WD 98/ 5466W0 98/54664 PCT/ US9gciaksdnoin
DESCRI PTI ON Emul ation System Wth Tine-Miltiplexed Interconnect 1. Field
of the Invention The present invention relates in general to apparatus for
5 verifying electronic circuit designs and nore specifically to hardware
enul ation systens in which nmultiple desidﬂ signals are carried on a single
physical wire between programmabl e Ip@ckRifRs 2. Background of the

| nvention 10 Har dware enul atton 3systens are devices designed

for verifying egRgineibh Gt wied m%ewmlﬂrtf}%gﬁeglggéggﬁﬁew ps or
printed circuit X

programmabl e logic chips (logic chips) and progranmabl e i nt erconnect
chips (ingercopnagly ¢l RYe TR AEJRA 15 “chip" as used herein refers to
integrateg—c%rcu%tsf——Exanpkes*é¥ﬁ¥ogic chi ps include reprogramuabl e | ogic
circuits such agef Fﬂé&d@ﬂogfmm@icm gpéEaBes aYh GehBeAs" ko \Wpgdrdtied Ugler
both off- the-shelf products, and custom praoducts. Exanpl es of _interconnect
chi ps 3 ncVadé fvdplof i amattel FPEhECuih| CesieRs: M pBorer §P§Fdifdcadgy to

swi tch chhpsawand Ehelldthen s:gr%itt%&x%orme%m{ Rfa10ap ke c?ééhihﬁ{ Hfdndhe-shel f

products or custom desi gned. or art_enul ation systens have generally

been desi gasdisd tdat deddmEigrtyshcah whaet regfivesn r puPorassRla et ol e@ic
enul at ed %ﬁiggpped to one or nore physical netal lines ("wires") within 25
a logic chip.” " Signals which nust go between |ogic chips are napped to one

or nore physical pins on a logic chip and one or nore physical traces on
printed CEFcuiBaﬁggmwyggngﬂ]ﬁ%ﬁn&ﬂ!ﬁﬁi&gﬂogic and interconnect chips. The
one-t0- one mappi ng, of desi signals to physical pins.30 and traces. in
priorttrt erul &% a§§%t§ﬁ$ﬁ?§ﬁﬁ?tcﬁ¥?ﬁ§h quRFENefEVERES t HESHANRSH i ofer

system cogbalifivahg esbéc@foNBAY circuit designs prior to fabrication as
chips or printed circuit boards. These systems are typically
built from programmable logic chips (logic <chips) and
programmable interconnect chips {interconnect chips). The term
15 "chip" as used herein refers to integrated circuits. Examples
of logic chips include reprogrammable logic circuits such as
field-programmable gate arrays ("FPGAs"), which include both off-
the-shelf products and custom products. Examples of interconnect
chips include reprogrammable FPGAs, multiplexer chips, crosspoint
20 switch chips, and the like. 1Interconnect chips can be either
off-the~shelf products or custom designed.

Prior art emulation systems have generally been designed so
that each signal in an electronic circuit design to be emulated
is mapped to one or more physical metal lines ("wires") within

25 a logic chip. Signals which must go between logic chips are -
mapped to one or more physical pins on a logic chip and one or
more physical traces on printed circuit boards which contain the
logic and interconnect chips.

The one-to-one mapping of design signals to physical pins

30 and traces in prior art emulation systems leads to the

requirement that the emulation system contain at least as many
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chip pins and printed circuit board traces as there are design signals to

be routed between | ogic chips. Such an arrangenent requires the use of
very conpl ex and expensive integrated circuit packages, printed circuit
boards and circuit 5 board connectors to2construct the emul ati on system

The hi gh t.of th : ts, i,ch.in t ' t h t of th
nar dwnre | DGR CoRR BT Sy RRanpE1a LAY girui BAARA | hrase ABNEBEISr 228

designers wheigan si§walls afyl bheredwréed Beelieh flegict higshyant agesh an
provi ded by hardware erul ation systens. 10 Furthernore, integrated

circuit faBFFé&SP@ﬁnﬁecﬁﬁﬁPéﬁjsi $he | _B\ﬁﬁeng@hé’ﬁfé’e 6?’“@3/8_?‘ RRY e £RRPSive
feature si188egratBes cilddRitoPaekdgRs t?ﬁfnt!e‘%g'c(i&lﬁl!il%s pdar®ts ddi WS
of logic gates”that can be i npl enent ed therei n) has increased dramatically.
The i ncr eabeard QeanafkRErs ofo | egnet §HEEs thikaremidi en Y Hemt ed Toe 16.gh
enul ated i SLRAg o] i OB\ ha t Lt h i Der e
in the nu 8$to?gp#ﬁ§£%i#gyégﬁéhﬁé5\%§£§ﬁzﬂ& ?uggr1P§g§?§§éo%%%u?§?tc§€é§§§
and t he |ikerdmatrke lodg i sepatkbhgen Flystambels o diactoon an Lamégiagedthe

et ooBABE 3L NS0, L35 g babLpeil L lolde Sllfs e

t 0 connect thhe abuaditag esags oo det éyr dtaatiwa rec @ntu ldi thieont Gtdteenqms Ns on t he
packagl has increased__sl ow y.nqzlverr tt_!eqs. . Thug,: tgere IS an glrﬁl)creasi n
ni smatch bet weef "t SAMSHT SR TR0t oh* BT T 6P ECRhIEF RN 105y
nunber of plhswawgi ltald eud® cdHnseetr dhrerdca@itiqt Eddmmmb sxési de Thrd,d.the
This results i.n poor .average utilization of the | ogical capagity of the

| ogi ¢ chi psP9ufi ST eRest PAEC 58PS (F Far dvidi® RS | Of gﬁ%&mgaf-es
necessary tpatefdhabéoimplememtaiid%ath)elhest iarreasblClrimsestqnly. The
Tine-nultiglexingFis a techni que thaLahas been used for 30 sharing a
singl e phy$PELR2RPr éNoFNBi AUBEEReRh MAFFpPREFDOHRE @yRe Simpleesntes or

types 1 sgmtieEBeWNene at RQ nga%t 10l ieadh i)y Hdklve rGOMAGC o bdeh & With
hi gh. Such |, systens _include tel ecommunjication systens. )
Tine-nultiﬁpeﬁﬂﬁieQRﬁw%%rFhﬁaguﬁgﬁr of pins (i.e., leads} available for

inputs, outputs, clocks and the like on the chip's package. The

number of pins on an integrated circuit package is limited by the

available perimeter of the chip. Furthermore, the capability of

20 the wire-bonding assembly equipment used to connect the bonding

pads on integrated circuit dice to the pins on the package has

increased slowly over time. Thﬁs, there 1is an increasing

mismatch between the amount of logic available on a logic chip

and the number of pins available to ccnnect the logic to the

25 outside world. This results in poor average utilization of the

logical capacity of the logic chips, which increases the cost of

a hardware emulation system necessary for emulation of a given
sized electronic circuit design.

Time-multiplexing is a technique that has been used for

30 sharing a single physical wire or pin between multiple logical

signals in certain types of systems where the cost of each

physical connection is very high. Such systems include

telecommunication systems. Time-multiplexing, however, has not
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commonly used in hardware enul ati on systens such as those avail able from
Qui ckturn Design Systens, Inc., Mentor G aphics Corporation, Aptix
Corporation, and others because the use og prior art time-multiplexing
met hods significantly reduced the 5 speed”at which the enulated circuit

coul d opengié, &5&5&8&1Yoﬁ.e,edprihomaakrdwatﬂerr%nmﬂatﬂimrexwgtéxﬁghaﬁaueasrr%lﬁ%%eit
difficult to preserve the correct asynchronous behavior of an enbedded
desi gn i n atmel kel bewaf soBmRuaCkENISy gnASS Yo tRiRBss eBRC oneMe ket Graghics

har dwar e ?g#é%%é?;éXSt %kﬁfﬁ%ﬁéfﬁﬁ%ﬂﬂjyéﬂEEOEHEEEiQ@%édéé?ﬁh@nuse of

integrate Typtc en a clrcuit designer or engi neer designs
an integr aeibri ecti ttindrenulesiniexng epetbedsed lionitheddrly ofeducadt Itihet "
description of .the desi.gn.. A n i d [sRET QN r. i st” [
r ef er.rgd P tHos Jo‘?}gotf’rbel n%f@i%i%qlglﬁ?\&{% cgor ])(cpio e%%téea' clf:éls%?}elﬁholg%’
of the iptbgratet wtimethtlsipterpogenteshndnmes evakésalit difficult to
i nterconnections between the conponents. The conpanent j nc e .al
those ci rcFEPF?S%‘F‘é‘?refH% RTESSarS S R &g F (Ggic & ceLﬁ({é,A g%‘(:sr% s
conbi nati ongl the@gh&réade, egateslioandysegmential logic (e.g., flip-flops
and latches). 20 Prior art enula%ion %éikﬁﬂﬁﬁgn | yzed the user's c¢ircui,t

t

netlist prior t®5i%hFerededngPihe HatH THE far S ses LS

Syst eny g@%@fﬁ%)@lé futdiided ke sireps Qﬁté?@&t@cﬂi Agréder varigiiscally,
circuit paths of t'he design into clock paths, clock qualifiers and data
paths. A mekend F oCiFeiFidy nides LOMET aRal yRREIDSET o i SEIRF atdlbn indegrated

di sclosed in.lhitedeBbatfs iRl efd MNoprosédPe83@nbyrEherb/t 8f, aWringt 1iist ™

assigned to the sane assigne€e as the present invention. The disc|osure of

United Stadescrbpehen Nof Bha7desboni s A Mt piottatdar HeRh Pyl Fef ednde G
(5 Than s acs FERENEE o) camhs LS on T LB, 2 <o
S&stehﬁ a description of thg integrated circui%'s components and
electrical interconnections between the components. The
components include all those circuit elements necessary for
implementing a logic circuit, such as combinational logic (e.g.,

gates) and sequential logic (e.g., flip-flops and latches).
20 Prior art emulation systems analyzed the user's circuit netlist
prior to implementing the netlist into the hardware emulation
system. This analysis included the steps of separating the
various circuit paths of the design into clock paths, clock
qualifiers and data paths. A method for performing this analysis
25 and separation is disclosed in United States Patent No. 5,475,830
by Chen et al, which is assigned to the same assignee as the
present invention. The disclosure of United States Patent No.
5,475,830 is incorporated herein by reference in its entirety.
The techniques disclosed in United States Patent No. 5,475,830
30 have been used in prior art emulation systems such as the System
Realizer™ brand hardware emulation system from Quickturn Design

Systems, Inc., Mountain View, California. However, the



Real i zer[err] brand hardware emul ati on system from Qui ckturn '
Syst ens, I‘H%??’s‘*ﬁl%unt ain View, California. However , t%?lﬁb%lﬂ

98/ 54664 _ PCT/ US98/ 10171 4 techni ques
di scl osed therein have not been used in conbination with any type of

ti rrgl-ml;:tlfl exi C/g. Cxlher prior art hardware enul ation systens such as those
avai l abl e from Virtual Mchine rks (naw | KGOS RKOS (nqw.5 Synapsi.s
and | BM hav_écﬁfltlgh‘ﬁ_tsedht%ﬂt%s_eeq Y&E@’?ﬁﬂrﬁ FEi A o eags}léﬁgsi}ﬂnéﬁ%bolfﬂa&l)ém
singl e phygkeal 5 %Itﬁﬁéﬂldz R ifnenieh IRiigiteadig F cui t board trace to seek

| ower hardware cost for a given size of electronic design to_be enul ated.
These prior art OSREIratR P L ya¥ ErBarAYAEGe fMUAAE O SY -%’%tﬁ‘égpzésc%&&se

paths In gyl AhlenPlohO vIBidUAl MuEGRLIRE! 1RINGUI Inbphawos), ARKES (now
alteration or re-synthesis process works predictably for synchronous

desi gﬂss stag@rs,isal t@mnd ngBdr haél%yﬁthéfgpgeﬁg toha1%8 obkmpalHstinlgying of
asynchronous design _can | tQ Lk r ' I g t4 edsS.
Si nce m)stlé St l&@?i&gng}%%gvg 323%%%23%%? f%:?ggk&gjf%mlgc%ﬁe%, t héecls
”33-" to al dtrcurtr bosyut hesicee toheeekotkwpat harisare| eegle 0B aivai(eyeSias
addi tion, prior. art hardware emyl atjio I nes | | | NG
have suffe.rO defll‘eé“rﬁqo&ﬁco\pl)%'sétqn%ospseeege.nmhql]ds&?s zbiﬁ{ c%%sédqfl}:on&g%‘lf Rl dhon
_re;synt |he3|s§,1'hs_rt@rrtshe lﬁbaekremat hsltén tdhresee?Bynhhelimes,ckogiinipathef in an
internal nachine cycles are required to_enul ate l.ack le of :
desi gnl0  BAGETPY He AP EREFVR BﬁﬁFﬁ?ﬁnSlgﬁggé nggtv‘f%ggérmlc%ﬁ'esd e%%antllosn
typ|t call %/ r%?y %4”%3,?@% t;ﬁi':m;éslhe rvmm‘}{mhmm}eml«:ﬁam@ offdihe ssmudlatomous
systemitself. ere are nultiple asynchronous,clocks in.the design 25
to be emul &&&dInthe sﬁl%m%'tﬁﬁﬁgﬁ?'w §§06%§y835‘ﬁ3\*511§1€ ﬁé’@aucsjeocg? g‘?%%hs
need to evaljlale IdenshAbSo0s 8beigAUbahededasitgn ibelameenteady maisledding

i nput clock edges. Prior _art hardware enulati og machi nes  usi ng tine-
emulation results. Since most circuit designs have asSynchronous

15 clock architectures, the need to alter or re-synthesize the clock
paths is a large disadvantagef
In addition, prior art hardware emulation machines using
time-multiplexing have suffered from low operating speed. This
is a consequence of re-synthesizing the clock paths. 1In these
20 machines, a number of internal machine cycles are required to
emulate one clock cycle of a design. Thus, the effective
operating speed for the emulated design is typically many times
slower than the maximum clock rate of the emulation system
itself. If there are multiple asynchronous clocks in the design
25 to be emulated, the slowdown typically becomes even worse because
of the need to evaluate the state of the emulated design between
each pair of input clock edges. -
Prior art hardware emulation machines using time-
multiplexing also require complex software for synchronizing the
30 flow of many design signals over a single physical logic chip pin
or printed circuit board trace. Each design signal must be timed
so that it has the correct value at the instant it is needed in

other parts of the system to compute other design signals. This



mul ti pl exi WP 2/3664 equi re conpl ex software for synchroni zi ngPGTESIBA0FNow of
many design signals over a single physical logic chip pin or printed
circuit board trace. Each design signal nust be tinmed so that it has the
correct value at the instant it is needed:in other parts of the systemto
conput e ot her design signals. This WO 58/ 54664

PCT/ US98/ 1iihep analiyag sasalfitsiaxes dhiwar ndah sas kechedwlsi rer edidware) adds

f t wal dds, to th pl exi f th | at d to the ti ded t
Conpi o & G r EOPL ST 0OFhE SmMBt o CoPuPPorifbr E0C pEdie ahToRaR e e

enmul ati on d@ed Nesa Whi gbudtugestigieiAdbt tpkexmaga®dly use a sinple form of
time-nmul tiplexing which requires mniml hardware but uses a | arge anpunt
of pover (e.g. FREFREFRTENd PRGN rt aNREAPRER SPStahigdsinachines, vhieshe
is a need (4 @ anfiNal IR N ySusEem Whhse NBSrY &Sy ik iGAlexing
capacity, fast conpile tines, 1ess conplex 10 software, sinplified
mechani calwhigesi grAviirRe Tirred Mysidar e fumntorR srgtaspoontTied power
| nventi on w t a : ti,o Ml IS¢y and cl ai ned
i oh 16U Har SheE 8 5bor Ty CPet oal £ ST abiSe STE D So12 P das! gn
signal s onto pHikigaltheyt cizhi pregdsieamnd praradwataiamliat dova sy sttreac e Loht

whi ch doe t i i mtati e eratl S an or
asynchr on%égp%%%n%ﬁeiéﬁd%% i%%&%’hg(?%% &aokdlﬂr%qiepﬁg‘%%r?ﬂl ?’le%%e C&“&r}aelxs
ont o a0si mpEtvyeyes cabimpléfdedneatichmnittiadh afesisyn t admb@ f nedhaedwapewer
enmul ation but_do go not have the di sadvantages of hi gh power and conpl ex
system(kﬂﬁ%ﬂF%W% w20 disclosed. In the preferred enbodi nent,
time-multiplexing is performed on clock qualifier paths (a clock qualifier
is any si ghawmavy cOf i Shes&dveontdganhe a cl ock signal) and data paths in a

design but 25 not on clock:Paths (a clock_path is the path between the
cl ock A new type of hardware emulation system is disclosed and

claimed which reduces hardware cost by time-multiplexing multiple

15 design signals onto physical legic chip pins and printed circuit
board traces but which does not have the limitations of low
operating speed and poor asynchronous performance. Additional
methods to multiplex multiple signals onto a single physical
interconnection which are suitable for hardware emulation but do

20 not have the disadvantages of high power and complex system
design are also disclosed.

