between cl ock dorSahfisl03
in a rmenory systemare disclosed. rl respective set of N units of
information is | oaded froman output circuit in a first clock domain to a
st-orage ci r'é@P¥267% a second cl ock domain during each cl ock &FIE%F>%he
first clock donmain. The output circuit selects each respective set of N
units of information to include units of info Fi on that have_previously

M
been | oaded PRt &/ tFREMandP e firec ime ‘é‘i”ﬁ?s%aﬁé’t{%t ¢ TITOBE COGE gdt 4B t he

storage circuit prior, to th orage circuit being,l oaded with a subsequent
Ser of N unfd ORI s Ratiein FoR A s P A SO e g re iy s o

i nformati on,_t hat ve not previousl en. | oaded ji.nto. t rage circuit.
o hor " Tent PR B B UCHP LY ARE AP IS J RS ndt BRI

I T R T R T S T

DRAW NGS  Theg:ePh St &M cid we@gmei thel rHeH%SrZ;él@& by Waiﬂfca%%ﬂ%ﬁsxl%g afot

limtation in the figures of the acconpanying drawi ngs in which |ike

references émgheGRicked diikinda 6) @ERItRe Mt Bl0ARI 16N thehedhtrd! loklcUist thatiest a

menory system according to one enbodinent; Fig. 2 illustrates an exenplary
col um comelodk packoehainfdigpuls éddnusddi@t ésr dhleastomw e oyaimné thopost adbckFlg. 1
according to one enbodinent; Fig. 4 illustrates the hold logic and the
steering | ogvan tfougie thoomemsty clonkrldl demadaf vFillgcor8uanc traddag trooniye
enbodinent; Fig. 5is atimng diagramthat illustrates use of a sanple

sel ect si gnaie and one-third cycle of the host clock 16 (each quarter of the packet is
consumed in a third of a cycle of the host clock 16). Consequently, each
packet is asserted for two-thirds of a cycle of the host clock 16 longer than
necessary, thereby reducing throughput and increasing response latency in

the memory system.



to |oad data froma push controller into a shift logic circuit; Fig. aﬁGA%{Z@
timng diagramthat illustrates use of a sanple select signal- to | oad %
froma push controller into a shift logic circuit when there is a

fracti onal nunber of nmenory clock cycles per host clock cycle; Fi

i I'l ustrat es¥Pget67Pbb ¢ within the push controller according PGF'ZSAEF%%’“Z‘
enbodi nent; Fig. 8 is a diagram of a | ane select state machi ne for
generating the bubble select and live select signals according to one
enbodi nent ; . 91is e that indicates the next value of the |ane

poi nter for SggwifelﬁYdafpwEl BMEENTIPN 10 is a 1 ogic di agram t hat
illustrates generati hol d sel signal for a stora el epent inthe
hold logic; Fig. |meﬁh¢§§f\§am%arawsr qustfa %W%Wltélﬁff’ﬁf gﬁfﬁf%ge

hunks th h, t t put | f th t trat
%hgggtiggr %ggﬁskﬁwéﬁﬁﬁﬁ.%@a@ﬁf&ﬁg%ﬁgi é\sﬁ/\% i 2%505366%3%“82}35&9% Niﬁﬁgr ﬁfl :S
illustrat es fﬁf‘?‘é“&?éﬁﬁ‘i’%‘?iﬂ ﬁﬁ)m fn‘flnod'ltg){’lt AEk lcé %C En t CLH? r%ﬁé‘%%%ﬁdezagut put
| anes of thsto%gﬁeeyragt P8 Erofdddalk o dv Hﬁgre%ﬁ% Eéé‘f ey ary

shifting of packe unks roug he out put nes steerlng ogi c.
clock domain. The output circuit selects each respective set of N units of

information to include unuts of information that have previously been
loaded into the storage circuit and that will not be output from the storage
circutt prior to the storage circuit being loaded with a subsequent set of N
units of information, and
a complement number of uruts of information that have not previously
been loaded into the storage circuit.

Other features and advantages of the invention will be apparent from-
the accompanying drawings and from the detailed description that follows

below.



-5 8 APR 2003 ~i~' O 00/ 26799 PCT/ US99/ 256A1 DETAI LED DESCRI PTI ON A‘@ﬁﬁ?ﬁ%
controller that includes logic for efficiently transferring informatl 3
bet ween a host clock 16 domain and a nmenory clock 17 domain i5 disclosed. A
schedul er 30 responds to nenory access requests from external agents by
fbrnatting‘&%ﬁ%ﬁ%ﬁ’packets and inserting the packets in pacQEF“%ﬁ@E?4BSS.
Respective row push controller 27 accept the packets fromthe packet queue
63s and output the packets to a shift circuit in the nenory clock 17

donmai n. The ﬁﬁégﬁs @re shifted out of the éhift circuit in fractional
packet uni t & ke RI%TIHB}I@BT&%E'%%MN Bunks." One packet chunk is

shifted out of tt} shift circuit in.}he Menor y clocg< 17 donai er cycle of
t he menory crock E‘?.Prﬁ-serﬁa‘é‘k'é‘tm%%H ysdrated P §aye c?fh%ﬁ@d“l?{/]nghe menory
clock 17 dommin when it i.s shifted out of the shift. circuif. avoi d

out put ti ng ggrclzlgaetfoél 'y tlﬁ%élg%%?{/ﬁa CERTEATYEHE] %faf‘gngﬁdﬂg‘gElcpﬁﬁﬁ necessary,
the row p“S'Pef%Pé?{[cre Iihgfcgfg\sl\%%erd%glg%g?gak yﬁauarg&:packet transfer based on

packet chunks, 1 nstea managi ng packet transfer based

on packet chunksgid 1 HRGAUES PARSHOLLSIRehGcRAR NP oRBRhModifieuONPUL Of

t he host clock 16 omal n, because a an initi portion of a packet is
consuned, only tFﬁg.@ﬁ%ﬁé@&darﬁ)@%m@%r@fcélh%upféél?@ﬁahé eyt 1 n the
subsequent cl ock cycle and the remaini ng out put paths of the row push
control l er 27 arBigiedluseragst thdtrodncdiidadral 1d3ae of iy .of aeccrudbigedusid  packet .
Because packets are transferred fromthe host clock 16 domain to the nenory
cl ock 17 dowmwmibvdiidnt; ess del ay, the overall response |atency of the nenory
system may be reduced. Fig. 1 illustrates a nenory system 10 according to
one enbodi nent. Fige ndlvshptesytbedmld dogisasinditwe ateamngripgisont thelrber pegh a
menory array 11, a reference clock generator 12 and a nmenory cl ock

gener at or 1800iTplder af Ejga Scaccoryer tgetng ampodimeatit put s a reference cl ock 15

REFCL to the y caontrol)er 20 .and,.to both the menory cl ock,generator
DA SRRty AR S L e AL I AR e

may be divi t r ced frequ for i supplied to the menory
cl ock genergcfgoradgﬁsta'rﬁgghg%wsb c@pgrcfl)éégﬁteor%ggﬁﬁg‘qaéﬂ%@g{ es a nenory clock
17 (MCLK) fromt gg, ref : | (A to
the nmenory array ggl 6215’? ?gﬁﬁﬁglm %%gﬁygg%%e&r ZeO&eal' e %@é&%&%}ol | er
20 i ncl udes thosid gh@efr6fNh gmshlc@ah%u%; infBRABRYft 3bEle RNl Wheh WHEE 133 and
gear logic 23. The host-side control logic 21 i ncT udes clock insertion
logic 19 t héttacgemﬂrlauhleﬁmaohmetm@ﬂyoclbcﬂ.@?rélld@hdé)' Hasoalddkecycbd;er ence cl ock 15.
I n one enbodi ment, the clock insertion logic 19 includes a phase-I| ocked

| oop circuit to Hifyahikustiatesppeezdogic whhinhdkse peisbodont®oltes|aatondéng ¢o ohbe
reference clock 15 to cancel delay caused by insertion of the reference
clock 15 in?H‘tt%jémEmtégrat ed circuit (1C) that contains the nenory

controller 20. Tpe g%o.st gl ock 16 iP used to cl ock I_ogi C units w B-Ei n the
host si de cont rol Fiogi ¥ »912ga#8 Qifelanemsisrt stgernashing f9s 8antiatBBJRR | ogi c
units wthi ry-si.de control Jlogic 22 and also,to.clock transfers
of command gHéQ%a{Teié%a%\E@t“éeP%e&h%gﬂ% Oﬁcﬁpgstoﬂr}e ?ﬁg:oﬁlbr&en i de control
gl 21 1 ol uderi SRNPAM et illed FRSIAAS AIEUPTAS LR bR ARG 1 L ©
the menmory array fPom ext ernar agents (e’g., processor, gQraphics
subsystem NSLPudtperast er, and so forth). In one enbodi ment, the
menory array 11 is‘a dynam c random access nenory (DRAM array in which
packetized row CBIETEINOS AlogiddRdrira that (IY@ateatas depEREitA §fa hoWbsdléctmenory
cells and in which packetized col um conmands are used to read and wite
data in act bignat fowsa starageelentntyin thechslahlegid;er 30 responds to the nmenory
access requests fromthe external agents by generating an appropriate
sequence of packE&ig.Ziddiliustrataschrce fikstraxecumaay dbiftimgoafr pyclebtchtihles tleguebt ed
access operation. For exanple, if the scheduler 30 receives a request to
access an i maeohiputrlewes of the sieeringylogic ay 11, the schedul er 30 will out put
a packetized row_activate conmand to g APR 2003 1VO 00/26799

PCT/ US99125641 afig-Via: Bluskatessnsseontdoneaplary spaltiost o zpackesichunkaccess

command to acces .
?hroug?\ the output lanes of the steering logic;

4~



the row The scheduler 30 may al so output a packetized row precharge
command to precharge the row after the column access is conpleted.'rﬁA£8%®3
cases; the scheduler 30 may receive requests to access different rows
within the sane bank of the menory array 11. If the requests arrive near
enough in WMh¥26™ey nmay conflict with one another, produciﬂﬁnys%%éﬁﬁrce
conflict in the nmenory system 10. Ot her types of resource conflicts may

I [ [ 10.,.. J fli [ i b
neceseary to deithy 1 HERBRR e dubd BBl es P pas ke e p b o
conpl et ed qh?ﬁg&gﬁkggﬁfg&@%%gmgﬁﬁgaégﬁ¥gﬁaones avai l able. In one

enbodi nent ; inc ogic to determ ne, based on incom ng

requests, when rf‘?@.oﬂlrﬁﬁzs?x%@éslé%&rtﬂ%&eﬂﬁéfﬁ%%@ﬁﬁp otfi%ﬁkétc Lt Doy Of f

menory operations by i1nserting a delay en conma packets as
necessary.tE@kﬁHQ@d@ﬁeg@fQ@égﬁégggUangrein as a bubble. According to one
enbodi nent, the schedul er 30 includes a value called a bubble vector with
each command packet to indicate whether to delay the packet and, if delay
is required, howlong to delay the packet. The bubble vector is a val ue
that indicates how many null packet chunks are to be inserted in the

out goi ng stream of chunks ahead of the packet (i.e., how many null chunks
to prepend to the packet). In an alternate enbodi nent, the bubbl e vector
could indicate how many null packet chunks shoul d be appended to the rear
of the packet. The bubble vector could al so indicate both the nunber of
nul | chunks to be prepended to the packet and the nunber of chunks to be
appended to the packet. Bubble insertion is discussed in further detai
below. In addition to generating command packets and bubble vectors, in at
| east one enbodi nent, the schedul er 30 may al so occasionally output a
packet on a live bypass path 68 {not shown in Fig. 1). The schedul er

i ndi cates the presence of a packet on the |ive bypass path 68 by asserting
a bypass signal _8_  ~- 8 APR 2003 4V0 00l 26799 PCTNS9912564 t ~5 54 Live
bypass operations are discussed below in further detail. The host-side
control logic 21 includes row queue |logic 25, row push controller 27,

col um queue |l ogic ?6 and col um push controller 28. The schedul er 30

out puts row request command packets and associ ated bubbl e vectors to the
row queue | ogic 25 which enqueues the row conmand packets and bubbl e
vectors and out puts one row comrand packet and bubble vector at a tine to
the row push controller 27. The row queue logic 25 controller 27 outputs a
packet - avai | abl e signal 97 (PAVAlLL) to the row push controller 27 to
indicate the availability of valid packet, and the row push controller 27
out puts a packet-get signal 98 (PCET) signal to the row queue logic 25 to
request a new packet fromthe queue. The row push controller 27 outputs the
row command packets to row shift logic 35 in the menory-side control |ogic
22 which, in turn, shifts the command packets out to a high speed request
channel 43 (RQ for delivery to the nenory array 11. The row queue | ogic
25, row push controller 27 and row shift logic 35 axe referred to
collectively herein as the row command | ogi c. The col utmm queue | ogic 26,
col um push controller 28 and colum shift logic 36 collectively form
colum command | ogic that operates simlarly to the row command | ogi c,
except treat the colum command logic is used to deliver colum comand
packets to the nmenory array 11. Also, the transmt data logic 31 and
transmt data shift logic 33 collectively formdata store |ogic that may be
operated simlarly to the row and col um conmand | ogi c, except that the
data store logic is used to deliver wite data packets to the nmenory array
11 via a high speed data channel 45 (DQ . The receive data | ogic 32 and
receive data shift logic 34 collectively formdata retrieve |ogic that
operates in an inverse fashion to the data store logic to retrieve data
packets fromthe nmenory array 11 via the DQ channel 45 and to format the
data packets for transfer to the requesting units via a data bus (DATA).
_9. P 8 APR 2003 bVO 001 26799 PCTI US9912564Z The nenory controller al so
i ncl udes gear logic 23 which generates a nunber of signals based on the
frequency ratio of the host clock 16 to the nmenory clock 17. The signals
generated by the gear logic 23 include a pair of clock feedback signals
(HCFB, NI CFB), a next menory clock count 52 (NXT_IVLCLK CNT) and a sanple
sel ect signal 53 (SAMP SEL). In one enbodinent, the ratio of the host clock
|6 frequency to the nmenory clock 17 Frequency (referred to as a "gear
ratio”) is indicated by hardwired signals set within or supplied to the
menory controller 20. The gear logic 23 receives the host clock 16 and a