In the preferred embodiment, time-multiplexing is performed
on clock qualifier paths (a clock qualifier is any signal which
is used to gate a clock signal) and data paths in a design but

25 not on clock paths (a clock path is the path between the clock
signal and the clock source from which the clock signal is
derived).

The reconfigurable logic system of the present invention
comprises a plurality of reprogrammable logic devices, each

30 having internal circuitry which can be reprogrammably configured
to provide at least combinatorial logic elements and storage

elements. The programmable logic devices also have programmable



si gnal and wbessigagk source from which the clock signal is destusshoizihe
reconfigurable | ogic systemof the present invention conprises a plurality
of reprogramuabl e | ogi c devices, each 30 having internal circuitry which
can be reprogrammably configured to provide at |east conbinatorial |ogic
el ements and storage el enents. The prograﬁnable | ogi ¢ devices al so have
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i nt er connek® etelected conesl hdsingitionadt edpmenes epenthe ofogiw desgiaes. The

devices. T J 09§ G- [ h LN | tinle
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conpri ses atphintal bhy efr mepreograrertdle dignalt<r conecbutput casltepthxet s
whi ch have_ i nput/output terminals and internal circuitry which can, be:
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I nput / out puttéeeshAaksiohhe reprogramuabl e i nterconnect devices al so have
I nput demul ti pl exers and out put mnultipl exers igRIenented at each 15

i nput / out put t eFABNARYeRRACPNRLECJERTPELSPEXEY

i nput 19 gnght@pdodh¥bdedblibBE) 8ABhOBEMKEcREORRGBERhpELIBRLS UL TRE rAYHRY
mul ti pl exers conbi ne one or nore conponent signals on?o a_second single
physi cal | #@rtoheERel ofl rapktFnvERtGFaN & daRagesmabdat con figvagd to

electricaJpé%&fagwaﬁ%é¥ébdayuﬁ%aasngeEm@ear991@8@@@'fhﬁ&ﬁ%&déﬁﬁ&ﬁﬁefa%%gggalS

on the reprogranmabl e | ogic devices to the input/output termnals on
reprogranmipf e FEPECSIATESP1geyi Hsereoneeet hededipest @flsche presentnput

invention, q@mhPgiflexers and output multiplexers implemented at each
15 input/output terminal. The input demultiplexers receive a time-
multiplexed input signal and divide it into one or more component
signals. The output multiplexers combine one or more component

signals onto a second single physical interconnection.
The invention also comprises a set of fixed electrical
20 conductors connecting the programmable input/output terminals on
the reprogrammable logic devices to the input/output terminals

on the reprogrammable interconnect devices.

In another aspect of the present invention, a logic
analyzer is integrated into the logic emulation system which
25 provides complete visibility of the design undergoing emulation.
The logic analyzer of the present invention is distributed, in
that its components are integrated into many of the resources of
the emulation system. The logic analyzer of the present inven-
tion comprises having at least scan chains programmed into each
30 of the logic chips of the logic boards. The scan chains are
comprised of at least cne flip-flop. The scan chains are
programmably connectable to selected subsets of sequential logic

elements of the design undergoing emulation.

peaéivy aft reprogurrmsléged



anal yzer i sWomBs&gé@t ed into the logic emul ati on system whi ch P5/}198491des
conplete visibility of the design undergoing emulation. The |ogic anal yzer
of the present invention is distributed, in that its conmponents are
integrated into nmany of the resources of the enulation system The |ogic
anal yzer of the present inven- tion conprises having at |east scan chains
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devi ce whi % s 9o ﬁﬂ@gtiBﬁ 27 e ?@a ﬁaﬁn Q%§§§%%nng§ ggE%
stores gat adrRAidisLaueohi ghel Q@gioelmnm sof)f thbeerdudgsltaordesy@trem and

undergoi ng emnul ati on, Control cir connunlc W fh e logic
chi ps of tGENERALRST 0AOTHEt ARBNFHen& é’lc ?b%‘?%l%né’lhﬁ'f ?‘88& s'clthgenafgg

whi ch cl ock g Scanpghaidasit rbe @Pf@lﬁpirf EEYbt G¥nalrse cgener ByPsr t 5igaels
si gnal s when predet erm ned combi nati ons signal's occur in the logic

chips. 10 when prédebpowénafdcombdnasionsy 1fd §$ERYtesO6FENE T n%?\t tegic
i ncl udi ng éﬁ 5%“5 novel details of inplenentation and conbination of

el enents w now be nore particularly described with reference to the
acconpafyi ng dr &iiemgabavd poidntadhesutrafeneed| SpAUres WA Ithe 4RVERSLEBd

that the pa”'C‘alﬁ S”a%%% %@Fi%e m'éf At g, TR @A ndkg on

shown by wa tion only an I'mtations of the invention.
As will be dmdearlsanmrd:sby vt:l”ldsersm | boed mnrehepart:lcuﬂrérém néepkadbgdd with

features of_t "'I’[l:rsleorlﬁélvg Ba eapwlq,}/(fdd}__% I@ﬁ]og%aeﬂ, AW OMS: in the

embodi nent s © ng ope  of invent i on.
claims. It will be understood that the particular methods and

15 circuits embodying the invention are shown by way of illustration
only and not as limitations of the invention. As will be
understood by those skilled in the art, the principles and
features of this invention may be employed in various and
numerous embodiments without departing from the scope of the

20 invention.

Brief Description Of The Drawings

Reference is made to the accompanying drawings in which are
shown illustrative embodiments of aspects of the invention, from
which novel features and advantages will be apparent.

25 Fig. 1 is a block diagram showing a partial crossbar
network incorporating time-multiplexing.

Fig. 2 is a timing drawing showing the signal relationships
for two-to-one time-multiplexing.

Fig. 3 is a block diagram showing the circuitry necessary

30 in an FPGA to do two-to-one time-multiplexing.
Fig. 4 is a block diagram showing the equivalent circuitry

in a multiplexing chip.



Brief DescijgédfgssX The Drawi ngs Reference is nade to the geaamesmyrng
drawi ngs in which are shown illustrative enbodi nents of aspects of the

i nvention, fromwhich novel features and advantages w Il be apparent. 25
Fig. 1 is a block diagram showi ng a partial crossbar network
incorporating tinme-multiplexing. Fig. 2 i% a tinming drawi ng show ng the

signal relationshipssfo ch9 ; BhiRle¥hag s Bhdl 3ehatdoRSAS
di agr am show ngEslt%eSScilr%uél %ﬁlnggér@sat r{/ﬁsorgﬁoi rjf % FPGthEO do ?vvo-tg-onegs
time-nultirdasdsmry Figr fous-hobbpektiinagruktihoaknydt he equi val ent

circuitry in a L tiplexin hip. 4 4 .

PCT/ Uso8] 10171 B+ gg Jssi%g%f%é.%dnlga%‘?é%%ﬁ{n%%éﬁ%mtﬁg RIS fegpssary in an
rel ati onshimsa nesesdsafyutotofone- tbmenmultipleaxvliingpl exing. Fig. 6 is a

bl ock di agram showi ng the | ogic, necessary in an FPGA to do_four-to-qn
time-nmaltipl exi .57 1S a bg—?ﬁ’.‘ gl?graw%ewa?ag?%n%%ma%an%h'élrgu‘ftry
equi val entj¢id Ghh 1€ YplBx@ngubhipl exing chip. Fig. 8 is a timng di agram
showi ng the signal relationships for a pul se width encqdin sih%ne s
suitable for afirdhers ntiBIIGAEEmshRying the Bignad Felatippships

di agram shey ng t Ba 150Nl a8l Al NS Ps skoleme phaseaBheodidy schraBdware
suitable for a hardware enul ation system Fig. 10 is a timng diagram
showi ng tereulatyeal syekamionshi ps for a serial data encoding schene

sui tahle for a 1f1§ .h9r?¥‘a£etﬁﬂlﬁ@tdﬁb%t§TBwiﬁgg-thjel digna 1blrealstdioaghapkof
a logic board o % preferred enbodi nent of the present invention. Fig. 12
is a bl ockfell agr @acte tencding cornere| SHihABAG iflee 2 hardware emulation
systen.
Fig. 10 is a timing diagram showing the signal
relationships for a serial data encoding scheme suitable for a
15 hardware emulation system.
Fig. 11 is a block diagram of a logic board of a preferred
embodiment cof the present invention.
Fig. 12 is a block diagram of the interconnection among the
various circuit boards of a preferred embodiment of the present
20 invention.
Fig. 13 is a diagram showing the physical construction of
a preferred embodiment of the present invention.
Fig. 14 is a block diagram of the interconnection among the
various circuit boards of a version of the presently preferred
25 emulation system that has less logical capacity.
Fig. 15 is a diagram showing the physical construction of
the emulation system of Fig. 14 that has one logic board and one
I/0 board.
Fig. 16 is a block diagram of an I/O board and core board.
30 Fig. 17 is a block diagram of a mux board.

Fig. 18 is a block diagram of an expandable mux board.



vari ous ciw@@®/f46hbards of a preferred enbodi nent of the preBEHUSTB0171

i nvention. Fig. 13 is a diagram show ng the physical construction of a
preferred enbodi nent of the present invention. Fig. 14 is a block diagram
of the interconnection anong the variousgcircuit boards of a version of the
presently preferred 25 emul ati on system ?hat has | ess | ogical capacity.

Fig. 15 is a diagrah®shewanglobk ghggraml sbowshgubbiwohhef usbe edvkasi ame
system of . Fi.g...14 that. has qne J Qqi c, boar nd one .|/ Q board. .Fig. 16.is a
ol ock. di &S Hr0ed | A8 baad eredt DR8EdyERE BRI §YSEem 5 bhEck
di agram odresentx beeedtibhg. 18 is a bl ock di agram of an expandabl e mux
boar d. WO %§1546 4 . .

PCT/ US98/ 101715 %9 Fi %‘? 1% 3 PEYF SR SIS TS FORTER FEEnctiigek S ar e

di strpbutedhidrarpe@f Rar8fahar emar gt eonl avs08mSYst EARObrbBenkr €86Bhtion.
invention. Fig. 20 is a block diagramshow ng the control structure of 5 a
preferred hardivk¥e /@l ak$ of Wé'{"g‘m%*a%%“ppéséﬁhe i ROBHEI gRalmzer 208 Ps a

bl ock di ?&fé‘f‘%ﬁe&h&nﬂ)%iﬁeﬁeabfz%heOEr@sBﬁ%f ghiedrephodi ment of the
present invention. Fig. 20b is a bl ock diagram show ng the data path for

| ogi ¢ anal yzerFsggnedls b3 a hletlerdiapmmadiowimg dihe vty osdht for logic

I nventio ' 0c. 4 | ock di | NG oM LC al.yzer

are di st ﬁ%%}gﬁelgn%’t]??}@b%i %Lchlgpglg%%%‘?ggg‘ err eda\%rlﬁ%%%i nﬁt to tﬁgggrgéﬂs?ent
i nvedfli onin@ti@®d is a | ogic di agram showi ng how probed signals are 15

CoPut e o EA) TgReL P A, semal | M6 B, i et o
enmul at i oresyrst emanfe t il siEserited in the logic chips in a preferred
embodiment of the present invention.

Fig. 20d is a logic diagram showing how probed signals are

15 computed from storage elements and external input wvalues.

Fig. 21 is a flow chart showing how to program a preferred
embodiment of the hardware emulation system of the present
invention.

Fig. 22 is a flow diagram showing the sequence of steps

20 necessary for the compilation of a software-hardware model
created by a behavioral testbench compiler according to a
preferred embodiment of the present invention.

Fig. 22a is a block diagram showing an example of a memory
circuit that could be generated by the LCM memory generator of

25 a preferred embodiment of the present invention.

Fig. 23 is a block diagram of a netlist structure created
to represent special connections of the co-simulation logic to
a microprocessor event synchronization bus according to a

referred embodiment of the present invention.
20 Fig. 24a 1is a schematic diagram of a time-division-
multiplexing cell which may be inserted depending on the type of
the I/0 pins of a logic chip in a preferred embodiment of the

present invention.



i nvention. Fig. 22 is a flow di agram show ng t he sequence oﬁ, 160
necessary WQre/546pt conpilation of a software-hardware nodel created by
a behavioral testbench conpiler according to a preferred enbodi mrent of the
present invention. Fig. 22a is a block di agram show ng an exanple of a
menory circuit that could be generated byl he LCM nenory generator of 25 a

preferred enbodi nent of the present invention. Fig 23 is a_block.di.agram
of a netlist stFiBtureilredted td t H5G Pg\ 8%nn80tF6ﬂ§ g%GF%goﬁ

co-si mul at QN { 90b£i 4§ Selll CHPRERGRSE We eMaNirteclepenidialy on e ayper difng
to a preferred enbodi nent of the present inventio i

.30 . Fig. 4 S
a schemattke &/Agpims ¢ff & leghe- ahiPsisna @ﬁ%ﬁ%ﬁ%ﬁﬁrﬁﬂ?ﬁﬂ+m%ﬁFcﬂ%n§§eLe

i nserted LPOiRBehiRgohype of the I/O pins of a logic chipin a
preferreddégggg#geﬁt 8? tﬁe present invention. WO 98/ 54664

PCT/ US$8/ 10171 EOgFi g24@4biss & SOHNaRATIC diHGHADf °F t AretdlPereighsion-
mul ti pl exi ﬁsleféi%%égﬁ hegpy iémggﬁpe dependidy Qibddia rdg/Re ehd Repd Of

pins of a Togrc ¢ n-a preferred ‘enbodi ment of the present invention. 5
Fig. 24c the Id0 gdmemaifca Hpageashipf inga muafenxasi FRROMMepl i rge
cell which_nay be i.nser depending on the type of the 1/O pins of a logic
chipin a 8F8¥5P§e&ngﬁﬁ%§%§ént of the present invention. Fig. 24d is a
schemati c di agr @aigof 24di mesdiai ssaremdic mdidgtaxi f cel | twmiecklivdy iga -

e 58 GRERAb ARl e R L7 PR RdBBME NP U Agne oo
di agr am of tBet iTy®- GiiHsSi ®N-a NUbyipl exiipg iveld mihetdrmay eebodisenedof the
dependi ng on the type of .

present invention.

Fig. 24e is a schematic diagram of a time-division-
multiplexing cell which may be inserted depending on the type of

15 the I/0 pins of a logic chip in a preferred embodiment of the
present invention.

Fig. 24f is a schematic diagram of a time-division-
multiplexing cell which may be inserted depending on the type of
the I/0 pins of a logic chip in a preferred embodiment of the

20 present invention.

Fig. 24g is a schematic diagram of a time~division-
multiplexing cell which may be inserted depending on the type of
the I/0 pins of a logic chip in a preferred embodiment of the
present invention.

25 Fig. 24h is a schematic diagram of a time-division-
multiplexing cell which may be inserted depending on the type of
the I/0 pins of a logic chip in a preferred embodiment of the
present invention.

Fig. 24i is a schematic diagram of a time~division-

30 multiplexing cell which may be inserted depending on the type of

the I/0 pins of a logic chip in a preferred embodiment of the

present invention.



15 the 1/ COVBiPRS48F a 1ogic chip in a preferred enbodi nent oPCTASIHIEZENt

I nvention. Fig. 24f is a schematic diagramof a timne-division- nultiplexing
cell which may be inserted depending on the type of the I/O pins of a logic
chip in a preferred enbodi ment of the 20 {present invention. Fig. 249 is a
schematic diagramof a tinme-division- nultiplexing cell which may be

i nserted dependFag-on2fhe i§ped of SERMILIT pitia®wfam |adfgi @ cHiimerdizvision-

preferred ' f ' nf . Fi 4h _is
schemati c ﬁg?gg‘rbg%ﬁrég C%lbft‘?ﬁn‘gég%‘?‘gP%%-Hrlr%%t}%?e%pnegn%le@f gov%i%#qrﬁxpebeoaf
i nserted dependi/fgpdms hef tapeoogict bbip/ Ampianpdfartedi embbidpmenta of the
preferred 8ggggh nt oftth% present invention. Fig. 24i is a schematic
di agram of“a " Ti -afVPEER™ 30 mul ti pl exing cell which nay be inserted
dependisng on t heigype26k the 14 O geematia |digigramhi pf naa priefesidi8f sion-
enbodi nent_of . th resent.jnvention. VWO 98/ 54664 ,
SCrT Usos/ T riLRIeR S B8t [ NRECh CRawdke RS S AP di B9 VihS Givpe of
mul ti pl exi tigecel/b Wiingh dmya ond;maebhﬁg depend rer Hirddech¥baifbnthe d /{Qe
pins of a Io%ic chip in a preferred enpodi nent of the present invention. 5
Fig. 24k Pt segt éﬁﬁéﬁﬁﬂpé- diagram of a time-division- multiplexing
cell which may pegi nsertedadgpend B agRat® £t ¥pe dbnth@ele@iidis &f1 2 dbfga c
chip in a preferréed enbodi nent of the present invention. Fig. 25 is a block
di agr a® of PEAT@TERE EBPEELMGAtCEl the RTEFSpiteflamiead i@tbodi ment of the
present invent i phg. Fhg. 126 4 %&lé@ﬁr@tdf‘a@mgr@mb&y pewhewet R P RULF
of AND trees are fine-nultiplexed palrw se using specfal event-

AND trees are time-multiplexed pairwise using special event-

multiplexing cells in accordance with an embodiment of the
present invention.
15 Fig. 27 is a block diagram of an event detector download

circuit of a preferred embodiment of the present invention.

Detailed Description Of The Drawings

Turning to the figures, the presently preferred apparatus
and methods of the present invention will now be described.

20 Fig. 1 shows a portion of the partial crossbar interconnect
for a preferred embodiment of a hardware emulation system of the
present invention. Embodiments of a @partial crossbar
interconnect architecture have been described in the United
States Patent Nos. 5,036,473, 5,448,496 and 5,452,231 by Butts

25 et al, which are assigned to the same assignee as the present
invention. The disclosure of United States Patent Nos.
5,036,473, 5,448,496 and 5,452,231 are incorporated herein by
reference in their entirety. 1In a partial crossbar interconnect,
the input/output pins of each logic chip are divided into proper

30 subsets, using the same division on each logic chip. The pins of
each Mux chip (also known as crossbar chips) are connected to the

same subset of pins from each logic chip. Thus, crossbar chip 'n°



mul t i pl exi ngomslskessi n accordance with an enbodi nent of the ppessrbs/io171

I nvention. 15 Fig. 27 is a block diagram of an event detector

downl oad circuit of a preferred enbodi nent of the present invention.
Detai |l ed Description O The Drawings Turning to the figures, the presently
preferred apparatus and nmet hods of the pr%%ent I nvention will now be

described. 120 connectdd Gto 1sSBO¥E AnPOkiAd QhH Ic(kjgelcpaéﬁiﬁi sCpe8shans many
i nterconnect for a preferred enbodi nent of a hardware enul ation system of

the presenCrosspast chips are ‘Erﬁ?o@lsrréﬁ@e @fre @ub@@rttsrmanobﬁﬁéb@rossbar

i nterconnegt, ;@r t t
Nos. 5,036, Z“}g’ %% 255 Z“E‘Z“’"%’é“?fb%%% 3 y Butts tzdg‘ %\il cbes}}e:aél%s
assi gned t@hbheumaﬁe a@Sdggee abiphe Eaeheh@glnvehipémrossbaimﬁhiﬁspﬂinnﬂ%
of United L3l n S 036,473, 9 nd 5 52 231 are.
[ ncorpoér at e3§ %ne ? %)é{r s(r%ciélalgx %2&% englljrﬂ‘feeg a&\ga par Gt S ctosdudt®
I nt er connedmn, ehbﬁlsumsdunuput pi ns of each logic chip are d|V|ded into

di vision on e p. Th

Cach M chi p( SFEo RARRR ho CEPOSERR UHTGOMIE CoRhodida th FRBSEARES. &

subset of mmefxfomea;@pﬂ@glamm@mm il’hﬂércﬁﬁﬁé&balbl@m@ D2, wHAQrB8&546164

PCT/ US98/ 1017 12 is connected to subs of each | ogi c Chl i ns.
many crossﬁé"re]f a?‘éb%éa%’ae%ﬁé efREr t;"mg]rte1 chiRgd JHF cﬁ’@s‘%%gr cml't?

has a51mrampa&n:asa1asc£8§ssuﬁbqrnt@frd@mfedm bhe E&tgosel tﬂdﬁ%éﬂﬂecﬂﬁlﬁb%egf
| ogi c chips. Each |ogic chip/crossbhar chip pair i1s 5 interconnected as

many MAresnu@@@Fé&ﬁxﬁ?ﬁ?°%E@TWﬂ9%ﬁa?%n5+%%r¥ﬂl%aéﬂgé9b§§%PSTH@rp&hﬁQﬂ in

crossbar '@*%fé%@ﬁ@i§okﬂﬂﬁbrf%dx@ﬁﬁbéﬁﬁeﬁtnQﬁnﬁrf9£1&eﬁ£QS£§ﬁH§Bh@ gate
i nt erconnect bl ocks in a preferred embodi ment are nul tipl exer

chips (MIRTERYSs)( FPGAphe 18acBaMiraFhéPoddbhrsi pperebiiRee eenmegLions to
further CoRRIhS@®dic chip 10. In the preferred embodiment described in

15 Butts, each design signal going from a logic chip to a Mux chip
takes one physical interconnection. In other words, one signal
on a pin from a logic chip 10 is interconnected to one pin on a
Mux chip 12. In the embodiments of the present invention, each
physical interconnection in the partial crossbar architecture may
20 represent one or more design signals.

Each Mux chip 12 comprises a crossbar 22, together with a
number of input demultiplexers 24 and output multiplexers 26. The
input demultiplexers 24 take a time-multiplexed input signal and
divide it into one or more component signals. The component

25 signals are routed separately through the crossbar 22. They are
then multiplexed again, in the same or a different combination,
by an output multiplexer circuit 26. In a preferred embodiment,
time-multiplexed signals are not routed through tﬁe Mux chip
crossbar 22. By not routing time-multiplexed signals through the

30 Mux chip crossbar 22, the flexibility of routing the partial
crossbar network is increased because input signals and output
signals to the Mux chips may be combined in different

combinations. This also reduces the power consumption of the Mux

e .



nunber of nreBReLYigeMEbl e configurable |ogic chips 10, which poraspsEgent |y
preferred enbodi nent are fiel d-progranmabl e gate arrays (FPGAs). Each Muix
chip 12 has one or nore connections to each logic chip 10. 1In the
preferred enbodi nent described in 15 Butts, each design signal going from
a logic chip to a Mux chip takes one phys?%al I nt erconnection. In other

wor ds, one ﬁig”fh %gnéepkﬁef%QﬁhathQ& 18R gl ¢ deuiehcyr G@NMSERG MG, Alech
pin on‘a Mix hi p . I'n the enbodi nents of the present invention, each
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conprise a plurality of input denultiplexers 34 and output nultiplexers

36. The aoweprog¥ammatlielloairs Jein aestre deshanedifeeremprlabgPe-chip

%2 signal s and %quiqg Hﬂﬁﬁkgﬁhthaiﬁgglﬁu g%é.gabnh9}9558@§?€&boﬂux cH8s

put derul tipl exers 34 také a tinme-nmultiplexed signal and divide

15 12 with four pins each and four logic chips 10 with two pins

each. The actual embodiments of preferred hardware emulation

systems would have more of each type of chip and each chip would

have many more pins. The actual number of Mux chips 12, logic

chips 10, and number of pins on each is purely a matter of design

20 choice, and is dependent on the desired gate capacity to be

achieved. In a presently preferred embodiment, each printed

éircuit board contains fifty-four Mux chips 12 and thirty-seven

logic chips 10. The presently preferred logic chips 10 are the

4036XL FPGA (also known as a "logic cell array"), which is

25 manufactured by Xilinx Corporation. It should be noted, however,

that other reprogrammable logic chips such as those available

from Altera Corporation, Lucent Technologies, or Actel

Corporation could be used. In the presently preferred

embodiment, thirty-six of the logic chips 10 make five

30 connections to each of the fifty-four Mux chips 12. What this

means is that five of the pins of each of these thirty-six logic

chips 10 has a physical electrical connection to five pins of

each of the fifty-four Mux chips 12. The thirty-seventh logic
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15 in Fig. . The same Divided Clock Signal 50 is used to sample
internal Slgnal B 42 on each falling edge. This sample is placed
into another flip-flop or 1latch (shown in Fig. 3). In a
preferred embodiment, the Mux Clock Signal 44 may be asynchronous
to Signal A 40 and Signal B 42. When the value on the Divided
20 Clock Signal 50 is high, the previously sampled'signal A 40 is
then transferred to the Output Signal 46. When the Divided Clock
Signal 50 4is low, the previously sampled Signal B 42 is
transferred to the Output Signal 46.
Referring now to Fig. 3, the logic implemented in FPGA 10
25 of a presently preferred embodiment which creates the timing of
the signals shown in Fig. 2 is shown in detail. A two-to-one
clock divider 68 divides the Mux Clock Signal 44 to produce -
Divided Clock Signal 50. Clock divider 68 comprises flip-flop
68a , AND gate 68b and inverter 68c. Divided Clock Signal 50 is
30 input to an output multiplexer 66 (see multiplexer 36 of Fig. 1)
and the input demultiplexer 64 (see demultiplexer 34 of Fig. 1).
The clock divider 68 is reset periodically by the SYNC- Signal

48 to ensure that all the clock dividers in the system are



5 Fwvg.98B46da0ws a exanple of a timng diagramfor a twoTusS®ME7]
time-nmultiplexing emulation systemin which internal |logic chip Signal A 40
and internal logic chip Signal B 42 are nultiplexed onto a single output
signal 46. A Mux Cock Signal 44 is di Vijffd by two to produce Divided O ock
Signal 50. A SYNC- Signal 48 is 10 used to synchronize the Mix O ock

di vi der 68yherechigded3) SPhéhahplite demditiprsiger 064Mix Q&Ko ddd SIS two
Di vidéed Clock Signal 50 to zero if SYNC— Slgnal 48 is | ow D vided d ock
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Fig. 3). The sane Divided Co Si gnal “is used to sanple internal

Si gnal B 4d20ck shamaiabliig Wea%|féles@ﬁﬁleé‘ i(e. Ql-acéaai nt emavird when
flip-fdop C h ind r
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sanpl ed Sj;gna i n transferred to the t 46. \Wen'the
Di vi ded g‘é@‘éﬁ&%&ﬁ‘ego lr%)(\g/v, £Ilfsxhgi;lpr g’wtgustl ymlsanrffqL cf§eslg ﬁél L8 fPRserve
transferrEdw%ekéhel@m&auunauhEﬂFEEA I@ferThegonbputOOElglu&eﬁfﬁiﬂpxﬁkbp

i npl t FPGA 10 25 . of t) f d di t h
croat o5t AE21 PRI RGB0P ZPRE SRy AL kG S LELg | s CORAAR (9] im0 the

t wo- t1@ ongoge 06k dEviHer FEEAALYI (ehet bordlig2 @OCEhS KFGR ot ddngd OsBIE & he
Di vi ded Clock Si gnal. 50.. Cl ock divider 68 c rises flip-flop 68a, AND
gat o 68b GROLEAVERPAF GAETERL HRFLI BRI G E0TPS SBILFnRuRatdons Of

out put  muthépheesd 566dé§§§‘nml|tlm{éex&ltﬁﬁtofnuﬁltgpl@xe%n%é heohpRYkes two
derul ti pl exer 64 (see enultlplexer 34 of _Fig . The clock divider 68 is

reset perFoHPTALPYShP 7Ehe SSNGR iy fire @l?%k%‘?is‘al’em?ﬁaf:laplk e clQ¥jRUL
dividers php1thgisxeteBarf so M8 2db6dyo-to-one multiplexer 67c. One

PCT/ US98/ 10171 15 synchroni zed. The input denul tiplexer 64 is conposed of
two 15 flip-flop (e.g., flip-flop 67b? is enabled when Divided Clock
Signal 50 is high and the other flip-flop (e.g., flip-flop 67a)
is enabled when Divided Clock Signal 50 is low. The two-to-one
multiplexer 67c selects the output Q of either flip-flop 67a or
flip-flop 67b to appear on the output pin.
20 Corresponding circuitry for the Mux chip 12 is shown in Fig
4, Unlike the circuitry in the 1logic chip 10, the output
multiplexer 76 (see multiplexer 26 of Fig. 1) in the Mux chip 12
is constructed without flip-flops and therefore comprises two-to-
one multiplexer 76a. This 1is possible because in the preferred
25 embodiment, delays through the Mux chip 12 are short. To save
additional logic, flip-flops 74a, 74b in the input demultiplexer
74 (see demultiplexer 24 of Fig. 1) do not have enable inputs.
Instead, the Divided Clock Signal 50 is used to clock the flip-
flops 74a, 74b directly. Clock divider 78 is preferably
30 comprised of flip-flop 78a, AND gate 78b, and inverter 78c. The
clock divider 78, the input demultiplexer 74, and the output
multiplexer 76 operate similarly to the corresponding elements

in Fig 3.



flip-flops QRiogaigss65b. Flip-flops 65a and 65b are clocked by Misohfck 44
One flip-flop (e.g., 65b) is enabled when divided clock signal 50 i's high

and the other (e.g., 65a) is enabled when 5 Divided C ock Signal 50 is | ow.
Divided clock Signal 50 is not used directly as a clock to the flip-flops
65a, 65b in input denultiplexer 64 and inlfhe output nultiplexer 66 to

conserve | ow sk lines ip_t F 0.:. T .t her .fl1.R- !gg a .
or 65b provi des%gnsdteat?lﬁ:c gsemaﬁ:l Eﬁé@yéd l&es@%%%ﬁl%%g#hgﬁwﬂéﬁg o”ﬁ’S :
the FPGA 1Q"IVBd)coism Gh f Nuve GG 1D wdhprbsesnt hepuonbirgamalklue: peltenart s

sed to i | epent. t.he.logic ions of t er's desi . The ,out,put
T e b exoR B0uBh, Ha8:gBY, BaRTE! Pigsola At Bt Gr S L inendds i
Cl ock 44. ©Onppttt dexthilitilpeste 667 Alaaml conpnityes: md-tigelone=mmil & pl exer 67c.
One 15 flip-flop (e.q., flip-fl 67b). i s enabl ed, when Di vi ded O ock Si.ana
S0% 5 i gh” and DSt ibe coRgepfa,Sfothe pEresnt Vet & s deP s S
Di vi ded C @ek ddi goalr-2@-chd @WmeFae: Ittallelione wRddd Rl @6y 1%/ Grselgaits fde

output Q of either flip-flop 67a _or flip-flop_67b to appear on the out put
pin. 20 a tlméoFP§§p6ﬁdPH§PBitr EaFt Fyt%’B?-th@‘R/UXS cFi %?i@%ﬁ‘?ﬁgﬁr@

4. Unl i kgothgoairLedibhk kAmbbRLL 89hEe&MhE. 105ust NEs oed PUtwaLl & LK &Xefm6
(see multiplexer 26 of Fig. 1) in the Mix Chip 12 is constructed w thout
flip-fl ops™HA§irRexdngre fg@ﬁ?r iifed My (@odhe ianali fdexad P YN Signal
possi bggauser) r ehodi - a

chip liizdear g?shore%ngﬂga\F/&eﬂa di ??%ﬁgf Fggﬁcémﬁ‘ﬁ&i%lioﬁg t#z%o?ugﬁbb?ﬁdltt{%)é 2
i nput denuPivpHedeflgak( Seanakbndl ¢ i JTrexelividlegf iEi gynehrdnonsty hegeeendibre
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15 50 again by two. The Direction Signal 80 controls whether the pin
is an input or an output at each instant in time. Four enable
signals EQ0 90, El1 92, E2 94 and E3 96 are used to enable
individual flip-flops in the logic chips 10 as will be described
later. These four signals are derived from the Divided Clock
20 Signal 50 and the Direction Signal 80.