o [T 1 N 1 - Y M I o — Y Y T . o o I



The gear | ogic 23 updates the next nenory clock count 52 during eachwyxﬂi?g
of the host clock 16 based on the frequency ratio between the host clock
and the nenory clock I7. As discussed bel ow, the next nenory clock count 52
is a count value that indicates the nunber of packet chunks that will be
shifted outVOdP/2¢Me shift logic circuits 35 36 in the nmenorREEYHE2ht r of
| ogi ¢ 22 during the next cycle of the host clock 16. In one enbodi nent, the

next nmenory clo i Lied to the row push controller 27 and
t he col um push%ﬁ%ﬁgﬂg%?iﬁﬁgggiﬁﬂegﬁ al ternate enbodi nent, the next nenory
clock count 52 nmy_ additional | e .Provi o the.transmt data. |logic 31
and the receive ‘%i?eénPrc}'gF%ngal.lé/rT eats%&ﬂﬁd%gggélecc{&sﬁ%ﬂgp éér“i’%sa}%‘iﬂ%t from
t he gear |1 qgj glg - P 3 001.26799 25641
nanagenentqﬁggpé%quﬁ1th%ﬁﬁ%hg?agé%gééggﬁﬁ?%\a¥%§ﬁ%mggrgfﬂggggﬁgggégglect

stanal 53 i154Ramlad Duciha BPIRLRE 169ALERyo0lG 28Kt kg each cycl e

of the sanpl n S use eterm ne’ whic the nmenory
clock 17 l%x&&ﬁaﬁ%ﬁﬁ%?%rﬁ%&mgcghﬁﬁiﬁné aG¥StsQundl @isbke thkS B8 Kegs froad
data fromthe row push controllef 27 to the shift logic circults 35, 36.
The cl ock rRrRgeq®ite 43201 Respctiee ebwasustheomesien2Thaelst e prewprafbut f er
anplifier 41 and subdivides the nenory clock 17 by four to generate the
sanpl e cl ocke pckétdenesifading ditrpgivthle yeskawytobe shised reuit ah tier neteory
enbodi ments. The cl ock nanagenent |logic 29 also outputs a transmt clock 42
(TCLK) and cioakebeilomain.oFke (fRCkids. artrebsised lood lof the shidperani¢dn dtactinealnenor y
clock frequency;, but have a slightly different phase than the nenory clock
| 7. Fig. 2 packelsenis eefersdepdipbar 95 corikeh chumiandOpadieskesohuniisone

enbodi nent, the w dth of the colum commuand cket is fixed at

pr edet er ni B see  B1E 1M SEE BT o gramet A tB OB eBFsHl PG the

|1 d i he. ch l, 42 ' h Kk h 11
e | engt h BIMCRC RRRRd: Raakeuti bl WS B HEGark D B ROMAROH bi s to

all ow t he RasKets Hgm?’ﬁ%w&‘u}t id ghgg% %mmh{a%%ﬁaym}gmrn a predeterm ned

nunber of cycles 0 nmenory ¢ exenplary col um command
packet 50, for WN&i&thﬁ‘(x%%ﬁc@ét@ tbrABSherlory itk 10 d8atdin 8! |dnper edge
and each rising edge of the nmendry clock 17. By tctonstrai ni ng col um “comand
packets to thaw@edeskamgdhé esdt pusd cohigblled2T dre dBYighed tomnaeipEepatkpacket can
be shifted fromthe colum shift logic 36 to the appropriate conductors of
channel 43 transferirasey anesadifet thenkenosieadl afckeholenpanketse nBp dharerging r ow
command packets and data packets each have the sane packet |length as the
col um compasletpaekeer bamed oi phekeinthyrdek dtbecpiei-hzpssible ¢ searsaieahs whi ch
foll ow, packet |lengths are assuned to be fixed at eight bits so that a
packet is dBRsenBEORghRRechEMohgstsiaek dstamppiny gﬁ??ﬁls’Q?fFEﬁ Fointiaenory cl ock
cycl es. However, ather pgcket di megsi ons.,-11 m 8 APR 2003 00l 26799
PCT/ U599/ 2?@1?%&? HRAGEL & CANSHTENNGRY HIfbBRFRIRSY PRETRRICAJNE PAESS

crying pac%gagﬂg%ggsahg ’bﬁ%\ﬁ%%quué%%g??ﬁa%ia (HOMNR1RE BRE B pd e PhEeN!

i nvention. ir of acke cons unit o
informatio L : | ¢y chunk
o The: anouarpfs EntOIAEIPLE, A5 1DAKSL: R uflhial PRRALR P coRRELR O
l'ogi c ?2 i paakeC MBl@uSY phekéb atd eramBiatad elortkhd hoseoBRNEI dUiRsindBaKe, the

menory-side control logic 22 consunes a packet chunk each tine it shifts a
chunk out ahemospicfdck! IWgdomain et 185, d&ldy, theeovuratieespindei lasericy of thacket -
chunk depends upon the wi dth of the packet and the nunber of shift

oper at i ons rpemongspstynchagibeleduoetde. | n the packet of Fig. 2, the packet
is five bits wide and separate sets of fwe bits are shifted out to the
channel 43 duri fig.cadhisteates agnemgey axsteaadh acraiding de gaeotmbpdimentor y
clock 17. Therefore, the colum conmand packet 50_incl udes four chunks of
ten bits eddr magaysystesedOdpeluslesromesnaimaonsalket ameroRiyaaBatkdt s my

have different w dths, and alterpate, packet di sions (inclyding tine
varyi ng di feriési6Rss Eﬁﬁ’ﬁk]’ gsE eI 12@“& ﬁé‘ﬂe@ﬁﬁ'ﬁbﬂ{g%gr&eé‘?rqi 6.143uﬂ'}e| ustrates

h d | ogi f Fig. di j T I
command | oGP TS e entialbn 12 Bial basteRATer Snd ROt e
separately rggr%%gr R8trofles 2N oo L HC WY %e%ryah%& l%Snerator 14. The

&



used to transfer data between the host clock and nenory cl ock domai ns. The
row queue | ogic 25 includes a packet queue 63 and a queue control | er 864PR 2003
The packet queue 63 includes entries 1 to N, each capable of holding a
conpl ete packet and an associ ated bubbl e vector. The arrangenent of packet
chunks and WY®@0/3d%bl e vector in an entry of the packet queuBCT’é’S?%sﬁ‘Etrat ed
by Entryl. In one enbodi nent, each entry in the packet queue 63 includes an

e Pl R AR T B L O O
i 70 T i

0Bt packel BAI0 9y nnte, 1%,8845 58 S e hApISSRRED By Thgrlral e
EntryN 1s 99:#&25%9 adhn’éﬁ&}rgyﬁlé& iﬁ%ﬂ%tﬁ%\cﬁf‘é re‘?@%eﬁ.cz 91oclé‘ﬁ%rhrgq(§§¥p§l§% to

be queued in e row queu 0gi C 'S ‘prese on the input pa h 70,
the schedul gf %Qn{o?geclgdkgﬂ t v RS ﬂrggmsam% thE d@ndhecseifRr
controller 61. The queue controller 61 responds by asserting an appropriate
source selegt. signal 67 and | oad packet signal 68 to cause the packet to be
| oaded fromthe input packet path 70 into the | owest nunbered avail abl e
entry in the packe¢ nttieoss 6Sntréiddd B indhedéahbspdideh®mpathegicieue 63. |f
there are no avail abl e packet queue 63 entries (i.e., the packet queue 63
is full), thempetedeoontrol logic BAahdgees lagibd3k Hoahostgda kool logidl
schedul er 30 to cause the scheduler 30 to retry the | oad operation-ma
subsequent Hehtdas| dedk npettion gic [Dwestt ganendiesadhesitdgck 6 {(HeLEadiam queue
63 is referred to as the head of the queue. A packet and bubble vector at

the head of theneiergpretlogkdde Io3ong embodinent. dherdodoiisstadn gme Ad1 1 er 27
and are referred to herein as being "live". The queye controller 61 qutputs
N backet - aviic e’ BRarelotsSd esm byt 8 Srivancat B FhaseRtbteghos otk B
packet and bybbl e vector at the ad of the,packet . ue 63,. W t he row
bish cont roar S i Harlhed 6P TRdnpnie saaR B s B Tpb HoVeRUB | t he
row push co r S: - 1S} T gueue
controller 6 éz%ék%ghogg %h@%&%%gltggﬁ# ?%IC%SPI_PGQ@F ghgggoarﬁgfe%ttﬁ%t@%‘%‘?ﬁés in
the packet iapsld30sOThOAbsE HBcINEELs RSEKES clALISRAUCNRRs WA tAH IR hodl- t he
head of the packet queue 63. The queue controller 61 responds to the

packet - get sidgraht881dpic assid tgnt: lovle 13dsueced selchrek lsgignaliss and | oad
packet signals to cause the contents of the packet queue 63 to be shifted
by one ent r withomahel mdmotesideabntivd lpgick2t ampials BBclothéranafans opr evi ousl y
at the head of the packet queue 63 is overwitten and is said to be popped
of the packemygwedeass datmnpatteteithdl memorytdsayjdéue controller 61 is

i npl enent ed by state :éS 8 APR 2003 WHO 001 26799  PCT/ ~JS991 75641

machi ne that is tMHEREWSIAG CPREOhIMLCGLIRRIVERS fher enali HakirReIYe, ai |
pointer to track the tail .of th acket queue . _The .tai oi.nter is

decr enent ed" GEERSP nr’gag aBQc‘V&%e ﬁéepﬂ’c%tboeraqacff ?ytlﬁ}%@a%i(t%rfmi ﬁge t&k%gt’ queue
63 in respo a ket - l ai i [

O e DOl e AR S SLONALRBor Ak PR RGIBLES, [Fone
response t Ge@pbaffes, gﬁ@be@ﬁoa} brchbert Rid dpRLRE T aR@6M Sccbss H&ﬁld}?ad of the
packet queue 63, then the pacKet queue 63 is enpty and the packet-avail abl e
signal 97 | ©ORAMS&TAEEn Wich R ckétizeddRIMI@mMARRIsREE WReH Nb atAvitearead of
t he packet queue 63, then the packet-available signal 97 is asserted to

i ndi cat e t hptechatgeveowsicketieraody belbdbhrd dn evhidks patkatizet ol imeadcorhimizhes
packet queue 63. In one enbodinment, the row push controller 27 includes

hol d | ogi ¢ &%, usedetoriead drogiveit8latnih actinestowsat@nsaghentdy,ghe stimeddiet d

|l ogic 85 is_used to store chunks of partiallé consuned packets and thereby
al Tows a nedf pripredste the mamantecresoredrestieigmthe petepraliagentiudie 63,
whi |l e preserving the yet unconsumed chunks f,thg previ%us packet. In one
embodi nent , SEHEARDE @TY IRPTOPEIALE ERAEISFES A RACEEHBER 18TV &N CBB’&'R%t queue 63
via chunk lines 72B, 72C and 72D. The Hold Iogic 85 is_.al so cqupﬁgg to at

| east a portIBAABESHAEAFIR QUbsAeSUsaierd asseshaPesafioter Fof fadhieuidbances,
is used to ar.e, 0 or _nmore chunks, delivered via the l.ive bypa ath 68.
A hol d sel R SaCitatl GEeREsR TR Ih SR 8 Aer or et T aRe iaRpty Bled: m ne
t he source hn 0 I gy cle of the
nost ol ook 1, FtEh e TP PR wIDony A hAc e el (B QUGYAR BBRRaY
chunks of a live packet directly fromthe head of the packet queue 63 via
pat hs 72A-72D (i ndicated by the dashed-1ine paths crossing the hold | ogic
85 in Fig. 3), as well as any packet chunks stored in storage el enents

wi thin the hold | ogic 85.



The steering logic 83 is also coupled to receive packet chunks frombgg\@ 2003
live bypass path 68 when a |ive bypass operation occurs. Based on se CB
signals fromthe push state machine 81, including a Live select signal 92,
chunk select -la 8 APR 2003 WO 001 26799 PCTNS99/ 25641 signal 93, bypass
sel ect si gWAIRH9End bubbl e sel ect signal 95, the steering QTQ’]V%”@%‘S“!eI ects
four packet chunks to be output to the row shift logic 3~. The sel ected

ket chunk i ncl L1 ,chunks. Th h stat hi ne 81 i
T A R S T X

bypass si ordf a8 1T 3as g, B St SRSl Braghard coponse
to these | nBuimshdnglseclligonBstof oek: 4 Ay HE&YTL egtpphate of the

push state nachi ne the®push state machi ne 81 generates

above- nent i oned [galesd e NS cABSLIRBORAGKSECA0E 8¢ 8™ tPReced8iffRIC Used
to generate the select signals and the packet get signal 98 is discussed

bet bw. Fi g.rodsi withgd tiad esmb ankadfdhkagbmoBh aznd, t he IBRefelqnests agiige 83 of
the row push controller 27 of Fig. 3 in greater detail. In one enbodi nent,
the hol d | aghe eBbuphdhuties, theyemagt anrdljet efidront sinbihdd3 panduangai r  of

mul tiplexers 101, 103. The purpose of the storage elenents HL-H3 is to hold
chunks of aegarrte abhiliat onsberenepackeystem thaOthengwpasadkesoumay cheflatanced
to the head of the packet queue 63 without |osing the unconsuned chunks of
t he currentmy glsoprdseetn TG YaayistargiventVhen dwesacighkenfichaTiseso itdinty er ent
packets to be out put t%ﬁiﬂhe menory-side control logic during a single

host - ¢l ock B&RIcessany tg ¥ @IMYNOF L ARTESSIOPGTA AN BRI RRTPQr eRRTatiARdS packet

[ ket f ich I t hunk . Q. h 0) ;h b | oaded
o bnd sriePidaeu Brth R RRARDERUER baroeh AL RERIRARS de contr o
logic 22 (i, N t - : - dj t

enboai mont it Bl BRLoA Rt L A R B IO SRR Rime BT (1 °F g

98 Lo, advangs, AfeiARRKEL i KiBuhaAL alickmRankel AHANADS akhofro 0°T

new | ive pac t l'east one chunk of current |li1ve packet is
consuned byhdldeMBERMYrySHEEagens be ink O 2%iel£)635§u$@erp§&r|ﬁﬁtar@h1tymk§tsare
consuned in order starting with unkQ, it foll'ows that a packet will not
be popped abfnetéahpadhif délhg ippatkmred-tdthereih APRbAGDR:. VEXRAIrg6t6he

PCTI US99125641 queue until at |east ChunkO is consuned. Consequently, it is
unnecessar \emlwdinmeritdtheaschieduigy3eiratedes @ yadtoralahankbbldredosevitf ChunkO
of a packet has not been consuned, the packet will remain Iive and ChunkO
will be avaerrisperaand packelae orlidase whrthet tqdeldy B8 parhet audtif gelydss 101,
103 are provided, because, at |least for stqrage elements H2 and H3, there is
Tore t han SREVEEROREVIORE 1P eI HnBagit O RHIRE CEOISE 1S orte Hiy

exanpl e, in_the case of starage._sgl nt., H k2 be pr vir(ged on the
Ve bypasaBatiai et M e el R e Y fBa IR 5 2igtfe

mul ti pl exer, i I 1nk n f eS8t rces
during eacﬁt%’gc gﬁggﬁﬁﬁéégﬁ%as% 8&?12%?9&%%%&%‘02%(& g\]p ﬂs%%raggoggﬁeéﬁ%

H3, - Chunk3 tgaje BacROY 2R kaMtdemblouemBYPass Ml 98ctok 'BNId fiipacket
gueue 63, or fromthé storage elenment H3 itself. The three-input

nul ti pl exemholdndrsy ALUVpAAREt tlRusd ﬁ%uiﬂeﬁd\@?peﬁ@@@@o dhé terresttthe lparket.
sources. Both nultiplexers 101, 103 are controlled by a hold select signal

91 out put fThenbubideprestorséaild aime hidieat@lbothhihel moginberoédutloctgetsrtatbe t he
hol d sel ect signal 91 is discussed bel ow.
prepended to the packet and the number of chunks to be appended to the
packet. Bubble insertion is discussed in further detail below.
In addition to generating command packets and bubble vectors, in at
least one embodiment, the scheduler 30 may also occasionally output a

packet on a live bypass path 68 (not shown in Fig. 1). The scheduler indicates

the presence of a packet on the live bypass path 68 by asserting a bypass signal
-8-



When a chunk is provided to the storage elenment H3 fromthe H3 storage

el ement itself, the chunk is said to be recirculated in the Fi 3 stor&déR 2003
el enent. Recirculation of a chunk in a storage el enment may be required
whenever nore than one cycle of the host clock 16 is needed to conglete
consunpt i oY% Bartially consumed packet. That is, recircRfHVP8F 8 curs
when consunption of a packet spans three or nore cycles of the host clock
16 (e.g., C 0 i f | . I .chunk?2
consuned inggggeé%ﬁgggﬁ%%fh%§§?%ﬁg%%U%éﬁ%%ﬁgﬁg%%gdﬁggpﬁﬁr3@ 1|Erd cl ock

cycle). In one enRodigieae dhe eSS RNGE W qIOSE 16LPTk Ay LAHEMOrY

clock 17 frequency ratios is restricted to ratios in whi st two
packet chunksn@berCPNSIHIRGN dudiRe] I8 Yingl @@I&nfl%ﬁlsn cBﬁEro‘FDé%_h@. afhet he host

cl ock 16. Consequently, once a packet is mnimally consuned (i.e., ChunkO
.16 8 APRs@{318A3 001 2019 Po R GG LISR Uo@d hdcpakeiesld addocleésbubblenkl and
chunk? wi Il be consuned during the subsequent cycle of the host clock 16.
Ther ef ore ombgtofshionk® miv lqueeedogio Wewhedi englhatadheandy toeman paflets
certain host clock 16 to nenory clock 17 frequency ratios. In alternate
enmbodi ment sand \hibble uestbrteand angmutefortzamiw cboukand packetamnst hulkhleclector
frequency ratios are permtted or mwhich | arger packet sizes are used,
recircul ati 8ha dimothehre paekashdantialergy. bEhe sewsaue lag 2 eontrellersd/ be
necessary to recircul e tinmes. The out pat hs

te a given chunk nul ti u
from the st BBIRUE2IRAfKE-Bgaiable ﬁt&?ﬁ‘i%r@“s\{ﬁ contediow syt Caﬂg'ohélf éfred to
herein as output |anes. In one enbodi,nent, the steering includes ur
out put. 1 aneld Mtirub e auale B uRr o RABH cEh oo AUSbOORAIES 2o be
out put duri h cyele af .the-$o ock 16, o chunks lied to
t he nenory- glgggﬁgérﬁérégiﬂ g%gsil%mgi% (%abré\% Wﬁqj %etggéﬁgisjﬁ%%fleb{é%cr%éjgcﬁunks
supplied vig, f e
effectively pchégﬂl ﬂ%_?gg_,aa%ttfﬁ&tgﬁ%%“@\%i ﬁ%h? Fﬁ(g‘% I g eﬁn%";‘%ﬁﬁ&&# Lane3
having the Lwest cBiiBEhd é)acﬁ_@t@ t8trR sRTt L gt 3583 1akShAeindel UiRScdF Qe
stages of nultiplexers and a bubble insertion stage that effectively form
| ane poi nt eleggit 02 sehiehf inanuras piEctsithe cobunkindopadketsf ot @ag highuspadd | ane
according to the select signals fromthe push state machine. During each
cycl e of theeduest chdrowh 43qRQ)Her mielivept txtre steagey awhpdi. die wackquetie
ChunkQ, Chunkl, Chunk2 and Chunk3 from either one or two packets and steer
the chunks laBiapprept pusk contrplier PAanad.rom skiftikigc 87 eng taferraditeer ent
packets are to be ou%put, t hen one or nnrf chunks will be obtained froma
|ive packet CHNFWAY PEIRAM ASr§e CRUNKITAWARA BRBISht ai ned from the hol d | ogi c.

Chunks fromthe |d logic are fro rtially, consuned packet and

t herefore need tgﬁ)%éoL u%ﬁ%‘eb&?gf%g&ng Wﬁ%g CCOSnEO:]Er %%o ¢ @%’Pe t he
chunks fromgt; |k f ! B Q5. f fd;

ol d Togi o Bre opsere QRS yel] 16HE fime RomPhin P lodll iR ObBSRs SRR, o1y
the live pagkefe rdv c@ﬁ%ﬁgﬁdﬁég'ﬁ] 8xcepf that tHe MSIRZ0OSMEVAh PWR61P8sed to

PCTI US99125641 single packet are to be output, then the chunks wll be

obt ai ned frdsdiedtddnne tommenprClatkas tb ke Ihygoby pasy Pat Alsd,nhei t her case,
all four chunks are steered straight through to the output |anes so that
ChunkO i s otrapsmitaiathdngi®,31CGmuh klansmibdafaushidinlogendd calbettelyf farithdatehe
first stage of nmultiplexers 105 is used to select either the packet queue
63 (i.e., |stpge thgiathatrmagideoperatasypienidsrly Jogbetraw amdskluronrcommmnand packet
chunks Chunﬁgp Chunk2 and Chunk3. The Ljve select signal 92 fromthe push
stat e machi 19818 exerttehat thredatarsteredepicisiused tordaliver dvtsadata macketsdo| j ve

select signgl 92 is a vector that includes three diff nt..val ues that
oy ovi de | SARiSRBEIEY 8Hr bf Vi Gagh Soreq Re Fraid AsgBihl The st dates

chunke. i cREbespRerdest P SR Bt s Ra B BReet SO Bh R B BBRe “hol o
0gi 0 8. Anafiaguased aROYGe BNUNEH KM BeObAL gl AL lotated to the

hi gher priori put” ["anes “so ey are consu chunks of

a live pack L nﬁ%ﬁgﬁ, l1t 40! gﬁg%g' r ol
byp;gs gele@%dgggﬁg%hy%gto se e%%agﬁﬁﬁggtﬁﬁgbgécon %E#gggkkgﬂ$?pag¥g?s 107
or the |ivedhnsakeRAR Bfhsasr tbh@leq@qaléstigg;m@ts%ah%@t&;@t{b&ﬁ@ﬁ& I'n one

enbodi nent, |ive bypass occurs after 'the packet queue 63 has been enptied
and all the packets have been consuned by the nenory-side control |ogic 22.
To live bypass path 68 is provided to deliver a packet directly to the
third stage nultiplexers 109 and thereby avoid the delay that results from
propagati on of the packet through the packet queue and through the first
two nultiplexer stages of the steering logic 83. In this way, the row push
controller 27 is rapidly primed with a new packet for output to the

o o o e e~ o~ o o, .



-18 8 APR 2003 WO 001 26799 PCTNS99/ 25641 The bubbl e insertion St&gﬁﬁéﬁb%3
is used to insert null chunks in the sequence of chunks consuned by
menory-side control logic 22. In one enbodi ment, zero to three null chunks
are inserted between packets according to the operating constrain&g4 f the
mermory ar r ¥ 4REF he nenorysi de control |ogic 22. Because rutVYehHEAk are
consuned by the nenory-side control logic |ike packet chunks, each nul
chunk is used toynjec el.ay, e : e_peri mory. clock 17.
Thus, null chunE@“%é%%éprsggrgﬁgﬁgﬁggPég?%gﬁﬁgﬁpggﬂi?%ésﬁg?g%geEﬁfﬂéen

successi ve pagkel of LANSIatRed M In UK A"l GARBUIAULIIR FdI6, RNOT Y- Si de

control logic no packets are comng fromthe s r 30 and

the packet gugipyhdias. bEgNsieARLI { PflobRI 17 i hunk
froma command pé?&??, a Chuﬂ%“?%é%?ﬁ“@%?éﬂﬁackf? a% a nhpﬁkgﬁ%ﬁﬁgége al

consi dered ¢8cl0ReHBAES sighalsHT PRI VITFB) haheRF theshitl E186k LOUANS2 MENDry-si de
control logic 22. In one enbodi nent, the bubble insSertion stage 111

i ncl udes f oWXAINIALAQICNT) enent sarhp@AsdlddRigralcss (FAMI GEL)s Innstependent |y
controll ed by a bubble select signal 95 to null the chunk supplied to the
cor r espondi exgbodinpertt, trenetiohietheahddtrdodd 14 freqoeably o skhé endmerygnlack 93 i s
hel d high, for exanple at AND | ogic el ement 112A, then the output of the
cor r espondi fagquaraydrefarred tmalsta geex catio's ipasteated fryobgtd wited Al alogdtc

el ement 112A to the output |ane. Wien the sane |ine of the bubble select
signal 95 i¥'8H QRAUPBUEGLO the memorberrireleht The BRar dogic Afuiekeiyas put  at
LaneO is forc I

Tt P et bt P A e S R R AL
be used | BSLRS ettt unt 5 g0, P BBl e b enty the

third st age Pt 58y PEERRST sRE P IR, BARL Ok BRAhOR,
push cont o1, 21CAYLRANEIED, NO supd AORR, 3805 Y0IRLAREPBIRETHSENY 25641

e~:~en though a fixed nunber of packet chunks are |I'oaded into the shift

| ogi c of tr@nﬁmmt&kﬁmeaﬂf&aﬁglatlmisﬁrrcéufrré &3¢ MHwelock lfedbae ) Glghalgot
all of the packet chunks will be shifted out of 'the shift circuit (i.e.,
consuned) bekaepthe tleasheapetyatlodn geakedopl eehifivadyisds nex phhss bf thock
cycle (at least for certain host clock to menory clock frequency ratios).
In ef fect, mamoguskockolttaasprding2p thegrhasetdifferange bebiveen shp glocktfeedhartks i n
the shift circuit and steers copies of the unconsuned chunks to the

appr opri at Sigutlpte cPRHES theo Pham relafhenshindesnisse die Most sk dbernd ithh t akes
pl ace, any unconsuggﬂgﬁyunks in the shift logic are overwitten with
dupl i cat e VAFUEEY S quent |y, new chunks are | oaded into vacant entries

up | cate Yartss: - . . | acan
naf fected. 1 n (itseia Ol T TP ERBHIRE Ry R bl iaek Tk s A 680 o
the push corifobd @ %@do%ﬁdl%%as@a%m?eﬁbg&%n@ L BethenNB RS0 clovk! € of

the host clock, but only the vacant entrie f the shift logic are updated
Wi th new chigksd thdaiientordeaséit brpd Aheishaisdd ndbw, 8% aad: fiven bty 1 ogic
83, in bears enphasis that nany of the signal paths in the hold | ogic 85
and the st emunt@2liog eoufid vailge it inpli@ateo deuntintbepalf mcket thunke that al
nunber of conductors being determ ned by the nunber of bits per chunk. For
exanpl e, a witkeshiftad ogt oethebshiét logic cinamiks dLUiedinr trepuineeneryrsidendnbobr s
per chunk path through the hold logic 85 and the steering Logic 83. The
storage el dagin? éursgithe et oytle of dhe hogbclpski 1§ dactndembedimmesd the st ore
a bank of ten bits, and the AND_| ogic elenen%s 112A- 112D in_t he bubpl e

i nsertion stegengmorneloskeaung§2iisgrersgdvieung rexcAupaaniellse 24mnd the nul |

ten bits of data. Signal thsg havin re or fewer conductors may be used
for packer SAGTREOHDFaNPFDASY 15i 416 APEF R RESBENtS thF FOKL FAREETH he
manner in igh th | e .ect,.skgnal 5 ANP SEL) is,used to, | oad data
froma pus%%@ﬁf?‘gﬁl %?%Xtaéjscgh%?lrl%?gcﬁfﬁvh%é% M:é ﬁr@ﬁ%r@ltﬁl%@ﬁpgq SRR
menory-sid - .0gj C.. t he exanpl e shown, -20 8 APR 2003 WO

001 26799 Pg?%%géggégggghﬁ%%h?atio of the host clock 16 (HCLK) to the sanple
clock 18 (SCLK) A : | 1§r§§? I; I he s AP L-8aC1R6&23 85 ickxdiener at ed
by di vi di ng thelﬂg%é?gpgi%%ﬁﬂ% Ng%ﬁgggifyour o) tha? threre a?e four
cycles of the nenory clock 17 for each cycle of the sanple clock 18 and
three cycles of the nenory clock 17 For each cycle of the host clock 16.
Because of the 4:3 ratio of the host clock 16 to the sanple clock 18,

ri sing edges of the host clock 16 and sanple clock 18 are aligned on a beat

frequency that is one-fourth the host clock 16 frequency and one-third the
sanpl e cl ock 18 frequency.