The Divided Clock Signal 50 samples the External Signal 98
to produce Internal Input Signal E 86 and Internal Input Signal
F 88 when the Direction Signal 80 is low. When Direction Signal
80 is low, it signifies that the pin is operating in an input
25 direction. Internal Input Signal E 86 is produced by sampling
on the rising edge of Divided Clock Signal 50. Internal Input
Signal F 88 is produced by sampling on the falling edge of
Divided Clock Signal 50. When Direction Signal 80 is high, the
pin receiving it operates as an output. Internal Output Signal
300 C 82 is output onto External Signal 98 when Divided Clock signal
50 is low and Internal Output Signal D (84) is output when

Divided Clock Signal 50 is high. |
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Since it is not known in advance whether an input/output ("I/0') pin on a

Mux chip 12 will be an input or an output for a given design, all /0O pins
in the Mux chips 12 include both an inpu% derul ti pl exer 74 and an out put
mul tiplexer 76. 5 Usi ng the conce —{s of the present invention, it is

possi bl e to dorégdEriagonsod i t8- Mlgti B exthg Wﬁ@rl@ ai.np Nerheén toed | IilﬂUIldglrc a
tinme then an o:iﬂgput for a ti rre F';ﬁ 5 shows i m ngE,dl aggamfor

four - t 0- ofRLPi ¥ nbPt G gt R Ut ™D FLIHRLE 0O6nF ¥ mes it t PPPYRI A
there is @edbx1C OAkcib@'kaHr’Hdé&d 1@48Mm61d§|sgrtaﬂe Max 49ock EI?IM«!;X LY/ Ct(‘d<
Signal 44 is divided two to produce a Divided O aock Signal. 50. The

di vi der Ergﬂ}%ﬁrghﬁ&#ﬁl Feoek whgRathe OSPRE. Dairgciions Sll&nedmﬁoa f 4951y

edge csccua§v93e£h§oDMsﬂc%br%saaabf%hbﬂfq gast 19%a ey qm% ammﬂfaé-,tﬂéwa'
Direction Signa whi I'S produced di vidi ng the Divided O ock nal

15 50 aghﬂﬁcbfanﬁ/\do%e @V@Etﬁ@nlgﬂgmalﬂ)@@qﬁdﬁftﬁ‘@% e hb@‘lfhe apidn AM;D an
|nput or t ch i ,

§9c 88 (PHAoShoc" 102! Elbck ke e U, A0 AN RIS L g
ch| ps 10 BseWBYNCheSitigaati bédtcbainsure fl‘rh@sealbut:h@gkmls cirel diars Vs f:rrom
the Divid 20 Slg the e Sl gn 0.-.Th Vld
Cl ock Si gﬁg? §&ssaerrrnpl %ghﬁ?g%gr%ﬁ%ledﬁ gna ééild?% pr dda"lthee I ﬁg‘gFgaB vnlpu%r
Si gndl0 E 8franiit| hoér aabol ppodiuse gnahalkl 88S el ¢ He0 B0 el CBQ,SIEJJ1694 &hd s
| ow. When cti Signal 80.is_low, it, si n|f| t hat e pin
oper at i ngE?r9 213‘(1? %5518{1?%& PSR, usety n%f?a]? put 13 SH&I l@pé’bt/losutput
pr oduced ﬂaulsapmblxag @A ridud trsi 9i0g aedgaazf Di vided O ock Si gnal 50.

I nternal | nput

gnal 8 rodu sanpl i ng_on th [ ng dge, of
Di vi ded O ock gﬁﬁnal “é%lt/\%\lécﬁ"% i it b%‘?’b%l BHrPLLh gﬁofo o thing
recei VI ngcbt:reﬁpbﬁa@&qa%oaﬁh@uﬁ@ﬁbrahnb@ walg . Ost,putrhdl mlerii&l Csl&fhaus 98

out put. onto External Signal_ 98 wh vi ded CI ock signal 50 is_low and
| nt er'mal €8t At lﬁ%’r’r’al“’@’( 89}r?§t69{‘p§f~gﬁlﬁén 85 VieP* ocRigRghaF S jand
hi gh. Signal F 88 are sampled from External Signal 98 when Enable

Signal EO 90 and Enable Signal El1 92 are active and placed in
flip-flops 100a and 100b respectively. Signals D 84 and C 82 are
saved in flip~flops 100c and 100d when enable signals E2 94 and

20 E1 92 are active. A preferred input/output multiplexer circuit
100 is also comprised of multiplexer 100e and buffer 100f. These
‘cause signals D 84 and C 82, previously saved in flip-flops 100c
and 100d, to appear successively on External Signal 98 when
Direction Signal 80 is high.

25 The input/output multiplexer circuit 102 is similar except
that the timing has been altered so that Signal 106 is an output
when Direction Signal 80 is low. Input/output multiplexer 102
is preferably comprised of flip-flops 102a2-102d, multiplexer 102e
and buffer 102f. The input/output multiplexer 100 is referred

30 to herein as an "inout” multiplexer while the multiplexer 102 is
referred to herein as an "outin" multiplexer. When pins are
connected together in a system, an inocut pin must always be

connected to an outin pin so that one pin is driving while the
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Referring nowto Fig. 6, the logic inplenented in logic chip 10 to create

the timng signals of Fig. 5 is shown in detail. A clock divider 104
divides the Mux O ock signal 44 to produce Divided O ock Signal 50 and
Direction Signal 80. Clock 5 divider 104 18 conprised of flip-flops 104a

and 104p, A t 4, %EPF nve 1 U V] f
and AND gat gge 04‘S§10§L& % g'k'eldi'vi g%rgaiogé(?s %sgét pergfg}%g%?#% tahe
SYNC- Signabiga@ltic insure that all the clock dividers 104 in the systemare
synchroni zed. I n add|t| n he _cl dj vi . CJ ' uces
Enabl e Signal s gﬁgﬁ? p@fdg?? 2w5§ g%QeEguggiﬁl%%%é é#%%%#@ %é%suse fh
enabl es i nFtige Tnfiot/ aukpohipul2i pl@erk clinduders 18B@0pandudé. DIveded Clock

i nput/outp t rrultl exer .circuit 100 has tim correspondi to th .

di agr aﬁ#of he? rﬁtéﬁfﬁ Yhal1§8215 Qﬁs an ‘lir? %I gﬁdﬁrr ei?’?orﬁs
Si gnal 80 b@mb@:\ﬂsed Sbgnaflfp%l@pgl Syw ABBar aN@an@éeésfrpm@t er3md,

Signal 98 when Enabl e Signal EO 90 and Enable Signal E1 92 are active and
pl aced in RAVEHEEpS 3E0&h FXEHE Tesitc dard 34 gndiSs 1D dhanPE 3Lk

saved in fhip-f koRs<1QQC ANd nHHA e anakle 19IRAS 882 At 3N G2 1 Seer

are active. A preferred input/output multiplexer circuit 100 is also
conpri sed éR2nul EnphExepliopeserd WA fe Prfrerabdyseorpgseedi ghaf sipr Blormd

C 82, 14 evu@ta%' y 1%‘690' tifd-Stld-Rirfd RS 40 and 112Qﬁd1aﬁaom 1%&6881%&1&
on External gna 98 when Direction Signal 80 is high

i nput / out pm@llm;pthqmméﬂQ:ma@utthelctzm@%@hqm lex deat- t%atEKQféfrtaJmS@R%Js
been al ter ‘é $9 %Raapﬁhgnéke& c@ibr?“él@ﬁag;"%“ R Rl %98%?\% Witen
of flrp-Tlops

| ow. | nput out put multipl exer I's preferably conprise
102a- 102d, Drrleratydloax éigrele 8391d1$)u1ﬁi@171 102hteTheli npgnabat pé¥d @and ild erxere

A | 51 e et Bl BiERES Soqratoll AL LRLENELIILI %0 1t

pins ak® Internal signals 128 and 130 are output onto External Signal 98
when Direction signal 80 is high.

Outin multiplexer circuit 122 is similar except that the

timing has been altered so that signal 134 is an input when

Direction Signal 80 is high and an output when Direction Signal

20 80 is low. Outin multiplexer 122 is preferably comprised of

flip-flops 122a, 122b, two-to-one multiplexer 122c and buffer

122d. 2An outin pin on a mux chip 12 must connect to an inout pin

on another mux chip 12 or & logic <chip 10. Additional

configuration bits (not shown in Fig. 7) make it possible to

25 programmably configure any pin of the mux chip 12 to be either

non-multiplexed, two-to-one multiplexed as either an input or an

output, or four-to-one multiplexed as either an inout or an outin

pin. This is done by selectively forcing direction signal 80 to

always be low (for a two-to-one input), always be high (for a

30 two-to-cne output), be non-inverted (for an inout four-to-one pin

as in 120), or be inverted (for an outin four-to-one pin as in

122). Additionally, external signal 98 can be directly connected

to core signal 124 for a non-multiplexed input. Core outputs 128



connect ed wageWdaegs in a system an inout pin nust always be mrmusstertit o an
outin pin so that one pin is driving while the WO 98/ 54664

PCT/ US98/ 10171 18 other is listening (i.e., ready to receive or receiving a
signal). Corresponding 4-way tinme-nultiplexing circuitry is showmn in Fig. 7
for mux chip 12. dock divider 132 produé@s Divided Clock 5 Signal 50

and Directinon 1 A3l b80direll 0GKcdhUbBEEA 132 tHieS i | 558 SfabllPpiheops
132a, 132b, AND gates 132c, 132d; inverter 132e and EXCLUSI VE- OR gate 132f.
As in thedfo@pud i fl2@ forre nengnul htpiexedtPpreRer 120 and an outin

mul tipl exer 122, [ 0l refecahl ' f
flip-flops 10 %ffgggﬂ%ﬁg%$ét§%gﬁgggéé i P?ﬁ gg&rq' C an&hﬁﬁgfgv°158d9ne

| nout mnul tanpl osrr-126-dnes tilme -tmutitiglekawy, i thEi gecBbnifueedhakbl8sgdatoRdi s
an i nput en Direction Signal 80.is_lLow.and, an_out pyt whe i rectio

S gnal S50 5 SOAIath E9 nafLer oL TRA AR 550 2B AnRH P b BT br FaP
Si gnal 98 dslrdryrisiy eciidin Ggrsd . 80In Sgémaralls hidgher nahlsigheksnd28a88drd30
are output onto External Signal 98 when Directian signal 80 is high. Qutin
T 1§ pl xSt 199eF o eOP TRFApn oRetRt Hiua L (ARG AL b deH R EEPba
so that sihgR@lwak4 beTatite Pl phyen dlr @etre@nadigpahs8Banspli gha2Bd among
out put when Direction Signal 20 80 is |ow Qutin multiplexer 122 is

pr ef er abl POEENPAESHR bfd93IR 1$BPR2492a, 122b, two-to-one nul tipl exer 122c
and bypfer 122, AhOid e PithOFe 8 MRmERY R tlide ULt KORDCES r L RL BP1 bDOXEnGI N
on another nux chip 12 or a logic chip 10. Addi ti onal
conf i gur affiudit itfiltes Rifor eholmfpamELgon7pniake istingdssimiivsigrpowire which
ﬁgg?Lﬁp??ﬂdbl%P“ngU@§e§“XuPivafekhﬁa ‘6n0h§fﬁégmto be2idi&s of these
pl exed, two-to-one nultiplexed as either an input "or an output, or
f our - t 0- okeoNitdys ex eédeaspel sAevidhhi mrdulaten outtha s nmoTikile tilondoardby
SeleCtiVe@%ffgfﬂdgkéﬂéﬁﬁgéfﬁggig@ﬁE égoﬁge of which technique to use in
15 a particular embodiment is a matter of the designer's choice and
depends on the tradeoffs between operating speed, cost, power
consumption and complexity of the logic required.
One aspect of these more complex encoding schemes which is
important in a hardware emulation system is the ability to reduce
20 power consumption. A hardware emulation system typically will
have many thousands of interconnect paths. To minimize delay
through the system, it is desirable to switch these interconnect
paths as rapidly as possible between different logical design
signals. Power consumption of the system, however, is largely
25 determined by the speed at which the interconnect paths are
switched. 1In a large system, generating and distributing power
and removing the resulting heat can significantly increase the
complexity and cost of the system. It is therefore desirable to
have a multiplexing scheme which operates guickly but does not
30 require large amounts of power. One way in which power
dissipation could be minimized is by only transferring design

signal information when design data changes rather than



al ways be JygWgfhqy @ two-to-one input), always be high (forpér/%g%/lmﬂ
two-to-one output), be non-inverted (for an inout four-to-oné pirn as in

120), or be inverted (for an outin four-to-one pin as in 122).

Additionally, external signal 98 can be directly connected to core signal
124 for a non-nultiplexed input. Core ow(uts 128 WO 98/ 54664

PCT/ US98/ 0171f19 and 130,can be dhrec%l %mcgnnect ed to the_input and genable
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15 a data signal before a receiving device had properly saved it
into a flip-flop or latch. The requirement for a low-skew master
clock significantly increases the complexity and cost of the
emulation system. In addition, the requirement to not have hold
time violations on the shortest possible data path while insuring

20 sufficient time for signals to pass over the longest possible
data path means that the multiplexing clock must operate
relatively slowly. As explained earlier, this is undesirable
because it limits the effective operating speed of the emulation
system.

25 The inventive concepts described above with respect to the
simplest form of time-multiplexing are equally applicable to more
complex encoding schemes, which will now be seen. Encoding -
schemes using pulse-width modulation, phase-shift modulation and
serial encoding can reduce power consumption and and increase the

30 . relatively low operating speed intrinsic to the simplest form of
time-multiplexing. The disadvantage of all of these schemes
(relative to simple time-multiplexing) is that they require

significantly more encoding and decoding logic and, for that
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the resulting heat can significantly increase the conplexity and cost of
the system It is therefore desirable to have a nultiplexing schene which
operates qui ckly but does not 30 requi[ji1 | arge ampounts of power. One
way in which power dissipation could mnimzed is by only transferring
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and Mux chi ps Refemrtihg $stig. 18, &n faddi tdorpul $érewbdsh emogullaitploaxiisy
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path whil g4i 8ssiet MBe@OcasIidH GHalH AdfiRehee SbgRaLS PO RSPScRYShotdClock
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limits theygtiRChirve RRETEEEAGeSPeRd BinkhenerlAtiffe chip. Therefore,

15 there is no need for a SYNC- Signal 48 as described earlier with
reference to Fig. 2. Also, Asynchronous Clock Signal 144 may
operate at any speed as long as the minimum pulse width produced
on External Signal 144 will pass through the interconnect without
undue degradation. The pulse emitted on External Signal 146 may

20 have a width of one, two, three or four clocks depending on
whether the two Design Signals 140 and 142 had values of 00, 01,
10 or 11 when a signal transition occurred. Asynchronous Clock
Signal 144 must, however, be sufficiently fast that five clock
cycles always elapse between successive edges of Design Signals

25 140 and 142 to ensure that information is not lost. Data Signals
140 and 142 are recovered from External Signal 146 by counting
the number of Asynchronous Clock 144 cycles that occur each time
External Signal 146 goes high. In an actual embodiment,
Asynchronous Clock 144 would operate at twice or three times the

30 speed shown to ensure that recovered signals could be
unambiguously distinguished. Additional circuitry would also be

added to periodically transfer data, even in the absence of
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15 encoded onto one external signal 146 instead of two. Also
different encodings of Design Signals 140 and 142 could be used
or the default value of External Signal 146 could be one instead
of zero.
The pulse width modulation encoding scheme described with
20 reference to Fig. 8 suffers from the following limitations. 1In
a pulse width modulation encoding scheme, the pulse width must
be measured from a rising edge on External Signal 146 to a
falling edge on External Signal 146. However, when a signal
passes through many levels of routing chips, a rising edge will
25 often be delayed by a different amount than a falling edge. The
speed of the signal multiplexing may, therefore, need to be
slowed down to ensure that signal wvalues can still be
distinguished after passing through many levels of routing chips.
Also, the modulation scheme of Fig. 8 is sensitive to unavoidable
30 momentary signal transitions or glitches on External Signal 146
which may cause false signal values to be transmitted.
Referring to Fig. 9, a form of phase modulation is shown

which would be suitable for a hardware emulation system. An

%
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when a signal transition occurred. Asynchronous C ock Signal 144 nust,
however, be sufficiently fast that five clock cycles always el apse between
successi ve edges of Design Signals 25 12% and 142 to ensure that
information is not lost. Data Signals 1 and 142 are recovered from
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146 instead of two. Al so different encod| ngs of Design Signals 140 and

142 coul d DRRAEER R PheSiBIaLIR VA uSignakerldd wESildnde TEhcandd signede

instead ofpzeuQ. will be low. External signal 152 therefore makes a
15 transition when the PLL is at count 2 (A, B = 10).

The receiving circuit has a matching PLL which is kept
synchronized to the transmitting PLL by sync pulses which are
sent periodically when no data needs to be transferred. A sync
pulse consists of two transitions occurring at time zero and time

20 two of the transmitting PLL. A sync pulse may be recognized by
the receiving PLL because it is the only time when two
transitions occur on external signal 152 within one PLL cycle.
The sync pulse causes the receiving PLL to adjust its count
gradually so that it becomes synchronized with the transmitting

25 PLL after several sync pulses have occurred. The sync pulse need
only occur relatively infrequently compared to transitions on
Signals A 140 and Signal B 142 so power consumption is not
greatly increased. In an actual embodiment, Asynchronous Clock
144 would operate at a relative speed two or three times what is

30 shown in Fig. 9 to have sufficient resolution to clearly
distinguish between the different edge transition times on
External Signal 152. Alternatively, the phase-locked loop could

be run at a multiple of the frequency of Asynchronous Clock 144
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15 can be made less sensitive to noise because glitches or short
pulses are treated as sync pulses and have only a gradual effect

on PLL Count 150. 1In addition, separate PLL counters can be used

to time rising edges and falling edges since the sync pulse

always includes one rising and one falling edge. By timing the

20 rising and falling edges separately, Asynchronous Clock 144 can

be run at a very high freguency and External Signal 152 can be

passed through many intermediate routing chips without affecting

the ability to reliably recover Signal A 140 and Signal B 142.

The main disadvantage of phase modulation, however, is that it

25 requires a relatively large amount of digital logic to implement.

Many variations of the phase modulation encoding scheme

disclosed herein are possible without deviating from the

teachings of the invention. For example, the PLL could recognize

eight or sixteen transition times rather than just four. Also,

30 additional design signals could be transmitted by creating more

than one edge on External Signal 152 each time a transition

occurred on a design signal. For example, Design Signals A and

B could be transmitted on a first edge of External Signal 152 and
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SignaiSA %ﬁ%iﬁyif clocks from the falling edge of the start bit before
sampling External Signal 162 to recover Signal A 140. It then
delays an additional clock before sampling External Signal 162
again to recover Signal B 142. In an actual embodiment,
Asynchronous Clock 144 would operate at a relative frequency
20 several times higher than that shown in Fig. 10 to sample
External Signal 162 accurately at the center point when Signal
A 140 and Signal B 142 are being transmitted.
The circuitry necessary to implement the serial data
encoding scheme could be designed by one skilled in the art of
25 circuit design and thus will not be further discussed here.
Serial data encoding has the advantage that relatively
simple digital logic may be used. It has the disadvantage,
however, that several edges on external signal 162 are required
to transmit each change to Design Signal A 140 and Design Signal
30 B 142. This means that the data rate is relatively low and the
power consumption relatively high compared to other techniques.
Many variations of the serial data encoding scheme

disclosed herein are possible without deviating from the
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15 incorporating logic chips (which in the presently preferred
embodiment are FPGAs) and Mux chips 12. The logic board 200 has

a partial crossbar interconnection similar to that disclosed in
Butts et al. The main difference is that the partial crossbar

of the presently preferred embodiment of the present invention

20 is not completely uniform because logic chip 204, which will be
discussed below, has fewer connections with Mux chips 12 than do

the other logic chips. In the presently preferred embodiment,
there are fifty-four Mux chips 12 with two-~hundred and sixty I/O
pins on each and thirty-six logic chips (FPGAs) 10 with two-

25 hundred and seventy I/0 pins each. The presently preferred
empodiment utilizes FPGAs as logic chips 10 with the part number
XC4036XL manufactured Xilinx Corporation, San Jose, California,
U.S.A. Each of the thirty-six logic chips 10 has five
connections to each of the fifty-four Mux chips 12. A thirty-

30 seventh logic chip 204, known herein as the co-simulation (CoSim)
logic chip has three connections to each of fifty-four mux chips

12. In a presently preferred embodiment, this thirty—seveﬁth

logic chip 204 is also an FPGA manufactured by Xilinx having part

R
- R
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desi gn datent 5t Dédly Motaiesin Ahad Medr B @eSFYR Design Verification Using

15 Emulation And Simulation, to Sample et al. The teachings of

application serial no. 08/733,352 are incorporated herein by

reference. Processor 206 is also used for diagnostic functions

and downloading information to Mux chips 12, logic chips 10, 204

and RAM 208 (discussed below) and SGRAM 210 (discussed below).

20 The processor 206 1is connected through a VME interface (not

shown) to backplane connector 220. Twelve of the logic chips 10

also have connections to a 32K by 32 static random access memory

(RAM) chip 208. This RAM chip 208 is used for implementing large

memories which may be part of an emulated circuit. The RAM 208

25 is attached to some of the lines also connecting the logic chips

10 to the mux chips 12. In this way, 1f the RAM is not used, the

logic chip 10 to mux chip 12 connections can be used for ordinary

interconnect functions and are not lost. If the RAM 208 is

needed for implementing memory that is part of a particular

30 netlist, the logic chip 10 that communicates with it has a RAM
controller function programmed into it.

The mux chips 12 also have connections to a backplane

connector 220 and a turbo connector 202. Backplane and turbo
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15 having no logic disposed thereon is used. 1In such a system, the
special turbo loopback board simply routes signals from turbo
connector 202 to backplane connector 220. An example of a
configuration using a turbo loopback board is shown in Fig. 15.

In addition, the Mux chips 12 have eight connections each

20 to a set of synchronous'graphics RAMs (SGRAMs}) 210. These SGRAMs
210 are used to form the data path of a distributed logic
analyzer. Design signals may be sampled in the logic chips 10
and CoSim logic chip 204 and routed through Mux chips 12 then
saved in SGRAMs 210 for future analysis by the user. The logic

25 analyzer is disclosed further below.

Logic chips 10 and CoSim logic chip 204 are also attached
to an event bus 212 and a clock in bus 214. The event bus is
used to route event signals from within logic chips 10 and CoSim
logic chip 204 to logic analyzer control circuitry (shown in Fig.

30 20a, discussed below). The event bus consists of four signals
and is time-multiplexed two-to-one to provide eight event
signals. The signals on the event bus 212 are buffered and then

routed to additional pins (not shown) on backplane connector 220.
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pCT/Usgslggmngqg§d through turbo connectors 202. The logic boards are
15 also connected through the backplane connectors 220 (shown in
Fig. 11) to a switching backplane 420. The switching backplane
420 is comprised of mux boards 400 which are disposed at right
angles to the logic boards. An arrangement of logic boards and
switching boards can be seen in United States Patent No.
20 5,352,123 to Sample et al and assigned to the same assignee as
the present application. Unitéd States Patent No. 5,352,123 is
incorporated herein by reference in its entirety. The switching
backplane 420 also connects to I/0 boards 300 {only one I/O board
300 is shown in Fig. 12. However, the use of more than one I1/0
25 board 300 is contemplated as part of the present invention). I/0
boards 300 serve the functions of routing and buffering signals
from external devices contained on core board 500 or external
system 540. They also have the ability to provide stimulus
signals to all external pins so that the emulated design can be

30 operated in the absence of an external device or system.
I/0 boards 300 connect through core board 500 and repeater
pod 520 to an external system 540. To simplify Fig. 12, the

actual numbers of boards and connections have been reduced. 1In
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shown. However, in a presently preferred embodiment, there are,
in fact, twenty-two mux boards 400 and up to eleven pairs of
logic boards 200 or I/O boards 300. I/0 boards 300 attach to
core boards 500 through connector 330. Core boards 500 have an
20 external connector 510, which attaches through a cable to
repeater pod 520 and external system 540 (not shown in Fig. 13).
A power board 240 converts from a forty-eight volt DC main power
supply to the 3.3 volts necessary to power the logic board. This
type of distributed power conversion is made necessary by the
25 time-multiplexing circuitry's high demand for power. In
addition, the system contains a control board 600 and a CPU board
700 (see Fig. 20). 1In a presently preferred embodiment, the CPU
board 700 is a VME bus Power-PC processor board available from
Themis Computer and others. Other similar processor boards would
30 be suitable. The selection of the pafticular processor board to
use depends on tradeoffs between cost, speed, RAM capacity and
other factors. The CPU board 700 provides a network interface

and overall control of the emulation system. The control board
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clock in bus 214 consists of eight | ow skew special purpose clock nets
which are routed to all logic chips 10 and CoSimlogic chip 204 (discussed
bel ow). The clock in bus 214 is used to di;stribute clock signals as is
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backplane to the other logic board 200 or I/0 board 300 in the

same pair because this connection is provided through the turbo
connector 202 in the case of logic boards 200 and is not

20 necessary in the case of I/0 boards 300. The connection pattern
shown 1in Fig. 14 provides sufficient richness for good
routability between boards but avoids the high cost of a
switching backplane 420. As in the large system, I/0 board 300

is connected through core board 500 and repeater pod 520 to an

25 external system 540. To simplify the drawing, core board 500,
repeater pod 520, and external system 540 are not shown for the

second I/0 board although they are, in fact, present. By using

a set of additional boards to make connections between otherwise

unused backplane and turbo connectors, versions of the small

30 system may be constructed with one to four logic boards 200 and
either one or two I/O boards 300. These additional boards are

turko loopback board 260 and backplane loopback board 280 shown
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presently preferred enbodi nent, there are twenty-two nux boards 400, one to
ten pairs of |ogic boards 200 and up to eight 1/0 boards 300. In the
presently preferred enbodinent, if nore SBan two 1/O boards 300 are used, a

pair ol lad & % s 20&?&58&;085 Bnober neachsaddivd o) dajreof 1661 boards

300. esently pre re i ment, each |I/Oboard 300 has one
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15 only one nux board 400 and three pairs_of r.ds 200 .are own,
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boar ds 300. |70 boards 300 attach to core boards 500 t h onnecto%t
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attachgs JLHOUgh A %QJeer S@poPest he P9U3 5‘2&1@@%@@@&@1 %Y HoRer5408e

(not shown In Fig rs A power board 240 converts froma forty-eight voIt
DC mai n poh@ngpraydto ﬂNeaﬁdaﬁkﬂqd;ﬁhﬁxﬁmﬁ%%/%Xﬁﬁﬁﬂmﬁ°@¢ﬁ4$%gﬁc088§F8
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02 PGB PR SAHTOPL by 10y CPULIORE 15200005 2 N 087 surie
sim | a5 prboessackboeadd Ul gonnects signals from unused turbo connectors
202 (shown in Fig. 11) of logic board 200 to the backplane 802.
The turbo loopback board 260 is used when there are either one
or three logic boards 200 in the system. An additional pair of
backplane'loopback boards 280 are used to preserve routing
20 connections through the backplane when there are unused logic
board slots. This occurs when there are either one or two logic
boards in the system. The backplane loopback boards 280 connect
the groups of backplane signals (shown in Fig. 14) to each other
so that no signals are lost when there are otherwise vacant

25 Dbackplane connectors.

A block diagram of I/0 board 300 and core board 500 is
shown in Fig. 16. A first row 301 of Mux chips 12 is attached
to backplane connector 320 on I1/0 board 300. To simplify the
drawing, only three mux chips 12 are shown in the first row 301.

30 In a presently preferred embodiment, however, there are fourteen
Mux chips 12 in the first row 301. A second row 303 of mux chips

12 connects to the first row 301 of Mux chips 12 as well as to

field effect transistors (FETs) 308 and logic chips 304. Again,



30 be sui watdssd4e64aThe sel ection of the particul ar processor poyarsysta7use
depends on tradeoffs between cost, speed, RAM capacity and other factors.
The CPU board 700 provides a network interface and overall control of the
enul ati on system The control board V%) 98/ 54664

PCT/ US98/ 10171 31 600 provides clock dis Pibuti on, downl oadi ng and testing
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the two pogferhear ésmbdAImeoit,i N ddie: sendp pad4 asdat ¥reach B1@Hward 0y
It is not necessary to connectio 1 he backpl ane to the other
g1 ¢ boaPBSo08%C 19 hasrh S08 PRt AOREM ot 19 heRatae. oh & RURRRAT DA
i s priavi dedetbBreedh driisodiuidia: Cotmees oard02iixn A Casei®ws B0ogi arkpatitsee
200 and is_not 2Q necessgry in the case of 1/0 boards_ 300. The connection

pattern sRBRAMSN 385 onalpPovrdes siftYy ci #RELF 34t 8B8d SCHAMhi 394 y
bet ween bgapgsdbutt 1y Oicdpatie ikiyOho £0%tri@fingy S¥EiaNLAY RRGLEGYANE 1428 Asein
the | arge system 1/0O board 300 i s connected through core board 500 and
repeat er PBH18EOTt GRaRNY5 SXELIERHAICONEEHBUPLIN To WiaRp|dniyinte 2 HHes
fﬁree boar gd-eP8rs! enast£r 300d 2320, t dPAte&Xbeinal (SYst ema340 FEensQl Shownhd or
stimulus will not conflict with signals from an external system
which may be attached through repeater pods 520 to connectors
510. When not driving stimulus vectors, pins of logic chips 304
are tristated and FETs 308 are turned on (i.e., closed) so that
signals on connectors 510 may drive or receive signals from
20 second row mux chips 303. In the presently preferred embodiment,
logic chips 304 are the XC5215, which is available from Xilinx
Corporation, San Jose, California, although other programmable
logic chips could be used with satisfactory results. In addition
to the components shown in Fig. 16, the I/0O board 300 contains
25 a processor chip (not shown) which is connected through a VME
interface to backplane connector 320. 1In a presently preferred
embodiment, this processor chip is a PowerPC 403GC from IBM
corporation, although other microprocessor chips could be used
with satisfactory results. The processor chip attaches through
30 processor bus 310 to logic chips 304. Processor bus 310 serves
to upload stimulus information into SGRAMs 302. The processor

is used for diagnostic functions and for uploading and
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and turbo connectors, versions of the small 30 system may be constructed
with one to four |ogic boards 200 and either one or two I/0O boards 300.
These additional boards are turbo | oopbagk board 260 and backpl ane | oopback

board 280 : . ; logi hi 304 and
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13. To preserve routln% connectLons.mben | ess. than four | ogic¢c boards
are used, qarehPAHd 0opdack FBEvEr260 te ohtheeert anpkaled f FBAT ukhiiSe ™Mt

connegc or %ﬁo%q (k(?:{oi‘g@e& nwg.\éﬂ' othk O J00i G 0038 £ 200k 9ch hiahadep| ey FA2.