I n one enbodi nent, the sanple select signal 53 is sanpled by the clock
managenent logic (elenment 29 of Fig. 1) in the nenory clock 17 domai§ ARR 2003
respohse to each falling edge of the sanple clock 18: These sanple points
are indicated in Fig. 5 by the arrows above the falling edges of the sanple
clock 18. THeO0ETII e sel ect signal 53 is a vector in which BGEHSHF64!
corresponds to a respective nenory cycle in the subsequent cycle of the
sanpl e clock 18 and i ndi.cates ether _or.pot to ad the gutput of the push
control Ler [BEERENL S¥iES8ghdMhgrarPrL-siboren gt Bt 2o r it rRle SFistor)
cycle. The push, eontroller ut begir r i:lep dn.response, t o each
rising edgeg)1 akﬁ%“ﬁ%ﬁ p@ ggi&%é%egggggi%égpé%ﬁgﬁﬁﬁérycggﬁgtéﬁ (ifﬁﬂabasses

before the Pr%s‘gsh[rﬁ&@t{1?%1%?%@9&19%%9%@ eﬁﬁin%h@r?\?cg} cftﬂgs Bﬁﬁ@rﬁ@g{oh/t akes a

relatively constant or the push contro output to s e, the

push controbjek 194k PHE shsdtRLEs: ¥RhpR diodk 88 Hiar hefone aRd 18flodLhaach
subsequent rising edge of the host clock 16."This is illustrated in Fig. 5

by the Dat @ial 1R #AFPusal dohriIREQRso thBUft Iy gicatsdng 386 MRl de
control logic to sanple the push controller output in response to a rising
edge of thentpapemesnt c 29 rebat es chanaigdrsrynciidekt Ivefrons higiféagenplifiéhe host
clock 16, a valid set of chunks fromthe push controller wll be | oaded
into the co#t espontidingdshitia meogiry dockcl? bydourhe geeeoaty-the dempbntlodk | ogi ¢
during each cycle of the host clock 16. Therefore, the sanple sel ect signal
53 out put t &3t R¥hepgubdividiggApRuEDURYWiEE 067D 67 FdteRTIte 9S00 diBmts.nBher y- si de
control logic during each cycle of the sanple clocﬁ 18 is_assigned a val ue
that indi catlesk aranagestentiegicdiralpe puiRuts Aciragsingt ¢lpek d4ideddie mndsanpl e

| ock period will cqingi t | incide with a risi dge of
The host ol bk ee S M E o ThESHErE: Mtd ePSalohal the POEFOMEIRM cycles i s
li gned wit N f the h | 6,1] d f th
Caml ool ock But el Rl dlEs A o e e OBt erEn B Rt A R Rl i g
the first sanpl eggl Qcihu}lgéﬁeis%’?\a‘%ﬁ}ﬁlla?%\éaltﬂﬁnoémg{%agg(%&k@t% nc?%]fbtn'[eﬁg the

rightnost digit cOrresponds to rst menory cycle

sanpl e cl ockmbBdRAEAQUhe WdEH BY thd@okithh GothBdobadidae iSBRPYH @t @l ock 18, the
first and fourth cycles of the nmenory clock 17 are aligned with rising
edges of t hprduesdrntinedkniifiberConbitsuecdrding thehsanphkersef esidisdtgrsalllotidd

out put during the second sanple clock 18 signal has a value of 1001,

i ndi cating irhite ¢haerehidBtto|tragisenit ithe patkathouthe entaradieday Wil c&hduengih t he
third cycle of the sanple clock 18. During the fourth cycle of the sanple
clock 18, thethepadkeindey fixedaik & preghpbaraungdrygaed oWPtth ta alpyi thg edge of
t he host clock 16. Consequently, the sanglﬁ select@&égnal 5 Q%hgut during
the third sBApicE 'R PEQRE & MamamdTya2Nay e 152 BFefrcE BUEFRET Bhase

| ati onshi he h | ogk d |e clock
cvery thr oc T8 SCEh R e O i B RE I B LR BRERTSD

be out put i t ¢ .00 0, o Bl i i3 ng
diagran1tha?nﬁﬁ%ﬁgggéﬁggbﬁ%ggggﬁagéﬂggﬂgﬁg gé#%?éiggﬁég?giﬁgﬁéﬁcﬁ§g a
3:2 f r_eqyen@agé 8t te 1bae 170y @dmﬁiﬂcﬁxgﬁe&u&m cOATRAR] Palledis 18 I N
this timng arrangenent, nunber of cycles of the menory clock 17 per cycle
of the host hatog Kixk8 l'leﬁgtﬁh bf aight bitg) anpleimAon@andepadet ciwbe dhiftdie beat
period (every third cycle of the host clock 16), the nenory clock 17 does
not exact| yfrooi tied deunint bhidt tagit 8§ tedbe apipropeiabosondlicioks d6chdrmebda in
enbodi nent, this circunstance i s nmanaged by extending the tinme during which
t he push cofturalycles afuhpuneinoryaldcs.in order to allow for -22 8 AfR 2003
1VO 001 26799 PCTI US99I 25641 sanpling on cycles of the nenory clock 17 that
somewhat pr ecedellt fre eMIOSEMERYOBf COMENERS Packeisiancs datmpaskats gagdush

controller putpyt is extepded, i.n one inplenentation, by shortening the
Lime requi rBave dre saiee Rackelishgy PP dhe SAIER GaRBRGIhPRcEtaPY! SHITHENt TaT,
or by shorteni,ng t. ti requi.red for ush cqontroll er output .to
cettle s, bienyiOr « Bl iueRs vt PAcdlshetisrrre At Red iR benor s
case of fset, en,a,sanpl.ing_edage  of | ¥ j $1 ng
edge of theﬁggi\fwsllg&?l?ltfg%otl‘%g??agger“i ﬁgctottkﬁlégﬁe{?% t@?f%ﬁ%émégy ?ﬁ% c;%él :fe cl ock
8. At that i B ; Al t e Y : . fhe host
cl ock by tm%- %?%éé@§¥§a ne%§€98g?§X§EEygﬁ%. %gﬂitﬁégﬁgg%%éhln EF%@ 6, this
wor st - case sanpling point and the setup tine TSU of the shift logic in

t he- nenory-side control logic (i.e., the tinme for Wiich the push controller
out put nmust be valid before it can be |oaded into the shift |ogic)
determ ne the maxi mum of the sum of TgT and TS. Another interesting
consequence of the fractional ratio between the frequencies of the nenory
clock 17 and the host clock 16 is that a varying nunber of cycles of the

» o — - . o ~ -



8 APR 2D03 BYO 00l 26799 PCTI US99/ 25641 and the sanple clock 18 repe_absmP 003
every tvvo cycles of the sanple clock 18, sanple select signal 53 w Fl Bg
output in a repeating pattern of 1001, 0010. Fig. 7 illustrates pget logic
99 within the push controller according to one enbodi ment. During each
cycl e of tWeOMEP cl ock, the pget |ogic 99 detertrunes the‘ﬁﬂﬂﬁ%gqﬁ¥’chunks
that will be consuned by the nenory-side control |ogic and the nunber of

chunks pendinq?in t he gﬁsh control |.er and determ nes whet her the push
control | er TW17¢ HEH T 2HETHALE FE Rt RN R inC i NS DS PEEGenPaFEl e of the

h | ock,, If h - i 98 | d her wi h
105t o1 ockaghl s R BRENERatple HR e Shob RIS B BR RS, L1

I ts that ] - h : hunk
o etents, Lhal S gaep el B0 BRL6Y8) ol ey it ofl el ok

register | ReaghoaifSinldic, BUTRATCHOIC YD 07, PG dRka Al bukhlies that

the push controller Is processing in the curr ost cl ock. Tﬁe previ ous
pget regi sheinfeaastid® tRatSisHoRkuhRA bPdheahémgrihelStadieolobogth® Ragket - get
signal 98 during the previous cycle.” If the previous pget register 1.51

i ndi cates #ihgle ¢hte pacikeinegRirystlgaiall7nass asaeided! absvdghé heedogmsidds cycl e
and if the packet-available signal 97 is currently asserted, then the val ue
of the |i vertiudidbgicvZrt@mrsurley 4 packelf cromlt bacipéickett dutse)chuskaorttbfred wi th
a chunks pending signal 106 fromthe chunk pending register 153 using adder
152. The ngxft lagivoriycut 3t l36c olimt nBmbes afrErs Bubtpaaketechunkodepanelsapqout  of
the adder 152 in_ subtracter 154. |f the subtraction result is negative, a
bor row si g widt8 ofsthgprskebandthgircanbeigof pakt pReradions Pesdnemasigieckhunks

pendi ng (ing¢ludin ul | chunks. i ndicateq by the bubble vector) to supply
Phe number otk el Pignd (rsnRanmed 4 HVERaS O Eyiepaite sl Host

ermboci mont ‘0 it e SFer s e o) 43 i b MR8 BRe S pnadichgen

mhodi rent _ | | i
the bor  ow STt Gat Rn P SR tF oD S el PR Rab R o
packe! - got 5p 1 AEF HAARs VP\00HSLAROTAVEIRIZEEN L b ol &REkRER

i nstances). \Wen the borrow signal iIs asserted, path B in nultiplexer 158

is sel ect egladketay idden packeteriayChank gifperadt pgdviad, uad diferhite packet

packet -aval | abl e signal 97 is asserted, then the next chunks pending val ue
wi || be théimerdgions Ghehitkéngubhe acirgingl Sdmphsionshenayubbersedfincdthaks per
packet (e.g., four -- contributed by adder 156), supplied via path B of

mul ti pl exeembedimpfts.he packet-available signal is not asserted, then the
chunks pending count_is forced to zero through path A of {he nultiplexer
160. In one enbddi ﬁéﬂ‘t‘ﬁ“ﬁtﬁét‘&%ﬂ?\‘l{’sc%éﬁtﬁnﬁgloﬁl‘gﬁglﬁg'sl %Qﬁélﬂﬁ g€ t he

only per m erETHoRh ot Bedolums itmanhingicy P BMe ML aberibRar
onl'y perm tfef ; _ r o
pubbi o sei BT aha R o W0 EEy bbbt o MR Aite BERTHE BT | e

sel ect st ah&IRERLAG LNt BetGdUBRINSEL ANbEK hhg ﬂ@ﬁlbr?t&é& hidie and

transitions frombetween states In response to transitions of the host
clock: In one eriogh eueaogﬁpﬂma@dﬂ@p%ek@tc@u@ieaéﬁaﬁa@fqméoo i's

provi ded for each output |anée of the push'controller. The | ane select state
nmachi ne cacoremblir GINETIE phdlerepptiatéSsincRaddectnz(d,1 BulNhkack2EipablelofHol d 205
, and is initially reset to the Hold state 205. From a given state, Packet,
Bubbl e or kilding tlemplete padlet tanst @t assmghiedebalane erectmr. itchmramgernére ot her
two states ox remain in the sanme state. CGenerally, the bubble select signal
and the |i9fpadiebchuskynadl thebubkblg veetonin put entayiof dhe pasierquededs cor di ng
to the lane select state for that lane. If the | ane select state is _the

Bubbl e st atstrated bpdngiidel i ere embadigant, ah engy|intee packat<prued3 11 the
| ane select state is the Hold ate 205 he |ive sel ect  si | . for the

| ane is deRSSHEAN ?rbakg%ll%‘t‘t @ﬁ\t’bmaﬁdﬁ Shtogﬁsttﬁ’eloﬁgladp? F'C%%Pﬂ‘?xef%e | ane
sel ect ska i.5- n the Packet state 201, the live select sjgnal fog,the
output | antiaeIeater e Doctist SRl O RFTIRE ST TRRACACRATSE Phe
head of thg p ue it h ong. exceptign; i [ I.n :

stat e, the&ﬁégﬁ)g? Eagglgl | B tb\gosti eaﬁ'\el & &tgeo?qmég%w.bggb%’ @Qﬁ%%

PCT/ US99/ 25641 t he packet-get signal wad%assert ed during the prev~oL-~s
cycle of the host clock, the bubble width is nonzero, and the | ane pointer
~s less than the bubble width, then the bubble select signal is asserted.
The | ogical conditions for transi honing between the three states are shown
in Fig. S. The lane select state machine remains in the sane state if

nei ther of the conditions for transitioning to the other two states is
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output lane is to receive ChunkQ, Chunkl, Chunk? or Chunk3 (bubble
insertion overrides the delivery of a chunk to an output |lane). Fig.8 8% 80k
tabl e that indicates the next value of the |ane pointer (NXT_PTR) for a

gi ven output |ane. In one enbodi nent, the next |lane pointer value is a
function OYOPHIT¥ ate of the corresponding | ane sel ect staf&THEHAAY and
the indicated conditions. For exanple, as shown by row two of the table, if
the | ane sel gct_state machi ne. for, the outpyt,lane is,in the Packet state,
the next vl (€ BREEha f e pamiren” fec Rl dEfPReonth nethp fRERr R mod
4 (i.e., regainder of integer division of new count by four), if the new
count is greater than three and the packet-available signal is asserted. As

di scussed abovephe, Prg&eqqgrye b SedRBIS HD A iR e UL i]\éngH?en‘?fOﬁntt}ﬂ@ | ane

poi nter and the next nory clo count. As anot her exanp as shown by

row ei ght gfpif !@ﬁcké’tﬁéﬁh 7ot tﬁéqﬁcﬂe@'&q?ersfb(ﬁgs%e fﬁg.hlgrt%él)_ﬁtsi DdaRes HRAIdosbat e, and
the new count is -2 8" APR 2003 CVO 001 26799 PCT/ US991 25641 greater than

three, but tHeheudirckeitralieaidiabliee ghgﬁéﬂcoh&oﬁ@36$&éi;ﬁﬂidswaéderﬁﬁg@'n), t hen
the |l ane pointer will be assigned the lane id (i.e., zero for LaneQ 1 for
Lanel , 2 foppilopniale saunde 3eleot sigank8) andAdoad gianket HgnaiesSeiwbadiseting , t he
various conditions are conbined with the state of the | ane select state
machi ne fopadgatito batlpaded fnoen the gemer packet Ipath@ltintcathe lpwiast enmbesert or dance
nh the table in Fig. 9. In some cases, conditions nmay be conbined for nore
efficient PYplablepriayipihe prgketiqueue 63, 1callrd thp depl aftiaacketiquens 4Bes
generation the hold select signal for the, storage el ement H3[68f' hol d

| ogi c 85. e hgfectis Ton e G p?ql,<égftq+_éet§e@3_t PRGISST(LenENG BASHAUTHEO DT out put
and 1 ¢ ho bR, I ERIE: & ret<a BEEE P siRbe o RahSTRE i clent
oot ol ook'S CAREaTe SHFTIIes p0 ity R ToPRERESAOH D8 LG ARE 1BHE 20" 1

el ement mcl@i:k@)tr leul tiplexer 101 of Fig. 4) is configured-to recirculate

t he content of %e H3 storage elenent. If the |ane pointer for output LaneO
i's not pointed Bhe KvwweRGRIRbEFRINENEE inQhe ifackBegiieid 63BN red 66 Ks GRUNt 1S
not | ess than three, then the bypass signal is evaluated at decision bl ock
175 to det bead ofthef quedd. v& daypassnd perbblé oactbs at thdkegubof drenpatket f t he
bypass signal is asserted (and bypass has not been not disabled), then the
sel ect poi auewe 6darsovtmyaodhemom pH3hjcontwmiler gfradl ate teferskd 17 herainst or e
chunk3 fromthe |jve bypass path. If the bypass signal is not asserted (or
bypass has3bBeRSdlygh| edye queihcemaoder Bt ousphisiapasit-aypdpblgesignad $ént H3

bl ock,.179 to sto

Fro 11 (1 1Y P RS Eicale misPasye ot e PaF R b BN e P ODE R e
cllook 17 0o ERPIet ShFGRESTVRENSnF 8T bR GRERRCY [Sheely tor S hoat”

cl ock 16, i; i 0 Bﬂﬁgfp i A

i ncl udi ng %ﬂﬁﬁgg&f&én 3?‘5%8&%%%@%% pﬁ ea%org%ﬁef%%%ﬁ%ﬁg%ﬁ%ﬁtso
contains asigHhbIS(PGET) o theBqhene cGRR31IVDD0) 20U QO HR JudsR0&IdRditkE s1a6t O
indicating that zero null chunks are to be prepended to packet A before it
i's output advirre therstiesirtdehecpatketlqueargi 63 22 thdioiretriexe phakeriniseqyedee! of
the host clock 16, chunks AO A3 of packet .-~ appear at output |anes