The turbo | oopba oard 260 is used when there are either one or three
| ogi ¢ board¢2@@nnecthe 8§38t enfornexaipis onidl iFaiconsempaskpianbal odpbakde

boards 28 r I ' : (#HH%E. ]
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boar ds 28% connect the grqﬂf§ of backpl ane signals (shown in Fig. 14) to
a

each ot her' 35 that" no- % gnal’s’ are | ost when there are ot herw se vacant

15 Referring now to Fig. 17, a block diagram of mux board 400
is shown. Mux chips 12 attach to backplane connector 420 in a
distributed fashion. The drawing of Fig. 17 has been simplified
to only show four Mux chips 12. However, in a presently
preferred embodiment, there are, in fact, seven Mux chips on mux

20 Dboard 400. Furthermore, there are many more connections to Mux
chips 12 than are shown in Fig. 17. These additional connections
are arranged similarly to the ones shown. 1In addition to the Mux
chips 12 shown in fig. 17, mux board 400 contains a JTAG
interface (not shown) attached to backplane connector 420 which

25 allows the Mux chips 12 to be downloaded and tested.

The mux board of Fig. 17 is suitable for a non-expandable
emulation system. It is often desirable, however, to connect
several emulation systems together to form a larger capacity
emulation system. In this case, an expandable version of mux

30 board 400 is used. A block diagram of an expandable mux board
402 is shown in Fig. 18. A first row 404 of Mux chips 12 is
electrically connected to backplane connector 420. The drawing

has been simplified to show only four Mux chips 12 in the first

s



25 backpl arfO8¥ett ors. A bl ock di agram of 1/0 board 300 anBCFHPE WL 4
500 is shown in Fig. 16. A first row 301 of Mux chips 12 is attached to
backpl ane connector 320 on I/O board 300. To sinplify the drawi ng, only
three nux chips 12 are shown in the first3gow 301. 30 In a presently
preferred enbodi nent, however, there are fourteen Mix chips 12 in the first
row 301. Aaveddid rcbim@o@rof 1mm ohepsnt2y corptersed & imendt, tARTS0 LTSS
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signal can be connected o a i n of repe r nnector 510 on core
board 500.21%gie SHFHFBOU %?ré%e‘?%o%ﬁ t%fféorledaqr@ fﬂ’l’ E§’ rsad%
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Al t hough only one logic chip 304 and one SGRAM 302 is shown, jn pr.esently
10 pref er rekP@bodi FeHit | 1§ herkOWEeSi LT RyiRESIRPS Y304 ST a5t @ﬁ@é%%ﬂ%oz

on 1/0 boagie 300, re £08k MERI B9 394N Anth SHRAMR 30 AW 486 .t heraatrltiddrey,

of driving stinulus vectors into the enul ator on any external connectlon
pin. WAen thexe mret$ial exteeed breonnerr o8 Grid thinar effent Ly ipreferged

opened) %H}gggl&% nfti mJ' 'e'xt%%aqonébhﬁbc%kh &wnaa@ ferm §&e%>étrxecrwl

syst em whi e atta t hrough repeater pods 520 to connectors .
When not cprevfengr@dlembwmma@ nplnm;yotwmé/@ Dhﬁ@s 0 peaxds st aére

and FETs 308 Lyrn 0 (| (o8 S tQr 0
may drive g’&‘?%?ée g?ﬁn% slrfsr o s?ggon%tg:réoév}/%rr%xtgﬁ@%éegogsglgggﬁhg&b%l
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avall%gle g}g%c %n area between a pair of mux boards 402 and a pair of

logic boards 200. Without the turbo connector 430, the
intersection area is too small for effective routability between
external connectors 440 and logic boards 200.
With reference to Fig. 19, the manner in which user clocks
20 are distributed in the emulation system 1is described.
Distribution of user clocks is important in emulation system
design. As is discussed in United States Patent No. 5,475,830,
it is necessary to ensure that user clocks arrive at the logic
chips 10 on emulation boards 200 before data signals, assuming
25 that the user clocks and data signals change at the same time in
external system 540 (external system 540 is shown in Fig. 12 and
14). It is possible to satisfy this requirement by delaying the
data signals. This solution, however, slows down the maximum
operating speed of the emulation system. A more desirable
30 alternative is to make the user clock distribution network as
fast as possible so that minimal, if any, delay needs to be added

to the data signals.
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could be used with satisfactory results. In addition to the conponents
shown in Fig. 16, the 1/0O board 300 contains 25 a processor chip (not
shown) which is connected through a VME bgt erface to backpl ane connect or
320. In a presently preferred enbodi ment”"this processor chip is a PowerPC
403GC from | BMEigy.poriat i showal tﬂwgitlaidier diiserOpuedRFSOEoghi S EeaH &l ey
used with, sat sfactor results. The p gi zor chip attaches through 30

pr ocessor TBUISYRE ]oet‘ﬁjcoréh?%§t%‘6ﬂ SsBRYhERTET0 ther s el upt ther

stimul us |tmzfz@rumt | @n dlRick SEE¥MECBOZ. 62Dheodr eeassen I&Jaf@e@loof Ol'through
di agnostic _églons and for uploading and WO 98/ 54664

PCT/ US98/ ﬂb‘ﬂ-ﬂ- @’Ho%?%&dﬂ?@mieﬁft@rrna@?’%noﬂr cﬁﬁWﬁkhb@érQZ 600gi er chisps2
304 ansl SERAME1382gnGaNeACtahndeRod! bagNEE EOLE Qegfﬁ 560t ond | & 2O LFO0-

In addition to Iog| o &na s comng fromF i S connect or
recei ves FPAS QﬁﬁﬂsSQ dlﬁsaé¢é§bﬁﬂb£q3ﬂ49nbﬁﬁx®d3@@ t h&ouVE jmsl icithhe

JTAG s gnkt arénd Otoipitlondi 00 a0d t8akD0skeRadl o1 §00S 20,y oh . be

pl ugged into“connectors 510 present y prefeérred enbo
bus is noPresentiiv WM@Mr@WmEMy\eVbﬂel tres sevene mulnateext drimat5the

VME bus 1 t t he pe f _boards_which be pl.ugged
into conng%tg%&%éo Fo %ﬁgiﬁ%p$0@ A%%XboﬁpganE?SE pﬁ§t%§ﬁi§%ﬁ3%ﬁgﬁ#%h
boar d1Gv gAY’ Chéqa naytyeuiré nboardnnembmnasaantso prawi desthebadi Ielatr)lltecr emdmat e
nenories |ar M It Ms 208 (sho in Fi 11).

Ref erri ng ng\%/%t oclt}' g fl7l lt% 55'190&1 g ahnsT© (trﬂﬁ%arad: 58‘6“153 %WGW
chips 12 abtaciea owbachplcmamecnﬂmeecboan42&uérrealdl syt Mt ed of, ashwn c1de&

drawi ng of F been I fied tq only show four Mux chip 12.
Fowever, CCoRRECEPESBAD §5 hefhrTed Wit sraks, CRORBCSPE, 20 whbt ba ey

Mux Chipsaonaﬂhéd through a cable to external system 540. Clock connector

15 620 provides a faster method for clocks to enter the emulation

system while connectors 510 on core boards 500 provide an easier
method for the user.

Connector 510 on core board 500 connects through connector

330 and FETs 308 to a second row 303 Mux chip 12 on I/O board 500

20 as described earlier with reference to Fig. 16. Second row 303

Mux chip 12 connects to dedicated clock pins on backplane

connector 320 in addition to other connections described earlier.

In a presently preferred embodiment, there are sixteen of these

pins. From I/O board backplane connector 320, clocks connect

25 through backplane 800 or 802 to control board 600 (see Fig.13).

On contreol board 600, a Mux chip 12 is used to select a

combination of clocks from all of the different potential

sources. The system may have up to thirty-two distinct clock

sources. Any eight of these may be used on a pair of emulation

30 Dboards 200. This allows different pairs of emulation boards 200

to have different clocks as might be required, for example, when

more than one chip design was being emulated in a single hardware

emulation system. Clocks are routed through programmable delay
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12 than are shown in Fig. 17. These additional connections are arranged
simlarly to the ones shown. In addition to the Mux chips 12 shown in fig.
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clocks are communicated to the clock selection Mux chip 12. 1In
a presently preferred embodiment, logic analyzer clock generator
logic chip 602 is an XC4036XL device manufactured by Xilinx
Corporation, although other programmable logic devices could be
20 used with satisfactory results.
Multi-box clock connector 630 may serve either to input
clocks or to output clocks. Direction is controlled by buffer
608. In a multi-box emulation system, i.e., an emulation system
comprised of more than one stand-alone emulation system, cne box
25 is designated as the master and the others are designated as
slaves. The master box produces the clocks on its multi-box
clock connector 630 which are then input to all other slave
emulation systems through their multi-box clock connectors 630.
In a multi-box system, delay element 604 is programmed in the
30 master box to compensate for the inevitable cable delays between
the master and slave boxes.
It will be recognized by one skilled in the art that Fig.

19 has been considerably simplified for clarity and that there



I ntersecti owodBaseuSs too small for effective routability betpeemseioefinal
connectors 440 and | ogi ¢ boards 200. Wth reference to Fig. 19, the manner
in which user clocks 20 are distributed in the enulation system is
described. Distribution of user clocks is inportant in enulation system
design. As is discussed in United States ¥atent No. 5,475,830, it is
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15 similar cards could be used with satisfactory results. Processor

700 is electrically connected to the Ethernet and to VME bus 650
on control board 600. VME bus 650 is electrically connected
through an interface (not shown in Fig. 20) to backplane 800 or
802, and then to logic boards 200 and I/0 boards 300. VME bus

20 650 also connects through JTAG interface 660 on contrecl board 600
and backplane 800 to the mux boards 400.

Each logic board 200 and I/O board 300 has a local
processor with a VME interface and memory. This circuit will be
discussed with reference to logic board 200 although a similar

25 circuit exists on each I/0 board 300. Processor 206 (shown
earlier on Fig. 11) is electrically connected through VME
interface 222 to VME bus 650 on backplane 800 or 802. It is also
electrically connected to a Controller 221. In a preferred
embodiment, controller 221 is comprised of several XC5215 FPGAs

30 from Xilinx Corporation. Controller 221 provides JTAG testing
signals to other components cn logic board 200. In addition,
various devices such as flash EEPROM 224 and dynamic RAM 226

connect to processor 206. Processors 206 can operate



15 620 prowh sesieey faster nmethod for clocks to enter the emp@tugeasyat em
whi | e connectors 510 on core boards 500 provide an easier nethod for the
user. Connector 510 on core board 500 connects through connector 330 and
FETs 308 to a second row 303 Mux chip 12 on I/O board 300 20 as descri bed
earlier with reference to Fig 16. Secor@ row 303 Mux chip 12 connects to
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15 by flip-flops 230 (for simplicity, only two flip-flops 230 are
shown in Fig. 20a). Separated event signals 240 then go through
the backplane 800 or 802 (not shown in Fig. 20a) to the control
board 600 where they are again AND'ed by AND gate 678 {which is
part of a logic chip) with events from other boards or other
20 boxes. Connector 670 may contribute event signals from other
emulation boxes. The final event signals go to the trigger
generator logic chip 674 on the control board 600 which computes
a trigger condition and conditional acquisition condition and
generates an acquire enable signal 238 which controls acquisition
25 of data on the logic boards 200. The output of the trigger
generator logic chip 674 is sent through buffer 671 to connector
672 and through delay element 676. The output of delay element
676 is buffered by buffers 673 and sent across backplane 800 or
802 to a logic analyzer memory controller 234 on logic boards
30 200. The contrel board 600 also generates the trace and
functional test clocks and other logic analyzer/pattern generator

signals.



phase non- oygrdgaRRsNg, etc. Design of such a state machine igcRkbsnorn
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Time-mux
Max Speed Depth Channels/Logic Board factor
16 MHZ 128K g864 2~1
8 MHZ 64K 1,728 4-1
4 MHZ 32K 3,456 8~1
2 MHZ 16K 6,912 16-1
1 MHZ 8K 13,824 32-1
.5 MHZ 4K 27,648 (All Signals) 64-1
15 The maximum speed numbers shown above are approximate and

will wvary depending on the 1logic analyzer design and the
multiplexing clock speed.

At a .5 MHZ rate, a sufficient number of channels are

available so that it is possible to probe every flip-flop or

20 latch in the emulated design simultaneocusly. When a signal is

"probed”, the wvalue of the signal at that element or node is

read. Generally, this value is then stored in a memory element

(SGRAM 210). By reconstructing combinational signals in

software, the user can view any set of signals for several

25 thousand clocks around a trigger condition without moving probes
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preferred enbodinent of the present invention, a two |evel processor
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For example, in Fig. 20d, probed signal E can be calculated

by extracting its combinational logic cone which terminates at
storage elements B, C, D and design input A. The equation for
signal E is evaluated whenever signals A, B, C, D change. A
waveform for signal E can then be displayed exactly as if a
20 physical probe were placed on it. This full visibility greatly
speeds up debugging for complex design problems. Full visibility
can also be available at a higher frequency if the number of
flip~-flops per logic chip 10 or 204 is limited.
At higher speeds, i.e., speeds higher than 0.5 MHZ, the
25 user must specify which signals to probe. However, because each
logic board 200 has its own logic analyzer memories 210, changing
the signal being probed is fast. The reason for this is that
probes do not need to be routed over the backplane, as in prior
art emulation systems.
30 Referring again to Fig 20b, inside each logic chip 10 or
204, an additional logic circuit 2000 is added to the user's
design which is programmed into logic chips 10 or 204. If a

custom designed logic chip is used, this logic circuit 2000 could
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anal yzer are contained on each | ogic board 200 while centralize uncti ons
are contai ned on control board 600. Events, i.e., conbinations of signal
states in the design 10 undergoi ng enul ati on, are generated inside the

| ogi ¢ chips 10 and 204 on the | ogic bodtdls 200. These are conbined in
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The output of the trigger generator logic chip 674 is sent through buffer
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to a logic analyzer rrermr%/ controller 234 on | ogic boar e
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15 multiplexers 2005 form a scan register or scan chain. Depending
on the length of scan chains and the number of signals to be
probed, each logic chip 10 or 204 will have zero, one, or a
plurality of scan chains. The number of scan chains in a given
chip depends on the number of flip-flops or signals to be probed.
20 As explained later, the software will assign signals to scan
chains to minimize the number of chains and simplify the chip
routing. In a preferred embodiment, a maximum of twelve scan
chains and twelve I/O pins per logic chip 10 or 204 are required
in order to probe all flip-flops or latches in an emulated
25 design. To achieve the fastest possible logic analyzer operating
speed, the scan chains and SGRAMs 210 operate at twice the time-
multiplexing frequency. A bit of data is output on each scan
output pin 2006 for every cycle of the time-multiplexing clock.
Referring now to FIG 20c, logic analyzer events are also
30 distributed on the logic boards 200. This avoids the need to
route design signals contributing to events over the backplane

800 or 802. Events are detected using additional dedicated logic
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backplane to the control board where they are AND'ed with event

15 signals from other emulation boards and other boxes. The

resulting system wide event signals go the trigger logic chip 674

on the control board where they are used to generate an
acquisition enable and other logic analyzer control signals.

Signals contributing to events may be defined by the user

20 of the emulation system before compilation by filling out a form

that is displayed to the user prior on the workstation connected

to the emulation system. If this 1s done, sufficient

configurable logic blocks (CLBs) in the logic chips 10, 204 (CLBs

are the logical building blocks used to implement functionality

25 in logic chips 10, 204) will be reserved during the compilation

process to allow all the necessary event logic to fit. Any

number of signals can be predefined.with only a minimal impact

on capacity (approximately four CLBs per signal). New signals

can also be added after the full compile is complete. This will

30 require an incremental recompilation and redownload to create

additional edge detectors and route the new signals. Once all

signals contributing to events have been defined, the user has

total flexibility to change event conditions on the fly while the
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e 19 BRL g B SafBied TSI 0B Brd0y0E. 20 o ol 11 e
| ogi ¢ chi patl0 orh2@4. evédfit a fdupt-dhogesi 20l laag cusdd p tics useembéeli he
logic circult %. 00a§8”' dreviovt\ﬁg 9834:2%%64for all signals contributing to
PCT/ US98/ T817E P 9 9
15 events. The event register 2010 is clocked once on the next scan
clock after the scan register 2004 has been loaded by Trace Clock
Signal 2002 (discussed below). Alternatively, the scan register
2004 could be a parallel shadow register and tristate buffers
could be used to load the scan data onto the scan output pins.
20 Outputs from the event flip-flops 2010 are used as inputs
to the edge detectors 2018. Edge detectors 2018 are comprised
of dual port CLB memories, Each CLB memory is loaded to perform
the desired level/edge detection for two input signals and
produces one event output. The outputs from all the CLB memories
25 Dbelonging to one event are AND'ed together using the built-in
wide decoders 2012 to form one event signal for this logic chip
10. Event signals are then combined using a multiplexer 2020 and
output to a tristate buffer 2022 at the I/0 pin. Every time a
user signal is needed for any event, it is attached.to all eight
30 events so event definitions can be chanced at run time.
The CLB memory used in edge detector 2018 is programmed
over the JTAG bus. This is done with a counter 2016 and decoder

2014 by using the dual port memory feature of the preferred
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42 be desi gveds/s46k4 €., hard-wired) into the chip. A nunbepcrissbadimat ed
scan regi sters are added dependi ng on the nunber of signals to be probed.
The maxi num depth of the scan registers is determ ned according to the

t abl e- above. Each dedicated scan 5 register is also known as a scan chain.
D sposed between each scan flip-flop 20 is a two-to-one nultiplexer 2005.
The out pusmebdemeitMilddid extip2005, f eeds t heoirnpmdrdd ohukdte rsCapsf Idvedd op
2004 which follows it. The first input to each myltiplexer 2005 is provided
by a nodeS}RCRhbSuseredtdngi grd r?H§1§§c§ﬁ&eFﬁp§ﬂgF61f0@&%ﬂ1QﬁHQQ%ﬂ(%@%4
2005 15 peayi datkdy ol Nes gl PUEAR: Ofddier RELCEA Nehe SAR1 | bRIH 0P 2%
The select input to he nmultiplexers 2005 is trace clock 2002, the
functi on @RPRALEH- | s Al stusabbebrRbiweThe Sbdftf 1190k3pe 2804ber e rsladeiked
by the M . S1.gnal qe (REE! ' canqt, s ip-.fil and
15 rrfjsl ti%?rg:(ggél%ogaflo%%gae scan ér%gﬁ' s@%@g%%gicgé\lghai ﬁ?‘lsoé“&é%%?‘r?étqg’f\é't he
| engt h ofheeavecrhapmsvendst tendemberccefsssi gnal s to be probed, each |ogic
chip 10 or 204.will _bhaye,z . . pl.ural i f_sc chalj .. The
nunber of scanE%%gi %8¥%lagéﬁségggﬁf§5d@%é%g§§%é§%%é? %ﬁégﬁ %ﬁgégaﬁﬁéﬁ%ﬁﬁs
or signal Sctp GEBprmbesl.a 2naAs] enpluitned bateheatihfosothaalPAGY 1t asfaagn

signals tp_scan chains to mnimze the nunber of .chai nd,_sinmplify the
Ship rout Phgl® A5PUSS oFBPF ol MERESRImENt > L ANk RuR ST T e FUE DEST S hs
and tiwel vEodi® fnsnpertledgite clilpwlGitort(e aised eqsi padti BfoaaA§T dro griobe
al | fIip-f%o s or,latches in an_enulated 25 desL%n. To achieve the fastest
possi bl e Pogrieafiif EeFVSBEFatiﬁg §PEcSernEPECAn LM ERE iy yfHt
operate athéWsgégnhhewhisnBo B tiddExidg, foenpesnsy-hafrbbt af cdat adua oweput
on each scan output pin 2006 for every cycle of the time-nultiplexing

cl ock. Re¥F@E¥iR§InoRvto thig 2vuld i 3teky evRptEigEethRsgbddity to

distribut ggkonidiesd90is dpardeiilici ol andvel die! bfuDetod o J0 Uk ag On

signals contributing to events over the bacﬁflane 800 or 802. Events are
det edt®ed usi ngThEdi ¢f8Ral deedrEdped TPy <2018 for each signal/event

combination is programmed to detect one of the following

conditions:
Event Conditions
Eguation Mnemonic Description
A=0 0 0 Level
A=1 1 1 Level
A=0 & B=1 F Falling Edge
A=1 & B=( R Rising Edge
A xor B E Any Edge
A~-0 & B=0 S0 Stable at a 0
A=1 & B=1 S1 Stable at a 1
A xnor B S Stable at a 1 or 0
0 - Don’t use signal

20
A logic analyzer cycle starts with the Trace Clock Signal
2002. Trace Clock 2002 is not a tightly controlled signal. It

is only guaranteed valid at the rising edge of the Mux Clock



WO 98/ 546640 98/54664 PCT/ US -)%,%9 oy 2000
inserted into each logic chip 10 or 204 on the logic boards%§! élgnals

contributing to events are |atched by the same scan flip-flops 2004 used
for logic analyzer data and previously shown 5 in Fig. 20b. These signals
are then routed to JTAG progrannable edg§e detectors conprising CLB nenories

then AD S0 TaodVREFERT B - i Bte G0 Bl 007 TS =Foer Brithrgntte i’

si gnal s. ofhelagiaghtio deerdawidynial s lilnsitee sanh dhagirss chilt Hls@2Gtafts artee
combi ned two.to i sin pl.exer nd._out.put _to the e Iatlon
board as é’\%ﬁt %%S’%éﬁggéggg(al Jg% f?&ﬁf{q ai‘ ﬁaﬁnﬁa}e?é tl’F’ee;P agtg?%
AND ed V\llctolmttrlmel enmmla goal shéltemta@yeraﬂ?%n érd]etb@atlﬁleteuﬁlj ex\s@ai to
signaljl\ls are tr ted over the bac Ianag_Ttot ecaé{ oar d vvherethey
are AND 5&”\5\’:[0 {tIIST JifaFay rﬁ C}E‘Tﬂﬁ SEHRF 3t her
boxes. trhke ragdi l;ﬁ&rﬁd&éﬁﬁtﬁ\éd@rﬁggék gbga@bsogop&baub@sgw Aélﬁli?réihl p
674 on the control board where th e%Fare used to generate an acq%h%h%lq&b

enabl e af@2BlRei08gilc 288altP2Er COBREPOF Yrghang. O gabd st o9 i
events gy l?%gg@f b839d9y2©be Upies 200t tﬁ?}%ne%ﬁhgnlﬁé(éﬁf% beA©{ £ the

conpilation by f ng out a formthat 1s displayed to the user prior on
t he wor k SEati 5‘#%@&@@ 3@2 the enulation system If this is
doneyg suffi ciy ccoaﬂf,ég ':99' i bé GESa ( $hBRaMd Sheebag

204(CLBs are t l 0|ca |ng s u%e%t?%rrp%rreﬁ%e u;egﬁlonalty

25 in | @@Ia@dGhl [3)‘65 ﬁaatmﬂ)eamhueme aee:é?erhmiqjlhqargi 124 mmiaaats dhifgrocess
be pr edef ned ek RART i b o st s o A RR Al PN i
CLBs per S&RgdMal2l0 New sll‘gnal,stdnanrealas@ tied eded4 22 t date hehhnhlelsonqm |Ehe s
e et egall Syl BalER 468 TGS presarhLeL on g kedgun! o
signbbs é\onftcambuusngeheretzedtthbmmrbpeaacdaeftlrramé, cllbekug8@02 harsd consists
of all the data shifted out once from the logic chip 10 or 204
scan chains. A frame may £fill from two to sixty-four RAM
locations and take two to sixty-four Mux Clock signal (MUXCLK)
cycles to generate. A typical frame looks as follows:
20 Data Channels ({432)
Frame 0O Data 0
Data 1
Data 2
Data 3
25 Frame 1 Data 0
Data 1
Data 2

Data 3

A minimal frame would take only two RAM locations. Frame

30 length is always a multiple of two. Therefore, legal lengths are
two, four, eight, ... sixty-four RAM locations. To meet the
SGRAM 210 timing requirements, sequential writes within a frame

are done into opposite banks of the memory. For the minimum size

...r""—.l‘



t ot al ervafﬁ%sfsf‘V“to change event conditions on the fly whi FET{{R8A0 7y
98/ 54664 44 enmulation 1is running. Breakpoints, trigger conditions

and conditional acquisition conditions can be nodified and the |ogic
anal yzer restarted wi thout stopping thegemul ation. This is nade possi bl e by

using JTAG programming to set up the event, l.ogic. 5 Fig. 20c, shows a
| ogi ¢ chfpane, oPNEONAFY P hI FatdeldvERPTEAd 184S ok % B%@epﬁg&.andﬂﬂpe

desi gn I SodividedhkNhe 3CRAM @@inkt.ers conprised of scan flip-flops 2004 and
mul ti pl exers 2005,, evént register conprised of flip-flops 2010, a JTAG

interface 2016oahg Jojaxdamedryf beg@o@& céebis FFEP -and THSeMEVOr¥dgs
decoder 8%42@5@ adhgnali & t @@‘@Qlfﬂcéﬂﬁgl?ﬁéa, bhbRlsl, 0RS: 40 Qe

because the contents change as the ogi c anal yzer data is shifted out.
Thus,5 ewkhchfhap-8183sweeds and mepdinolynedeemdiereamed @0 rand R Pramgdus
state fo Lan trd in 5 ev T eve egi Z%Qis
cl ocked éﬁ@%hgzhghﬁﬁegﬁgs;ﬁﬁ% ogi&g}:%ér t%g&g]({:%ngrgggi%g?& nggbﬁgs een

| oaded bylwagses€Chatk o8 GFalwo2@0Dofutideciesed bEltdviin aAltleraigt ifusimgs trwey

scan regj ster_ 2004 could be a parallel shadow register and tristatg buffers
coul d baPBsEF ST o trl?éldg’é‘hngﬁ%‘?ﬁ gHFoQ?Werescé s p‘?}fe]g]r?%. %30 frales
Qut puts bebweéhebbyers. f I ADE f ot 2EdmIze luted BIoCRPWLs1t hatdea ellgher

detectors, 2018. Ed%e detectors Oéghare gg? ri sed of1dual ort CLB
menord estiRESRAEPR VARG Fhad! | 35 S AR A ST - Pebel / edge

detection forhEWidgyiit ofSiaRals RIHFPIREHELS 2N6 eendepehi@bht ofhethe
outputs fromall the CLB nenories 25 belonging to one event are AND ed

t oget her G8§+ARSEReChOiFe - 274 vk kR RRISUSEs melprYyt 6PEBENRYRALLIBDERt SPYPRET f or

this | ogihemeliBsl0naFVeRt gighalis afRet FoR GO ] M4y SGREMEI R &EXShe
2020 and output to a tristate buffer 2022 at the I/O pin. Every tinme a user
si gnal i3avaééabdef.or any event, it is attached to all eight

15 A timestamp value is saved in a clock RAM 612 (shown in
Fig. 19) on the control board 600 each time a frame is saved on
the logic boards 200.
The logic analyzer supports a conditional acquisition
option. This means that individual frames may or may not be
20 written into memory depending on the value of one of the event
signals and/or the current state of the trigger state machine.
Conditional acquisition allows more efficient use of the memory
since only significant data is saved. Conditional acquisition
is controlled by an Acquire Enable Signal 238 generated on the
25 control board 600. There is a pipeline delay of approximately
four trace clocks after a trace clock 2002 to generate the
Acquire Enable Signal.
Because of the delayed Acgquire Enable Signal, it is not
possible to determine at the time data is available whether it
30 1is supposed to be saved or not. Data is, therefore, always saved
into memory and overwritten later if the delayed Acquire Enable
Signal shows that it was not good. This results in the data

being saved into memory in essentially random order. The correct



30 events swoewetst4 definitions can be changed at run tinme. THeEr@Q9S0EROrYy
used in edge detector 2018 is programmed over the JTAG bus. This is done
with a counter 2016 and decoder 2014 by using the dual port nenory feature
of the preferred WO 98/ 54664 )
PCT/ US98/ 10171 45 enbodi nent | ogi c chi p4f0, 204. For | arge nunbers of
event Cirfdtid Ssrdaredld Recard reauhEdgr SeheClogi @Sl dermsdepeder, 2014iaan
t ake afsiéggfipant fraction of the logic chif %%6%a e ca acitx. As an

al t er nat % BlR$FEAMPSFRYRY HANCHRCR RA el S t ?ﬁ‘-ﬁgb‘é?’r SdgeSabt 8€t or
menori es il o ddli §oaLLEANALLYE: bBAMRY BiroRisRKEN1Y g.andHB §56B$Se r FaSRow
signal contributing to an evént requirés approximtely four CLBs plus _a
smal | andim RifYseaerlhaemorsr leratITneef neaelt sxrquantiad gadgnsamphge The
wheneyer &,Signal dsy agded 5 & hf'rﬂf\?@&S@éyo BPOLE &F h?é%héxﬁ&'r&%él:é&_ It
to be used as part o]f any or ajf of the erght events. It the user specified
exact |y vii chseveetesharygi diral handleo wmpsranridr oforftie omemoalyf @fdrnessB

woul d be éo"x%i[éf.d’ Pyl 5f%é?¥‘%i<8‘%§iﬁ9€i{xé]€é‘%& ¢ '6S1 81 SLatHE4 a0 | ééénfgs
make changeS t0 event conditrons iTe the enulatron was running.
The edgechalciddtenn commbey wRDU8s dgainedmobo shgnilirsvehocebihbnnafi bheis

programn%aéé&getect one of the follow ng conditions: Event Conditions

Equat i on Vhenoni ¢ Description A=0

0 10 The Qobévelndi¥yzer control logic cRip 674 on the codttele
Q—O & B_]board alsoy E?ﬁgaEBéSC}S\ Rggigter Fi%l lwlhri%hE %@A_blitgé Bo_g data arany
Edge A-0 saBt) after each bloBR is written (one-H@llredtsixty Bits&tBeal).
S1 Stable at a 1

Four of these bits are the value of the Acquire Enable Signal for
each of the last four frames written. One extra bit specifies

15 whether the block was written in sorted order. This 1is
equivalent to saying that Acquire Enable was valid for each trace
clock during the block.

To force blocks not to overlap, the last four frames in
each block will always be written, regardless of the state of the

20 Acquire Enable Signal. These last four frames may or may not
contain good data. The control module processor examines the
corresponding Acquire Enable bits in the Block Register to see
whether the data is good or not. The number of actual data
frames in a block may, therefore, wvary by four.

25 This needs to be taken into account when creating the set
of pointers for the emulation boards. The last four words of
data saved before the logic analyzer stops also may or may not
contain good data. This can be determined by flushing the
Acquire Enable pipeline into the Block Register after the logic

30 analyzer stops.