LaneO LaneB, outpspetthesbiad obthe peclsttepuduegbd.oghe .quehe conbotler pt "L" on each
of the chunks of packet A at the s teering Logic output indicates that the
chunks ar eresppais ¢l the packetiget signat R8tby( assertingresperéve seunchselesad of t he
packet queue). Because the E)/gileet queue contains at | east packet Aé t he
packet - avafigaBlsansi kpag paasatRignpls © eaiserthesonignys of pae radetiyeuadiio nenor y

et er ot naabe SR BB i et ARG b R alThrtilis halilt

A will b d,by-th ift Logic aft th .ent _set. of. chunk

ort ) 0PRRNBUTT % Bte BASURTAML baRbCathlele B EHLA oR8L: PR

(set?2) if éggﬁg&iakgﬁ%ogg&%tagie%épgic (i.e., at least one chunk of packet A
consuned” be

wll be re supsequent | oad"). Consequently, the push state
machi ne assert syf Beo RAGKSG BRIt SHANGlehEHhirolil %@%éﬁ‘@?lérﬂ@n{éﬁxﬁ Radet to
t he head of the pacﬁet queue. 1n reésponse to tf1e packet - get sighal, packet
B beconmes the new |ive packet during CyclTe2 of the host clock 16 and the
packet - avai | abl e signal remai ns asserted. Because chunks AO A2 of packet A
have been consuned, but not A3, A3 is repeated in the steering | ogic output
during Cycle2 of the host clock. Because packet Ais no longer live, A3 is
selected froma storage elenent in the hold | ogic (hence the subscript H)
and rotated to LaneQ, the highest priority output |ane. Because the bubble

e S - » o P T I T T o o v



state machi ne asserts the packet-get signal (PCGET) to advance the next
packet to the head of the packet queue. In response to the packet-geg APR 2003
signal, packet C becones the new |live packet during Cycle3 of the host
clock 16 and the packet-avail abl e signal remains asserted. Because Eﬂunks
A3, BO and“¥9190%T¥ be consunmed prior to the next |oad operabtHHS@ibHks B2
and B3 are selected fromthe hold | ogic (packet Bis no |onger live) and
steered to n b t r ' y cause the bubbl e
vector assoltnal et & FeeBiE by bt T s EREEN K e MRE SRR TRE T

be. prependeg, bacPAGKER G wehinics; (0045 Clrel ol 45, DREKEHoGATG AL eer ed

to the Lane2 and Lane3 ou because the next nenory cloc

count is thh%a?ﬁ@xé@%ﬁoﬁ%@&%mﬁ@m&% SRRl A RS qlibak 69%@5?%95@&0@610@ C
(as well as chunks B2 and B3 of packet B) will be ‘consuned before

subsequent beddt-dceRseauestdnd tﬁ@&:ipg&lﬂltéﬂ RlidcFARNRE @sRalhs alfirket 15
packet -get signal to advance the next packet to the head of the packet
queue. | n réaspledsatd the perkpagketie 68tin seguaise, topaiset siphdleoniEshé kel new i ve
packet in Cycled4 of the host clock 16 and the packet-avail abl e signal

remai ns asseptreek p@etats thechemks! BR, pBKeqmeheQO 64, kherbeecpadegdepe i68ris t 0
subsequent |oad, chunks O, C2 and C3 are selected fromthe hold | ogic
(packet C i smpty hodghe packeyaemiablt agneld7 & dersserndO]f thentell poidtaralnes

out puts, respectively., Because the bubble vector associated with |jive
packet D i nBPtROWY tpithe haad iithe pRGRKIsAEEE 0 bg‘ké‘“ f\@ﬁ&ﬁh@hﬂ*@ﬂa&é@k@ah
chunk DO of .the |live packet D is steered,to t ne3 out put. The next
romory ol ook CRTE FUATHEICAE A BV ei kRN RIS AP RN e e

det erm nes é{]ﬁtbe ch QEESI g:l §2 and C3 will be consunmed before subsequent

| oad, but n hio 4 'ﬂf)?<sequently, the push state nmachi ne deasserts the

d, but "t "G sequently, i ate .
Cive. Thus, “duri nuol e mgttmer The B gy ePh oI o7 R ARRE o d SRR 47,
nead of t hewRaaktiogicA%nd BpAER A0 MRAPISIO 6% RSTH ok298) RG4H @ueve and

chunks DO-D3 are output at LaneO Lane3, respectively, later in cycle 5.

Fig. 12 il uske aheskappphelalgxenuaied ?hld':kfetté“, agdothepaskelowuiksy packatgh the
output |anes of the steering logic at the 3:1 nmenory clock 17 to host cl ock
16 raho, buto baatihasceek@nblecheatdhet ety dket gueue $3f vhijpguiestry ity Hmdy® ar e
nonzero. During Cyclel of the host clock 16, live packet Ais steered to

t he output Hagersusged kbuskeef ithgy pregions parkepadreneasmbpdisnensithadold s

ted b th ket tai ket , dth ket - get
o gnal i's aG8hr SA-GRGH e LHAHKE! Aot PASLGHE:GE B o BedoNSEnieb ooy ¢
b t | t- . k t_is, three i h cycle of thi
oxampl'e) 1 A Eabonbie MRt Iokicat ket SGepupiShln 2 g Cr BT MR RE el e ne new
| ket .| | t -avail ahl e signal
remi he. assEVPET A es Rt Rl bR Pl B e A ¢ O
(packet A i shufl HORERE] iy Be ADE @?%%g difl QBI%h%?&‘ggthUéigH%lfﬁ%ﬂy%the

bubbl e vector associated wth pac ndi cates that thre Il chunks are

to be prepepdeld stde Pasdigie Bl i DSed 3P leterniif@2thandbul-aneB chufiRdb®rad en pul | ed.
These null chunks are indicated by the | abels BUBO, BUBI, and BUB2 in Fig.

12. Becausethrohslduolic 85 duripgekeichBrynld bf tre hostsdiodddidef ore subsequent

| oad, the packet-get signal i1s deasserted in Cycle2 of the host clock 16 so
t hat packet B relhe steeringelogic 83 eéerivesBeaciust thd comiktienedouykscdbe kiveount -
is three, chunks A3, BUBO and BUBI will be consuned before subsequent | oad,
but not BuBpackesshrestiEfrom thelherdpidhe ragket qraee R 4tia prREWK2672BUB2 (i . e.,
a null chunk) .is output at LapeD, and chunks %5& and B2 of |ive pacget B
are output dRdicald by thedashadilipg peths crossiag § d Ipgichnsid Bigudkasseslhng

Bl of packet B will. be consuned before subsequent | oad, th acket - get

i gnal "1 a88ERY GHCKE! SHVURCROISSo ROt SR TRt O trc e Bo-Gy ol ed.

The bubbl e ypgtol, assCLabed. WL RATKFLo Geldtva Fatke! BlGR"B% Bty 10 nul
bypass path 68 when a live bypass operation occurs. Based on select signals

from the push state machine 81, including a live select signal 92, chunk select
-14-



1. VO 00/ 26799 PCTIUS99125641 be prepended to packet C. Consequently, the
unconsuned chunks of packet B (i.e., B2 and B3} are steered from re‘sﬂ)éBRiZIIII%
storage elenments in the hold logic to the LaneO and Lanel outputs, while
chunks CO and C1 fromlive packet C are steered to the tower pri ori%y Lane?
and Lane3 ¥U0Pet’8? Because chunks B2, B3 and COwill be coﬁgﬁrﬁr‘éag/gé fore
subsequent | oad, the packetget signal is asserted to advance the next

ket to th h ket Bfti hunks th h th
ut put | andbiy oretaarieRn et BT pRPI e ST TS B e
ti f I -at f th
merory o odk Trob R RRe T guoTe RlobleaB 2% SURGRK 0T % Varyi ng

number of pagkely GRUHETHERRs GRS HERAIPSILINESknkd 0Ck 16. During Cyclel of
the host clock 16, packet A appears at the head of the packet queue with a

bubbl e vector offHels@m sASS HHcAthe! SRtedehrdsettry Sadket-alunkslelsiaml 37k seedi ng
packet that remain to be output, null chunks BO, BUBI ~" and BUB2 are

out put on Lhaefeukadatrodsd6lamethext ndreosy ebydkn@unedi2ciroantheAQaoflogicve
packet A is output on Lane3. The next nenory clock count (NC) is two, so
that null BupkswBUBETignl BldBthevidytpashsigran Sonfedmbibeccbedules8féand | oad, but
not chunks BUB2 or AO. Because none of the packet A chunks will be consuned
bef ore subsbgwanin Figad). Imheespavketc fursesnpnabigreladhe sest eldck 46.tand theacket
A remains the live packet during Cycle2 of the host clock 16. In Cycle2,
nul | chunk cBOBAtisiate of she powsh isste cneshinpSls thee puply stafgirsadnpe 8hunks A0, Al

and A2 fromlive cket A are output, on Lanel, ne2 d Lane3,

espect | veRFIEied R HEBIp EneR ReleGLAE PE PR 8¢ Pabeatraht ‘GRS BUB2, AO
and Al wll-.be consuned bef ore subsequent ] oad, ,Cons ently. the.

packet - get T%‘.‘*SIH&IC I‘Ssedatgs%ﬂeéﬁett@e 38@%1%5%%&% thg ?%%ﬁ@eﬁgéﬂalo%ephe packet
queue for gl e3. Pheth host clock 16. During Cycl-e3, the unconsunmed chunks
from packet A‘% .e., and -31 m a APR zooo 1V0 001 26799 PCTI US99/ 25641
A3) are steered g OMNRIRARS ol W RGBCHEIERE §tegﬂn§hs Tl tgirwt 0 the
LaneO and Lanel outputs of the steertng |ogic. Because the bubble vector
associ at ed pMshhedritnlep 20KHIFIB. 8 $n 2@éter dotdiks IBoharenditiant) thadisii B are
out put at Lane2 and Lane3, respectively. The next menory clock count is
three, so tibgic SShinnksleAZhret3starageBlemiehts HA - E8nsune thalred bmerl iplbzerguidht

| oad. Conse%uently, the packet-get signal is asserted to advance packet C
to the head®df Theepwpokeof fheswrigs elepedrda Fof-Hhis thdweldcdheks 62 Duri ng

Cycl e4, the unconsunmed chunks from packet B {(i .e., .Bl, B2 and 5%% ar
steered fr&frhalpserswees parkgeodhardmes” Packaemay e %@IEEII&O hE%FﬁeO,
L I dL ? ts. B t bubfl t i at ith |i
packet G i STIE¢ kR hReus ot SR Pt R u et T tRRARS B afd chmeht'©

I i ) ; ;o Wil
e ConsumpdEaraiRker ThisBrrafPehORt afals Choliks 300 Fovo Rlrellt PR KO0, 1

| ogi ¢ durimg SYidedto bt xﬁ@rﬁélabﬁdﬂ%%ﬂ%l F%’giFYﬂriﬁggts@%%IeW&It-‘%ld& R, host

dock-" 16, B3 is recirculated 1n the ho ogi c cause none~“of the
chunks of packetada whdtkerhst t@ﬁﬁﬁtmgly,tw?@fwalgub@m&a paeket isafgackacket - oet
signal is deasserted during Cycled4d so that packet Cwll remain |ive during
Cycl es of tftmmhehichcitdekstidne ¢hurBy ¢d.gs chtthkOy has been dbatbdmiolkanB3hifted
steered fromthe hold logic to the LaneO out put of the steering Logic, and
chunks C0, oot cdradskdft lagie citast adther memdry-4idadooirol hegip2kée., qulaast oxe t he
Lanel, Lane2 and Lane3 outputs, respectively. The next menpry cl ock count
is three, $HunkdiaschaenkeorBYMe) ahecarding (o dhe erBhadiraenty dhe pusk sdequent

| oad. Consequent | he packetget signal is, asserted to advance a ,new
packet to TRECHERH! 51008 Ot Baeatbine BReke est SIEMRLIBtD a&IV@nee BMePhBAREEO ¢| ock

cket, chunks anes t,in

1o OISy Hhe 228 lr TR BoHk SRR a1 ik B ford b et Or Sn il Bieo ek 16,
k A i i ket,. d chunks AQ A3 -~ 8
RoR 3003 OB G AEARET B0 Pl 1€ Rant et s biltho RsiBloRe,

packet - availg)gilglﬁ_ Sﬁ%éﬁ%e;) C@&s&%&g &8 cbﬂgﬁﬁfe Iisnt er&tRELiths Present in

t he packet qteue. e nenory ¢l ock cou ree, so at chunks A0,
Al and A2 vy lnie; f t of5om ands! t
packet - get signal’ lf@%éswggﬁagg %ﬁggt@ﬁg{gﬁ?&%&% Bto t%gwﬁeadf Iﬁ? p%a% packet
queue for Cycle2 of the host clock 16. As shown, the bypass signal is
deasserted (!BYPASS) during Cyclel. (Al though the state of the bypass
signal was not explicitly shown in Figs. 10, 11 and 12, the bypass signal
was assuned to be deasserted throughout those exanples).



In Cycle2 of the host clock 16, previously |oaded, but unconsuned ch;é%BAﬁ
is steered fromthe hold logic to LaneO of the steering logic, and € J003
B~, Bi and B2 are steered fromthe packet queue to the Lanel, Lane2 and
Lane3 outputs, respectively. The packet-avail abl e signal remajns asserted
because pack@P¥B7P% present at the head of the packet queuePC &1
menory cl ock count is three, so that chunks A3, BO and Bl will be consune

bef b | ly, th ket - i gnal | d
advance  ne HExt uphfREtech ETREMTdnabr i PRe SaeRe LR Har e eREs T the
host clock 16.., i : P o .

that packet PE s S AE By SRRl R Gl S Y R e O

of +he packebe Beln SaNahodufNadRie AR ,I%fgé&ihqimgadfd%olt@ﬁg%%ses the

packet queue to becone enpty ring Cyc Consequen

packet avai | gbliB&yp3é dpdade h@acplgagﬁge#gg&@t eiBfg@r m t he push state nmachi ne that
there is no packet at the head of the packet queue. The push state machi ne

responds to the TrasseltiplarRrolol,he3paekabvaiel bakluge sitgealt fbys@wgi ng the
unconsuned chunks of packet B (i.e., B2 and B3) to LaneO and Lanel of the
steering | oglemenandbynd HFrthag Buhbre thunkendipgBesiatads@lide bf the pacies? and
Lane3. Because the next nenory clock count is two, chunks B2 and B3 wll be
consuned befloerk subsetpredt Harakaniple, itothet ¢tesemfl dtomigarstemBuBa2antiuBkB1. The
packet -get signal remains asserted to indjicate the need for a |ive packet.
The -33 8MAPRXPUI/ Ve 00/ the 708 bypres pash @lair fremaihesparkat guenaos.

PCT/ US99125p41 During Cycled4 of the host clogck 16, the_packet-avail able

si gnal rena?h?rfé&é’@‘e‘?‘?éﬂ“&#ﬁ‘?ﬂ%fﬂ@éﬁsﬁr&{’ %%Pﬂédrggbﬁh%lémé? o58tYut ti ng
nul | chunks (i.e., BUBO- BUBO) on .all four, | anes of, the steering |logic. The
next mermor y HESB ER OGS Lirhe Bactt Sxcle hithe RPSECiREK 1 0n HiARS HBATTBERL  and
BUB2) will f 1 : i t he
i nsertion Og%ﬁqﬁqﬁﬁﬁ}g&%%&@%%égsqﬁg%rﬁogﬁqgﬁ{}lﬁgb%%%ipﬁg@?%t E)rgwengaut put

to the mendpyeshdfict@H3) Bk.f%&ﬂiéﬁe sT&%th?‘IéﬁﬁEﬁgﬁ3 ﬁéc{!giﬁhg%eﬁhﬁg@zfﬁse”ec’

and the bypass signal renains deasserted during Cyc ring cl e5 of
the host cl aetktipfexet ho1 Rapkstidadabl M@ begBeh thedwdifferaee@nfi dirc&it the
bypass signal is asserted to indicate that a packet is available on the

| i ve bypassBptt mulfiptexptsstolstlas ereeohtrotied égpahddd telethsighylp2lssuiugnal by
steering chunks CO C3 of packet C fromthe bypass path to the LaneO Lane3
out puts of frioen thepushgtdtegnachiihélndite lnghonyed togkneminthd bokdhsetest so

t hat chunks CO, Cl and C2 will be consuned before subsequent |oad. Chunk C3
is stored i AgPARO i disrwsgee belows packet - get signal remains asserted to

indicate that a pewliv cket is, needed. In cyc|e6 of e host ock 16,
packet D is made"SV&l P& Pg‘ﬁd'? RTRRIGRELEP he Bipsap Elgé?eﬁu@égr%é‘?ﬁ% hat the
packet - avai i_gnal. .is,;assernted, . Chu rom et .C Wl be
consuned be%%?%get ?ﬁlggrbeutéif‘?lfcﬁnn §E 150?&(?:3‘}8% {)ecfrgur%‘g%%érd.th%gir?séeta%%%tly,
chunk C3 is e d i t i ic,

whi | e chunkgl%%ge?{tbik%c{rl{g%{% Qpé%gg%gdﬁ%%g%%ggﬁgg%‘agﬁ\ats’rh%ﬁé% reétdogueue to

the Lanel, Laradvanthd:aNRan QueRYR of BFRPREI UEEY 16 190BEX tHRBRIpYete! OCK
count is two, so that chunks C3"and DO wi ||l be consuned before subsequent

| oad. Consegoresuirhytioh vf appartiillydIinstingethpatBetasTRat isdrddrcatitiiiceccaarsnew
packet, if available, to the héad of the packet queue. The bypass signal is
deassert ed whennainsateptidrecbbyenket spares haek er roore tyeclés ofetheyhoess slazht16.

3.~ ~- 8 APR 2003 WO 00/26799 PCTIU S99/ 25641 In the for egoi ng
speci fi cati &g chenkdyensumadhias: fegrcldds cy¢lbechwitk handfdatakéconsumpgdci fi ¢
exenpl ary enbodi nents thereof. It wll, however, be evident that various

modi f i cat i oHs2 &RePnchalogk SYRgy apd chuank3tensHaneshiits thisdeledhotyds) R nent s
wi t hout departi fromthe broader spirit an cope of the invention as set
forth mtheeg‘gﬁgﬂ‘ﬂéﬂt'g}‘éi%m% LR @f jrost ﬁg’cgp]eécfof V@é‘i“?r_é’ndaﬁﬂlér awi ngs
are to be 1 Eaandel Hidl b RIS VST R 0N Al B30 Ptk diGuRR0%%

consumed in the memory clock domain per cycle of the host clock 16.

Consequently, once a packet is minimally consumed (i.e., Chunk0
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-35 m 8 ~GPR 2003 What is clained is: A nmethod of transfernng units of

i nformati on between clock domains in a nenory system the method -8 APR 2003
conprising: |loading a respective set of Nunits of information from an
output circuit in a first clock domain into a storage circuit _in cond
cl ock domaMP #A7Hg each clock cycle of the first clock donﬁ'ws%?ﬁa"s“ he
output circuit selecting each respective set of Nunits of information to

 nelude uni s oinddif of 8L AR ANRL, A3VEROAYIPS|KnbERRA! BERD hpt o the

storage circui e output fromthe storage®circuit prior

to the stormeghémgmeb@ﬁmﬁ&%ﬁ%kwié.hmm%f@m nth3ek3 il MeRith HeOf

information, and a conpl enent nunber of units of information that have not

previously headuladecthd Hed dd19 (8F QEAGR Rbitclbék 18 to ThemBey brekal7 claim 1
wherein the storage circuit is a shift circuit and wherein units of

i nf or mat i onfrageersdyi fat@d. dutalebniteerabbdimeitsaniwhich & edgensendetof i@sasi tions
of a clock signal 'in the second clock domain. The nethod of claim1 wherein

sel ecting edohk 1éspesdmerseliockfl7Nremidreyafationfaoe patindited omon ivaesh ilager ng
select signals to steering logic to select a respective one of a plurality
of sources packetpiziey acagsediueciofulanfomdiatber packedchunks peagt be sessssanyf N
unt~ of information. 4. The nmethod of claim1 further conprising generating
a count val ¥d alsgtitimay banesessary Famscitamlate og1vieRf@yurat MoHtipleoimeach set of

N units | oaded into the storage ci Rcuit wil| he gutp t fromthe circuit
prior to the stof%"g@umurtd{ﬂtg‘sgﬁrﬂd P SARATINEMQFHC § §B_l55@dﬂ%‘ﬁ‘_l°r¥°éfdeof_ N units
"ncl udes M S BETHEGEIRERFOR nareimias YErBABE oyt AP EIR AT

q Cned ' . I . ¢ . .
and the second op LAk OBt Hih RO UE L e ol For P e E BT,

val ue is regenet ahgtid & b&BEM R AHnE¥USkE cPlietdiand hbst clekRqk. dRuRiS:
chunks supplied to the memory-side control logic via Lane0 will be
consumed before chunks supplied via Lanel (and so forth to Lane3), the
output lanes are effectively prioritized, with Lane0 having the highest
priority and Lane3 having the lowest priority.

The steering logic 83 also includes three stages of multiplexers and a
bubble insertion stage that effectively form lane pointers to select a respective
chunk source for each output lane according to the select signals from the
push state machine. During each cycle of the host clock 16, the multiplexer
stages select one each of Chunk0, Chunkl, Chunk2 and Chunk3 from either
one or two packets and steer the chunks to appropriate output lanes. If
chunks from two different packets are to be output, then one or more chunks
will be obtained from a live packet and the remaining chunks will be
obtained from the hold logic. Chunks from the hold logic are from a
partially consumed packet and therefore need to be consumed by the
memory-side control logic before the chunks from the live packet.
Therefore, the one or more chunks from the hold logic are steered to higher

priority output lanes than the chunks from the live packet. If chunks from a
-17-



- 36 8 APR 2D03 7. The nethod of claim®6 wherein the count val ue remains
constant over time if the frequency of the second clock domain is arg§ APR 7003
integer multiple of the frequency of the first clock domain. The nethod of
claim6 wherein the count value varies over tine if the frequency of the
second cl o®® W6 n i s not an integer nultiple of the freqkeAQyE98ES4he
first clock domain. The method of claim1 wherein selecting each respective

set of N unit nf ormati on conpri ses selectin sof information from
one or nor ¥ egaﬁttﬁa&?.twe&ufpﬁt HeR e gl H tarﬂ%d F\‘é’t"l’t@?fgﬁt acl ai m

ot ot .”oﬁe'se‘“cks@oeﬂwpﬁm&xté‘sfsf’é% “r@”%hﬁ%”%a%? Xl O&rnaw%a o Bladid' o
mor e of 2 tlrttatt;tg B e ou By mgngt sg'(t{\%t Girh 8t S0 6 225G of nul

dat a. The e claim erein urallty I'méti on

sour ces fur@m%{klcg PE%HGL Pass SOYHSE. that bypasses the i nformation

queue. 12. A netho transferring units of information between cl ock

dommins in a MenpLyisysh moftnhl@ ?ét@g 199ri@tﬂséartgmleeta&lﬂttg tRe fjalcREt set of N
units of information fro an output circuit in a first clock donain into a

shift circujleuk®3qi.estioBdatd)askihdHBHNogtr 8N Be fh¢ shutk o6kece Y6t Badiett h;
first clock domain; generating a count value, the count val ue indicating

how many unihtus ke CHumlar Ohiuind® M CHumd3t | Tise liseet setdct IS gl 92 fedmi tifeor mat i on
will be shifted out of the shift circuit prior to the shift circuit being
| oaded wi t lpushseatermbaskinedf! detenintsesothis welectani dn ¢me amdbedomentitbek cycl e
of the first clock domain; and | oading the second set of N units of

i nf or mat i oniversskact KigTelPRUs acvackan that nngudge thrse differeriuvaluetuthaig t he
second cl ock c) cle t he second set of its includin uni ts _of

i nfor mat i oPTABIAEINEFPEREERS 4 Pfisdch qfhtg s“%‘i-“’lt plageray Pl\{lﬁ SNORI uni ts of

A AU A . A Adreazeard SReR SR iR TR iy AR AR el Al AY

. A AL % ARG AU AR &, @ A, AYe AR AATANL AR AT ANGRrdm the hold

logic 85. As discussed above, chunks from the hold logic are rotated to the
higher priority output lanes so that they are consumed before the chunks of a
live packet.

The third stage of multiplexers 109 is controlled by a bypass select
signal 94 to select either the second stage multiplexers 107 or the live bypass
path 68 as the chunk source of the output lanes. In one embodiment, live
bypass occurs after the packet queue 63 has been emptied and all the packets
have been consumed by the memory-side control logic 22. To live bypass
path 68 is provided to deliver a packet directly to the third stage multiplexers
109 and thereby avoid the delay that results from propagation of the packet
through the packet queue and through the first two multiplexer stages of the
steering logic 83. In this way, the row push controller 27 is rapidly primed
with a new packet for output to the memory-side control logic 22.
Subsequent packets may then be enqueued in the packet queue 63 and
propagated through the steering logic 83 while the live bypass packet is being

consumed by the memory-side control logic.
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information that are supplied to the memory-side control logic 22.

In one embodiment, the bubble insertion stage 111 includes four AND

logic elements 112A-112D, each of which is independently controlled by a

bubble select signal 95 to null the chunk supplied to the corresponding

output lane. When a line of the bubble select signal 95 is held high, for

example at AND logic element 1124, then the output of the corresponding

stage three multiplexer is passed through the AND logic element 112A to the

output lane. When the same line of the bubble select signal 95 is driven low

at the AND logic element 1124, the chunk output at Lane0 is forced low (i.e.,

nulled). The other output lanes can similarly be nulled. Other structures for

outputting null data on the output lanes may be used in alternate

embodiments. Also, in an alternate embodiment, the bubble insertion stage

111 may be positioned elsewhere in the sequence of stages, for example,

between the second stage multiplexers 107 and the third stage multiplexers

109.

Reflecting briefly on the operation of the push controller 27 note that,
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CE@s! 10%v& "~ 109K ()- 109 ()- (-&10%uu& ()- 'nl0%& ()- 10MLOMLOM ;

109%/& ()- p eF: 0 10M 10M : 10%V' ()-," 109%& ()-,! 109 ()- 310%& (8 APR 2003

| 1T0%VK&' ()-! 109%VE' ()-5W xY: 0 10M@ 10%4| & () - @O%}| & ()-  910%}| & () -

@O0% & ()-'!110% & ()-' Z10%| & ()- 10M MXE: 0 10M@@10%}| & () -

y10%| & ()WO@uIe9 & ()- F10%| & ()- 910%| & ()- Y 10%| &'PG§'£U599’2564‘
even though a fixed number of packet chunks are loaded into the shift logic
of the memory-side control logic during each host clock cycle, not all of the
packet chunks will be shifted out of the shift circuit (i.e., consumed) before
the load operation takes place for the next host clock cycle (at least for certain
host clock to memory clock frequency ratios). In effect, the push controller 27
tracks the state of the packet chunks in the shift circuit and steers copies of
the unconsumed chunks to the appropriate output lanes so that, when the
subsequent load operation takes place, any unconsumed chunks in the shift
logic are overwritten with duplicate values. Consequently, new chunks are
loaded into vacant entries of the shift circuit, while unconsumed chunks in
the shift circuit are unaffected. In this way, a full complement of packet
chunks is output from the push controller and loaded into the shift circuit
during each cycle of the host clock, but only the vacant entries of the shift
logic are updated with new chunks.

Having described the hold logic 85 and the steering logic 83, in bears
emphasis that many of the signal paths in the hold logic 85 and the steering
logic 83 are multiple conductor paths, with the total number of conductors
being determined by the number of bits per chunk. For example, a packet
having ten bits per chunk would require ten conductors per chunk path
through the hold logic 85 and the steering logic 83. The storage elements Hi-
H3 in the hold logic 85 would each be required to store a bank of ten bits, and
the AND logic elements 112A-112D in the bubble insertion stage of the
steering logic 83 would each need to be able to null ten bits of data. Signal
paths having more or fewer conductors may be used for packets having more
or fewer bits per chunk.

Fig. 5 illustrates the manner in which the sample select signal 53

(SAMP_SEL) is used to load data from a push controller into a corresponding

shift logic circuit in the memory-side control logic. In the example shown,
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the ratio of the host clock 16 (HCLK) to the sample clock 18 (SCLK) is 4:3. In
one embodiment, the sample clock 18 is generated by dividing the memory
clock 17 (MCLK) by four so that there are four cycles of the memory clock 17
for each cycle of the sample clock 18 and three cycles of the memory clock 17
for each cycle of the host clock 16. Because of the 4:3 ratio of the host clock 16
to the sample clock 18, rising edges of the host clock 16 and sample clock 18
are aligned on a beat frequency that is one-fourth the host clock 16 frequency
and one-third the sample clock 18 frequency.

In one embodiment, the sample select signal 53 is sampled by the clock
management logic (element 29 of Fig. 1) in the memory clock 17 domain in
response to each falling edge of the sample clock 18: These sample points are
indicated in Fig. 5 by the arrows above the falling edges of the sample clock
18. The sample select signal 53 is a vector in which each bit corresponds to a
respective memory cycle in the subsequent cycle of the sample clock 18 and
indicates whether or not to load the output of the push controller into the
corresponding shift logic circuit during that memory cycle.

The push controller output begins to transition in response to each
rising edge of the host clock 16. Because a relatively constant time passes
before the push controller output begins to change, and because it takes a
relatively constant time Ts for the push controller output to settle, the push
controller output remains valid for a time before and after each subsequent
rising edge of the host clock 16. This is illustrated in Fig. 5 by the Dat_0-
Dat_5 data valid windows. Thus, by causing the memory-side control logic
to sample the push controller output in response to a rising edge of the
memory clock 17 that coincides with the rising edge of the host clock 16, a
valid set of chunks from the push controller will be loaded into the
corresponding shift logic circuit of the memory-side control logic during each

cycle of the host clock 16. Therefore, the sample select signal 53 output to the
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assigned a value that indicates which of the four memory cycles in the
subsequent sample clock period will coincide or most nearly coincide with a
rising edge of the host clock 16 signal. For example, the second of four
memory cycles is aligned with a nising edge of the host clock 16 in the second
cycle of the sample clock 18. Consequently, the sample select signal 53 output
during the first sample clock 18 signal has a value of 0010 (in this notation,
the rightmost digit corresponds to the first memory clock 17 cycle of the
sample clock 18 period). During the third cycle of the sample clock 18, the
first and fourth cycles of the memory clock 17 are aligned with rising edges of
the host clock 16. Consequently, the sample select signal 53 output during
the second sample clock 18 signal has a value of 1001, indicating that the shift
logic circuit should be loaded twice during the third cycle of the sample clock
18. During the fourth cycle of the sample clock 18, the third memory clock'17
cycle is aligned with a rising edge of the host clock 16. Consequently, the
sample select signal 53 output during the third sample clock 18 signal has a
value of 0100. Because the phase relationship between the host clock 16 and
the sample clock 18 repeats every three cycles of the sample clock 18, the
sample select signal 53 will be output in a repeating pattern of 0010, 1001,
0100.

Fig. 6 is a timing diagram that illustrates the values of the sample
select signal 53 for a 3:2 frequency ratio between the host clock 16 and the
sample clock 18. In this timing arrangement, number of cycles of the
memory clock 17 per cycle of the host clock 16 is a fractional value, so that,
except for at the beat period (every third cycle of the host clock 16), the
memory clock 17 does not exactly coincide with a rising edge of the host clock
16. In one embodiment, this circumstance is managed by extending the time

during which the push controller output is valid in order to allow for
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sampling on cycles of the memory clock 17 that somewhat precede the rising
edge of the host clock 16. The valid push controller output is extended, in
one implementation, by shortening the time required for the push controller
output to begin transitioning, Tpt, or by shortening the time required for the
push controller output to settle, Ts, or by shortening both Tgrand Ts. As
shown in Fig. 6, the worst case offset between a sampling edge of the memory
clock 17 and a rising edge of the host clock 16 occurs during the third cycle of
the sample clock 18. At that point the sampling edge of the memory clock 17
leads the host clock by two-thirds of a memory clock cycle. As illustrated in
Fig. 6, this worst-case sampling point and the setup time Tsy of the shift logic
in the memoty-side control logic (i.e., the time for which the push controller
output must be valid before it can be loaded into the shift logic) determine
the maximum of the sum of TgT and Ts.

Another interesting consequence of the fractional ratio between the
frequencies of the memory clock 17 and the host clock 16 is that a varying
number of cycles of the memory clock 17 occur between sample points.
Consequently, the number of packet chunks consumed by the memory-side
control logic per cycle of the host clock 16 varies in a repeating pattern of 2, 3,
3,2,3,3. This is the pattern of the next memory clock count 52 signal output
by the gear logic 23. By contrast, the next memory clock count 52 output in
the 4:3 clock ratio of Fig. 5 remains constant at three.

Still referring to Fig. 6, the sample select output during the first cycle of
the sample clock 18 is 1001, indicating that the push controller output is to be
sampled twice during the second cycle of the sample clock 18 (at memory
clock cycles one and four). The sample select output during the second cycle
of the sample clock 18 is 0010, indicating that the push controller output is to
be sampled once during the third cycle of the sample clock 18 (at memory

clock cycle two). Because the phase relationship between the host clock 16
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and the sample clock 18 repeats every two cycles of the sample clock 18,
sample select signal 53 will be output in a repeating pattern of 1001, 0010.

Fig. 7 illustrates pget logic 99 within the push controller according to
one embodiment. During each cycle of the host clock. the pget logic 99
determines the number of chunks that will be consumed by the memory-side
control logic and the number of chunks pending in the push controller and
determines whether the push controller will need a new live packet during
the subsequent cycle of the host clock. If so, the packet-get signal 98 is
asserted, otherwise the packet-get signal 98 is deasserted.

The pget logic includes two state elements that are each updated once
per cycle of-the host clock: a chunk pending register 153 and a previous pget
register 151. The chunk pending register 153 indicates the number of chunks
of packet data and bubbles that the push controller 1s processing in the
current host clock. The previous pget register asserts a signal 107 indicating
the state of the packet-get signal 98 during the previous cycle. If the previous
pget register 151 indicates that the packet-get signal was asserted during the
previous cycle and if the packet-available signal 97 is currently asserted, then
the value of the live bubble vector 73 (i.e., from the packet queue) is
combined with a chunks pending signal 106 from the chunk pending register
153 using adder 152. The next memory clock count 52 is then subtracted from
the output of the adder 152 in subtracter 154. If the subtraction result is
negative, a borrow signal 108 is asserted, indicating that there are not enough
chunks pending (including null chunks indicated by the bubble vector) to
supply the number of chunks that will be consumed in the next cycle of the
host clock 16. In that event, the packet-get signal 98 is asserted. In the
embodiment depicted in Fig. 7, the borrow signal 108 is the packet-get signal.
In alternate embodiments, additonal logic may be interposed between the

borrow signal 108 and the packet-get signal 98 (e.g., logic to force packet-get
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high n certain instances). When the borrow signal is asserted, path B in
multiplexer 158 is selected to provide the next chunks pending value. If the
packet-available signal 97 is asserted, then the next chunks pending value
will be the output of the subtractor 154 plus the number of chunks per packet
(e.g., four -- contributed by adder 156), supplied via path B of multiplexer 160.
If the packet-available signal 1s not asserted, then the chunks pending count
1s forced to zero through path A of the multiplexer 160. In one embodiment,
the chunks pending signal 1s used by gate the bypass select signal (e.g., signal
94 in Fig. 4) so that live bypass is only permitted if there are no chunks
pending in the push controller.

'Fig.”8 15 a diagram of a lane select state machine 200 for generating the
bubble select and live select signals according to one embodiment. The lane
select state machine 200 is included within the push state machine and
transitions from between states in response to transitions of the host clock.
In one embodiment, a separate lane select state machine 200 is provided for
each output lane of the push controller.

The lane select state machine can enter one of three states, Packet 201,
Bubble 203 and Hold 205, and is initially reset to the Hold state 205. From a
given state, Packet, Bubble or Hold, the lane select state machine can enter
either of the other two states or remain in the same state. Generally, the
bubbie select signal and the live select signal for a given output lane are
asserted according to the lane select state for that lane. If the lane select state
is the Bubble state 203, the bubble select signal for the lane is asserted. If the
lane select state is the Hold state 205, the live select signal for the lane is
deasserted to select an output from the hold logic 85. If the lane select state is
in the Packet state 201, the live select signal for the output lane is asserted to
select an output from the live packet at the head of the packet queue, with

one exception; if, while in the Packet state, the packet-available signal is true,
5.
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the packet-get signal was asserted during the previous cycle of the host clock,
the bubble width is nonzero, and the lane pointer 1s less than the bubble
width, then the bubble select signal is asserted. The logical conditions for
transihioning between the three states are shown in Fig. 8. The lane select
state machine remains in the same state if neither of the conditions for
transitioning to the other two states is satsified. As discussed above, the new
count (NEW_CNT) refers to the sum of the value of the lane pointer (0-3) for
the output lane plus the next memory clock count. In the notation of Fig. 8,
the expression "bubble_width /=0" refers to a nonzero bubble vector; the
term MOD refers to the modulus operator (i.e., remainder of integer
division); the expression "pavail = '1" refers to an asserted packet-available
signal; the ™' character indicates a logical AND operation; the '+ character
indicates a logical OR operation; and the " character indicates a logical NOT
operation.

As alluded to above, a lane pointer is used to indicate whether a given
output lane is to receive Chunk0, Chunkl, Chunk2 or Chunk3 (bubble
insertion overrides the delivery of a chunk to an output lane). Fig.9is a
table that indicates the next value of the lane pointer (NXT_PTR) for a given
output lane. In one embodiment, the next lane pointer value is a function of
the state of the corresponding lane select state machine and the indicated
conditions. For example, as shown by row two of the table, if the lane select
state machine for the output lane is in the Packet state, the next value of the
lane pointer is equal to the new count (NEW_CNT) mod 4 (i.e.,, remainder of
integer division of new count by four), if the new count is greater than three
and the packet-available signal is asserted. As discussed above, the new
count is the sum of the current value of the lane pointer and the next
memory clock count. As another example, as shown by row eight of the

table, if the lane state machine is in the Hold state, and the new count is
-26-
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then the lane pomnter will be assigned the lane id (i.e., zero for Lane0, 1 for
Lanel, 2 for Lane2, and 3 for Lane3). According to one embodiment, the
various conditions are combined with the state of the lane select state
machine for each output lane to generate the next lane pointer in accordance
with the table in Fig. 9. In some cases, conditions may be combined for more
efficient implementation.

Fig. 10 is a logic diagram that illustrates generation of the hold select
signal for the storage element H3 of hold logic 85. At decision block 171, the
setting of the lane pointer for output Lane0 is evaluated to determine if it
points to storage element H1. If so, and if the next memory clock count is less
than three, then the present content of storage element F3 will be needed
during the next cycle of the host clock. Consequently, at block 173, the select
pointer for storage element H3 (i.e., multiplexer 101 of Fig. 4) is configured to
recirculate the content of the H3 storage element. If the lane pointer for
output LaneQ is not pointed at storage element Hi, or if the next memory
clock count is not less than three, then the bypass signal is evaluated at
decision block 175 to determine if a live bypass operation is to be performed.
If the bypass signal is asserted (and bypass has not been not disabled), then the
select pointer for storage element H3 is configured at block 177 to store
chunk3 from the live bypass path. If the bypass signal is not asserted (or
bypass has been disabled), then the select pointer for storage element H3 is
configured at block 179 to store a live chunk3 from the packet queue.

Fig. 11 illustrates an exemplary shifting of packet chunks through the
output lanes of the steering logic when the frequency ratio of the memory
clock 17 to the host clock 16 is 3:1. At the start of Cyclel of the host clock 16,
the entry at the head of the packet queue contains packet A, including chunks

A0-A3. The entry at the head of the packet queue also contains a bubble
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107" 10 vector indicating that zero null chunks are to be prepended to packet A

before 1t is output to the memory-side control logic 22. Sometime later in
Cyclel of the host clock 16, chunks A0-A3 of packet A appear at output lanes
Lane0-Lane3, respectively, of the steering logic. The subscript “L” on each of
the chunks of packet A at the steering logic output indicates that the chunks
are obtained from a live packet (i.e., a packet at the head of the packet queue).
Because the packet queue contains at least packet A, the packet-available
signal (PAVAIL) is asserted. Also, because the next memory clock count
(abbreviated as NC in Fig. 11) is three, the push state machine determines
that at least one chunk of the current live packet (i.e., packet A) will be
consumed by the shift logic after the current set of chunks (set1) is loaded
into the shift logic and before the next set of chunks (set2) is loaded into the
shift logic (i.e., at least one chunk of packet A will be “consumed before
subsequent load”). Consequently, the push state machine asserts the packet-
get signal (PGET) to advance the next packet to the head of the packet queue.
In response to the packet-get signal, packet B becomes the new live
packet during Cycle2 of the host clock 16 and the packet-available signal
remains asserted. Because chunks A0-A2 of packet A have been consumed,
but not A3, A3 is repeated in the steering logic output during Cycle2 of the
host clock. Because packet A is no longer live, A3 is selected from a storage
element in the hold logic (hence the subscript H) and rotated to Lane0, the
highest priority output lane. Because the bubble vector associated with live
packet B indicates that no null chunks are to be prepended to packet B, the
first three chunks of live packet B (i.e., BO, Bl and B2) are also presented at
the steering logic output in Cycle2, but at the lower priority output lanes,
Lanel-Lane3. Because the next memory clock count is three, the push state
machine determines that chunks BO and B1 of packet B (along with A3 of

packet A) will be consumed before subsequent load. Consequently, the push
8-
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to the head of the packet queue.

In response to the packet-get signal, packet C becomes the new live
packet during Cycle3 of the host clock 16 and the packet-available signal
remains asserted. Because chunks A3, BO and B1 will be consumed prior to
the next load operation, chunks B2 and B3 are selected from the hold logic
(packet B is no longer live) and steered to the Lane0 and Lanel outputs,
respectively. Because the bubble vector associated with live packet C
indicates that no null chunks are to be prepended to packet C, chunks CO and
C1 of the live packet C are steered to the Lane2 and Lane3 outputs. Further,
because the next mémory clock count is three, the push state machine
determines that chunk CO of packet C (as well as chunks B2 and B3 of packet
B) will be consumed before subsequent load. Consequently, the push state
machine asserts the packet-get signal to advance the next packet to the head
of the packet queue.

In response to the packet-get signal , packet D becomes the new live
packet in Cycle4 of the host clock 16 and the packet-available signal remains
asserted. Because chunks B2, B3 and C0 will be consumed prior to
subsequent load, chunks C1, C2 and C3 are selected from the hold logic
(packet C is no longer li.ve) and steered to the Lane(Q, Lanel and Lane2
outputs, respectively. Because the bubble vector associated with live packet D
indicates that no null chunks are to be prepended to packet D, chunk DO of
the live packet D is steered to the Lane3 output. The next memory clock
count remains at three, so that the push state machine determines that
chunks C1, C2 and C3 will be consumed before subsequent load, but not
chunk D0. Consequently, the push state machine deasserts the packet-get
signal (shown by !PGET in Fig. 11) so that packet D remains live. Thus,

during Cycle5 of the host clock 16, packet D remains at the head of the packet
: -29-
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queue and chunks DO-D3 are output at Lane0-Lane3, respectively, later in

cycle 5.

Fig. 12 illustrates another exemplary shifting of packet chunks through
the output lanes of the steering logic at the 3:1 memory clock 17 to host clock
16 ratio, but in this example, the bubble vectors for packets B and D are
nonzero.

During Cyclel of the host clock 16, live packet A is steered to the
output lanes by the steering logic. The packet-available signal is asserted
because the packet queue contains a packet, and the packet-get signal is
asserted because chunks A0, A1 and A2 will be consumed before subsequent
load (next'memory clock count is three in each cycle of this example).

In response to the packet-get signal , packet B becomes the new live
packet in Cycle? of the host clock 16 and the packet-available signal remains
asserted. Unconsumed chunk A3 is selected from the hold logic (packet A is™
no longer live) and steered to the Lane0 output. Because the bubble vector
associated with packet B indicates that three null chunks are to be prepended
to packet B, the Lanel, Lane2 and Lane3 outputs are nulled. These null
chunks are indicated by the labels BUBO, BUB1, and BUB2 in Fig. 12. Because
no chunks from packet B will be consumed before subsequent load, the
packet-get signal is deasserted in Cycle2 of the host clock 16 so that packet B
remains live in Cycle3. Because the next memory clock count is three,
chunks A3, BUBO and BUB1 will be consumed before subsequent load, but
not BUB2. Consequently, during Cycle3 of the host clock 16, BUB2 (i.e., a null
chunk) is output at Lane0, and chunks B0, B1 and B2 of live packet B are
output at Lanel, Lane2 and Lane3, respectively. Because chunks B0 and B1 of
packet B will be consumed before subsequent load, the packet-get signal is
asserted to advance packet C to the head of the queue in Cycle4. The bubble

vector associated with packet C is zero, indicating that no null chunks are to
-30-
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be prepended to packet C. Consequently, the unconsumed chunks of packet
B (i.e., B2 and B3) are steered from respective storage elements in the hold
logic to the Lane0 and Lanel outputs, while chunks CO and C1 from live
packet C are steered to the lower priority Lane2 and Lane3 outputs. Because
chunks B2, B3 and C0 will be consumed before subsequent load, the packet-
get signal is asserted to advance the next packet to the head of the packet
queue and shifting of chunks through the output lanes of the steering logic
83 continues.

Fig. 13 illustrates the operation of the row push controller 27 when the
frequency ratio of the memory clock 17 to the host clock 16 is 8:3. In this clock
ratio, a varying number of packet chunks are consumed per host clock 16.
During Cyclel of the host clock 16, packet A appears at the head of the packet
queue with a bubble vector of three. Assuming that there are no chunks
from a preceding packet that remain to be output, null chunks BUBQ, BUB1 ~
and BUB2 are output on Lane0, Lanel and Lane2 of the steering logic, and A0
of live packet A is output on Lane3. The next memory clock count (NC) is
two, so that null chunks BUB0O and BUB1 will be consumed before
subsequent load, but not chunks BUB2 or AQ. Because none of the packet A
chunks will be consumed before subsequent load, the packet-get signal is
deasserted so that packet A remains the live packet during Cycle2 of the host
clock 16.

In Cycle2, null chunk BUB2 is output on Lane0 of the steering logic
and chunks A0, Al and A2 from live packet A are output on Lanel, Lane2
and Lane3, respectively. The next memory clock count is three, so that
chunks BUB2, AO and Al will be consumed before subsequent load.
Consequently, the packet-get signal is asserted to advance packet B to the
head of the packet queue for Cycle3 of the host clock 16.

During Cycle3, the unconsumed chunks from packet A (i.e.,, A2 and
-31.
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A3) are steered from respective storage elements in the hold logic to the
Lane0 and Lanel outputs of the steering logic. Because the bubble vector
assocaiated with live packet B 1s zero, chunks BO and Bl from packet B are
output at Lane2 and Lane3, respectively. The next memory clock count is
three, so that chunks A2, A3 and BO will be consumed before subsequent
load. Consequently, the packet-get signal is asserted to advance packet C to
the head of the packet queue for Cycle4 of the host clock 16.

During Cycle4, the unconsumed chunks from packet B (i.e., B1, B2 and
B3) are steered from respective storage elements in the hold logic to the
LaneQ, Lanel and Lane2 outputs. Because the bubble vector associated with
tive packet C-is zero, chunk CO from packet C is output at Lane3. The next
memory clock count is two, so that chunks Bl and B2, but not B3 or C0, will
be consumed before subsequent load. Because B3 was obtained from the hold
logic during Cycle4, but will be needed for yet another cycle of the host clock™
16, B3 is recirculated in the hold logic 85. Because none of the chunks of
packet C will be consumed before subsequent load, the packet-get signal is
deasserted during Cycle4 so that packet C will remain live during Cycle5 of
the host clock 16.

In Cycle5, the recirculated chunk B3 is steered from the hold logic to
the Lane0 output of the steering logic, and chunks C0, C1 and C2 are steered
from the head of the packet queue to the Lanel, Lane2 and Lane3 outputs,
respectively. The next memory clock count is three, so that chunks B3, C0
and C1 will be consumed before subsequent load. Consequently, the packet-
get signal is asserted to advance a new packet to the head of the packet queue
for the next cycle of the host clock 16 and rotation of packet chunks through
the output lanes continues.

Fig. 14 illustrates a live bypass operation. During Cyclel of the host

clock 16, packet A is the live packet and chunks A0-A3 are output at Lane0-
.32-
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Lane3 of the steering logic. The packet-available signal is asserted to indicate
that a packet is present in the packet queue. The next memory clock count is
three, so that chunks A0, Al and A2 will be consumed before subsequent
load. Consequently, the packet-get signal is asserted to advance packet B to
the head of the packet queue for Cycle2 of the host clock 16. As shown, the
bypass signal is deasserted (\BYPASS) during Cyclel. (Although the state of
the bypass signal was not explicitly shown in Figs. 10, 11 and 12, the bypass
signal was assumed to be deasserted throughout those examples).

In Cycle2 of the host clock 16, previously loaded, but unconsumed
chunk A3 is steered from the hold logic to Lane0 of the steering logic, and
chunks B0, B1 and B2 are steered from the packet queue to the Lanel, Lane2
and Lane3 outputs, respectively. The packet-available signal remains
asserted because packet B is present at the head of the packet queue. The next
memory clock count is three, so that chunks A3, BO and Bl will be consumed
before subsequent load. Consequently, the packet-get signal is asserted to
advance the next packet to the head of the packet queue for Cycle3 of the host
clock 16. The bypass signal remains deasserted during Cycle2.

Assuming that packet B was the last packet in the packet queue, then
the assertion of the packet-get signal during Cycle2 of the host clock 16 causes
the packet queue to become empty during Cycle3. Consequently, the packet-
available signal is deasserted to inform the push state machine that there is
no packet at the head of the packet queue. The push state machine responds
to the deassertion of the packet-available signal by steering the unconsumed
chunks of packet B (i.e., B2 and B3) to Lane0 and Lanel of the steering logic,
and by steering null chunks BUBO and BUB 1 to Lane2 and Lane3. Because
the next memory clock count is two, chunks B2 and B3 will be consumed
before subsequent load, but not the null chunks BUBO and BUB1. The

packet-get signal remains asserted to indicate the need for a live packet. The
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bypass signal remains deasserted.

During Cycle4 of the host clock 16, the packet-available signal remains
deasserted and the push state machine responds by outputting null chunks
(1e., BUBO-BUB4) on all four lanes of the steering logic. The next memory
clock count is three, so that three null chunks (BUBO, BUB1 and BUB2) will
be consumed before subsequent load. Note that, despite the insertion of null
chunks, a steady stream of chunks continues to be output to the memory-side
control logic. The packet-get signal remains asserted and the bypass signal
remains deasserted during Cycle4.

During Cycle5 of the host clock 16, the packet-available signal remains
deasserted; but the bypass signal is asserted to indicate that a packet is
available on the live bypass path. The push state machine responds to the
bypass signal by steering chunks C0-C3 of packet C from the bypass path to the
LaneQ-Lane3 outputs of the steering logic. The next memory clock count is
three, so that chunks C0, C1 and C2 will be consumed before subsequent load.
Chunk C3 is stored in the hold logic. The packet-get signal remains asserted
to indicate that a new live packet is needed.

In cycle6 of the host clock 16, packet D is made available at the head of
the packet queue 63, so that the packet-available signal is asserted. Chunk C3
from packet C will not be consumed before the output chunk set of cycle 6 is
loaded. Consequently, chunk C3 is steered from the hold logic to Lane0 of
the steering logic, while chunks D0, D1 and D2 are steered from the head of
the packet queue to the Lanel, Lane2 and Lane3 outputs, respectively. The
next memory clock count is two, so that chunks C3 and DO will be consumed
before subsequent load. Consequently, the packet-get signal is asserted to
advance a new packet, if available, to the head of the packet queue. The
bypass signal is deasserted to indicate the absence of a packet on the live

bypass path.
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1 In the foregoing specification, the invention has been described with
reference to specific exemplary embodiments thereof. It will, however, be
evident that various modifications and changes may be made to the specific
exemplary embodiments without departing from the broader spirt and scope
of the invention as set forth in the appended claims. Accordingly, the
specification and drawings are to be regarded in an illustrative rather than a

restrictive sense.
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domain into a storage circuit in a second clock domain during each clock cycle of the first clock

domain; and
the output circuit selecting each respective set of N units of information to include
units of information that have previously been loaded into the storage circuit and
that will not be output from the storage circuit prior to the storage circuit being loaded with a
subsequent set of N units of information, and

a complement number of units of information that have not previously been

loaded into the storage circuit.

2. The method of claim 1 wherein the storage circuit is a shift circuit and wherein
units of information are shifted out of the shift circuit in response to transitions of a clock signal

in the second clock domain.

3. The method of claim | wherein selecting each respective set of N units of
information comprises issuing select signals to steering logic to select a respective one of a
plurality of sources to supply cach umt of information in cach 1espective sei of I units of

information.

4. The method of claim 1 further comprising generating a count value that indicates
how many units of information M of each set of N units loaded into the storage circuit will be
output from the circuit prior to the storage circuit being loaded with a subsequent set of N units of

information, wherein the complement number of units of information includes M units of

information.

5. The method of claim 4 wherein M is determined based on relative clock

frequencies of the first clock domain and the second clock domain.

6. The method of claim 4 wherein the count value is regenerated for each clock

cycle of the first clock domain.
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7. The method of ¢claim 6 wherein the count value remains constant over time if the

frequency of the second clock domain is an integer multiple of the frequency of the first clock

domain.

8. The method of claim 6 wherein the count value varies over time if the frequency of the

second clock domain is not an integer multiple of the frequency of the first clock domain.

9. The method of claim 1 wherein selecting each respective set of N units of information

comprises selecting units of information from one or more of a plurality of information sources.

10. The method of claim 9 wherein selecting units of information from one or more of a
plurality of information sources comprises selecting units of information from one or more of an

information queue, a set of hold registers and a source of null data.

11. The method of claim 10 wherein the plurality of information sources further comprises a

bypass source that bypasses the information queue.

12. A method of transferring units of information between clock domains in a memory
system, the method comprising:

loading a first set of N units of information from an output circuit in a first clock domain
into a shift circuit in a second clock domain during a first clock cycle of the first clock domain;

generating a count value, the count value indicating how many units of information M of
the first set of N units of information will be shifted out of the shift circuit prior to the shift circuit
being loaded with a second set of N units of information in a second clock cycle of the first clock
domain; and

loading the second set of N units of information from the output circuit into the shift
circuit during the second clock cycle, the second set of N units including M units of information

not previously loaded into the shift circuit and N-M units of information from the first set of N

units of information.

-37-