The control module processor 700 is able to read the
address of the last frame stored before the logic analyzer was

stopped from logic analyzer control chip 674. This is used to



A xXnor B WO 98/54664 S Stable at a 1 or OPAT/US98/10171
Don't use signal 20 A logic analyzer cycle starts with the Trace C ock

Si gnal 2002. Trace Clock 2002 is not a tightly controlled signal. It is
only guaranteed valid at the rising edgg of the Mux C ock WD 98/ 54664
PCT/ US98/ 10171 46 Signal (MJUXCLK) 44. T dce O ock 2002 causes a synchr onous
sanpl e ofiedatrihe kheSavert idutal Iplidik sefittdmi NThd tfiadsn Gdtd tisléde eyent
conput ati gn, The board _| evel events are sent to the control nodul e 600

where t h83tBRE BAPCEJCt dfetheradierIRPUeF dAGh PG OFRETER §5eFRgeRe kit or

state maghhyRe6 M ociAf t ednsex@aptibhateseheak Beki 9ds nddeddrWiMich is
generator produces an Acquire Enable signal 238 that controls witing of
data to EBE SERAMNED asidnasy CHEHBE FOEIUhe £9F cipe fhEALr EABRRS
i nactd ve unti kppth taalt 2651 & PCKe 2R92y 10+ henl Q@i 13&3334 z IS
stored in RAMs oneleac earru?at}on bo%trg.8 Xg stg{le ggrl I gr, eaccf)q ﬁ%?g{%oard
200 cont ateppedf willf probapt yckhoptsain, semehodé fihanas hesivtght dprhrg the
connecte ; S%Mg T r e . h4*8 = 43 né in
t he RAM gf%gil%[&e?na yZ r&g%?%di s fs?g}?eéd%l%?rebéésg cc%%rll%sréal %Ié}gg%?a%rr%%& %é A
frame i sdgecaraesd follhew fupreashtor doe disckr@602 camd lenslestesmdnesd | by he
data shifted.out ance from.he .|l ogic chip 10,0r. 204 scan chaips. frame
may 1111 PRSP TEE IR v PR ST RAN e Bh TP SO (b ¢ B 2T 8
Mix 1B ockasegaak ih&EXERK) esyTies tiageiter alaxliAdty pielsthngmenl ehksfasst
foll ows: 20 Dat a Channel s (432) Frane O Data O Data 1 Data 2
Data 3 data block.
For example, assume that the frame length was one (instead
of two to sixty-four) , there were eight frames per block
(instead of 4096) and the memory had a depth of twenty-four
15 (instead of 262,144). The logic board and control board memories

might have the following data after the logic analyzer stopped:

Logic Board Control Board Block Register
Address Data Memory Timestamp Sorted Acq.
Enable
20 0 28 43 0 0111
1 18 47
2 <= Counter 17 45
3 92 4
4 93 5
25 5 94 6
6 85 7
7 96 8
8 3 13 G 0101
9 1 10
30 10 2 12
11 5 27
12 7 29

-2
w
=
[t~
W
o



25 4dsa Data O Data 1 Data 2 Data 3 A m Bi4Risod/fafE
woul d take only two RAM | ocations. Franme 30 length is always a nmultiple of

two. Therefore, legal lengths are two, four, eight, ... sixty-four RAM
| ocati ons. To meet the SGRAM 210 tim ng requirenments, sequential wites
within a frane are done into opposite bafks of the nmenmory. For the m ni num

size W\ 98/ 54664 1 PCT/ US98/ 10171
47 franme,” ‘one word of dé%a is stored in the:?ow RAM bank and one word in

t he hi gh1B8AM bank. Logi @board nenory i s 25632 words deep. The nenory is
di vi ded ggyally into thifty-two sel f-contai | bl ocks,, each of 50£ﬂich has
8192 wor and may i ncl ude between 4096 and 8 franes  dependi ng t he
frame | ength. Bl ocks age fixed I ength and 3 ways .start on 8K word
boundgrig;. Wthin a block, franes nmay be stored in random order but there
i s no’overlap of franes tween bl ocks. Al ¥¥ames froma later block will
have a hiigher 10 tinestanp value than all fzanes froman earli,er bl ock.
The depth of |ogic board nmenory 210 i s dependent on the designers choice
and the d&th of nenory %hips avail abl e. Deeper menories nmay be used in the
future aql arger SGRAMs pgcone avail able. 1%5g A timestanp value is
saved in a clock RAM 612 (shown in Fig. 19) on the control board 600 each
time a f2@ne is saved ont4he |ogic boards 2001 The |ogi c anal yzer supports
a coqgi ti,gnal acquisitiop option. This meaps that individual franes nmay
or may not be 20 witten into nmenory depending on the val ue of one of the
event si gedresendwerilew Bit entl state of the trigger state nachine.

The address counter stopped at location 2 and the Address

Overflow bit is set. This means that the block from location 0

to 7 is the last block and the block from location 8 to 15 is the

15 first block. By looking at the Acquire Enable bits stored for
the first block, it can be determined that the frames at the end

of the first block at locations 12 and 14 are good and the frames

at the end of the first block at locations 13 and 15 are bad. All
other frames in the block are good, otherwise the address counter

20 would not have incremented to the next block. After sorting by

timestamp and removing the bad data, the first block is:

Emulation Boaxd Control Board
Address Data Memory Timestamp
o 1 10
25 10 2 12
8 3 13
11 5 27 -
12 7 29
14 8 31
30 Note: The last four frames in a block will always be in

sorted order so bad frames may be removed either before or after

sorting by the timestamp.



Condi ti on&o sgzspgeasi tion all ows nore efficient use of the nmermEyswsiiore only
significant data is saved. Conditional acquisition is controlled by an
Acqui re Enabl e Signal 238 generated on the 25 control board 600. There is
a pipeline delay of approximately four trace clocks after a trace cl ock
2002 to generate the Acquire Enable Si&HaI. Because of the del ayed Acquire
Enabl e Signalgnd tséSoR@tpPesR! bkephe cdalseuriak @l e tf F@ndaie h8dress
avai l'abl e whether it 30 1is supposed to be saved or not. Data is,

t heref ord3 1% viead bavele i seecndnplockngtaybingi ateaddness 1P-t RBedblagéd
Acquit e bl Sl WS ddidfed bl i0rted Bt BN BI1LRR
data being saved 1nto nenory 1 n essentially random order. e correct

98/ 54664Ls set in the Block Register. After removi@y/ tBesbiadl frang,dihs
order is o V. a .the logic analyzer stops by sorting the tinmestanps
save i%ﬂéﬁggkﬁéigf6giﬁéhd distributing a set of pointers to each logic
board processor 206. The poi mhelatsbnwBbaAedphysi CahteeldoBwyakelcati on of each
sequential data,sanple. The 5 out-of-order data is limted to one bl ock of
the menory béﬁgﬂgiggt i s necB8EarYeMBTHandl e w apdPE8588f the nenory,
address counteg. The ol dest Bl ock of data nust bg3di scarded as soon as the
address counter wites again_into the first |ocation of the block. 10

The | ogic anéryzer cont rol I%gic chip 674 on t he3dontrol board al so has a
Bl ogly Registefgin which fivejpits of data are saged after each block is
witten (one-hundred sixty bits total). Four of these bits are the val ue of
the Acquire Ehdble Signal fotleach of the last fédr frames witten. One
extra bit spegyfies 15 whether the block waszgwitten in sorted

order. This is equivalent to saying that Acquire Enable was valid for
each trace cldtk during the bBock. To force bl ockd not to overlap, the |ast
four franes ig, 14 41

15 The last block, starting at address 0 is now processed.

First the frame is sorted by timestamp to give:

Emulation Boazd Control Board
Address Data Memory Timestamp

92 4

20 93 5

94 6

95 7

96 8

28 4

17 4

18 4

Next, all frames with timestamps earlier than the £first -

“n W

25

=N O Ny O W

~3

timestamp, in the first block (10) are discarded. This leaves

only three frames in the block.



each bl ockyWdglss@dliWays be written, regardless of the state gEriRssr97
Acqui re Enabl e él gnal. These last four franes may or may not contal n good

data. The control nodul e processor exam nes the correspondi ng Acquire
Enable bits in the Block Register to see whether the data is good or not.
The nunber of actual data frames in a bbdck may, therefore, vary by four.
25 . This needs to be taken .into count wh reati t he set of
pointers for the enulation b ugsa.t‘wﬂ"%cqa s‘{] fou?ﬁ?ﬁ%&la saved

before the | ogderasal yzer stgpgaalMeEmdrgy or nay Gimext¥ng N good data.

-t

Thi s can be dﬁ ermned by fluyshing the Acquire Enable prpeline into the
Bl ock Regi ster after the Iogi2r,8 30 anal yzer stops.431'he control nodul e
processor 7002is able to read-the address of the 4Jmst frane stored before
the | ogi c analyzer was stopped fromlogic anal yzer control chip 674. This
is used to  1WD 98/ 54664 18 47 .

PCT/ US98/ 1017449 sdel 6f e e | Asdudad dabliork Mttt ey The Hiasst

bl ock is either block Or%%‘.ﬁtie addr %s counteré< Id not Sver.runégr t he next
hi gher bkotkai@né&heddiastorizdleeait fmomi the shpeebssaknabhechipsldoe .whdhe he
addr ess [, . OVerrs, I r | 5 e_| ck
bei ng wr?fg'pgtﬁ%\?ﬁe\né%tnﬁééﬁsco%%oéﬁ#zegi%%%g%%% gml}}'pr?%ggbfn§g§tgnggllta% ggl%e

ol d framgssiv ifrtame daki rlddes pr éviisusbaw apndr direl ofhele addr Essmesurtter .
The nmu di scarded. The frangs ta b iscarded can_be determ.ned by
sor tsllebng \%\nhfj%g?ﬁe t?rﬁgs?a%ev%?%% an edils?c‘f’a%ﬁlgﬁé §?1y %?a‘ﬂ%%n%%%fe‘ﬁ) “Hive a
ti mest anpnégr [trered hfinamde Bawvki ésderd ivEsttasp to the sf ibldcldat aThkeodkast-or
exanpl e, ,ass t hat the frame |length was one (instead of two to

sixty-fo ra" C%%ﬁé‘r C\BZﬁﬁeléi t frames per block (instead of 4096) and the

menory had a aepth of twenty-srHllatifon Hddiat ead gorndbilldDardhe | ogic
board and control board nenories

Address Data Memory Timestamp
15 0 28 43
2 17 45

and the complete set of recovered data is:

Emulation Board Control Board

Address Data Memory Timestamp
20 9 1 10

10 2 12

8 3 13

11 5 27

12 7 29
25 14 8 31

16 3 33

17 9 34

18 10 35

19 11 37 -
30 20 12 39

21 13 40

22 14 41

0 28 43

2 17 45

35



m ght havewdés 44064 OWM ng data after the | ogic anal yzer stoppagsydssdbeBoard

Control Board Bl ock Regi ster Address Data Menory Ti mest anp
Sorted Acq. Enable 20 O 28 43

0 0111 1 18 47 2 <- Counter 17
45 3 92 53 4 93

525 5 . ;

727 - The ggftwg%e required to %f%gégésthe preferged 2Rbodiment
13 sPstem will ®WIWQL® discussed. Thel software is updated Fra3Q abd
% therefore di%%@%%gt than the s%f&ware previously digébégedmbn

98/ 54664 United States Patent Nos. 5,109,353., 5,®83/4U8693/ 30448,80614nd
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40 22 Fig. 21. g4 41 10 23 17

fﬁeAig(rj?Z:SQ/eﬂfuéo%cﬁﬁcé hhekhe AddIRRs LOUBL €41 860PPEd Bhpd PERET A 2 tird
netlist importer 1000, produced by a logic synthesis program 1002
10 such as HDL-ICE™ brand logic synthesis software available from
Quickturn Design Systems, Inc., or generated by behavioral
testbench compiler 1004. Netlist importer 1000 is capable of
taking gate level text netlists in a wvariety of formats such as
EDIF and Verilog and converting the netlists into an internal
15 database netlist format which is represented by database logical
libraries that contain hierarchically defined cells, generic
cells, and special hardware cells. Special hardware cells
include memory specification cells, microprocessor cells, and
component adaptor cells. Some of the hierarchically defined
20 cells have a flag that prevents them from being flattened and
split among several logic chips 10 to avoid timing problems when
routing between chips. The choice and design of netlist import
software is a matter of design choice and will not be discussed
further. As discussed, a flattened cell is one which contains
25 no hierarchical cells. It only contains the most primitive
components such as simple logic gates.

HDL-ICE™ brand logic synthesizer 1002, which is the
presently preferred logic synthesizer 1002, takes register-
transfer-level (RTL) Verilog or VHDL netlists and converts them

30 through a logic synthesis process into the database format used
by the netlist importer and other compilation steps. Other
suitable synthesis products are commercially available from

Synopsis Corporation and others, although the HDL-ICE™ brand
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Logic cell memory (LCM) generator 1006 replaces memory
specification cells from the user's design that will be
implemented using memories built into the logic chips 10, with

15 Thierarchically defined cells (hard macros) that define memory
cell implementation including, possibly, the mapping to
configurable logic blocks within the logic chips 10 and their
relative location inside each logic chip 10.

User data input program 1008 allows the user to enter

20 information necessary for the design compilation, such as clock
information, probe information, special net information, etc.
This information aids the emulation system in handling certain
conditions that can cause problems during the emulation if not
handled in a special manner.

25 Data qualification program 1010 verifies correctness of the
netlist and user data. It finds common netlist errors such as
undriven inputs or multiple outputs attached to a net. -

Clock tree extraction program 1012 extracts the clock tree
from hierarchical netlist and identifies clock terminals on all

30 levels of design hierarchy. A description of the operation of
this step is disclosed in detail in United States Patent No.
5,475,830.
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39 21 13 40 22 14
41 15 - The last block, starting at address O is now processed. First
the frame is sorted by timestanp to give: Enulation Board Contr ol
Board Address Data Menory 55  Timestanp 3 92
g 20 . 4Hier%ﬁ§hical partition pla%p%pg progﬁ%ﬁs(HPP561014 is 94ed
8 0 for the pBysical module chip43pastitioning algorithm. ity
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ggﬁfagggﬁﬁgfﬂnzodﬁaves only three frames in the bl ock. WD 98/ 54664
171 52 Emul at |
I\/Ermr§/. Par—ﬁlﬁgsq' i %#8358%%016 pr%)ggz%eosl t%)grgaécgiégésforlﬂaﬁal%ia
17 execution of4xre chig gartitioning prof@am for each portidd
The Bl ock Register Acquire Enable bits for the last frame contain the |ast

val ues f AGeNHEIRYRY d1BRab? & pi peline. The register contents for this

bl ock are 011k iHi s, peansohiag gbsgkaﬁt 10n8M8 in taddiees s He | Slbsdeandothe
other two franmes "at” 10 address 0 and 2 are good. The | ow order bit is

meani ngl dsxrist rioe bml implementednitd fack BERALAEFt 8HLE0CPAPs 1BIFock.  The
laStlo NGD Out program 1020 creates NGD files corresponding to

each chip based on the results of chip partitioning. NGD is a
file format common to various software programs available from
Xilinx Corporation. NGD files contain logic and routing
information necessary to implement a logic design into logic
15 chip. As discussed, in the presently preferred embodiment, logic
chips from Xilinx are utilized. The NGD Out program 1020
translates database information into the NGD format. NGD Out
program 1020 also starts parallel partition, place and route
(PPR) jobs 1022 for the individual logic chips 10 with an
20 arbitrary I/O pin assignment. PPR program 1022 is a program
commercially available from Xilinx Corporation which produces
programming files for the FPGAs Xilinx manufactures.
Physical DB Generation program 1026 prepares the physical
database to be used by board partitioning program. The physical
25 database contains information about the physical connections
between logic chips 10 and Mux chips 12 for each board in the
system.
Board partitioning program 1028 identifies the placement of
logic gates into logic chips 10 within each pair of logic boards
30 200. It considers the limitations on memory instances that can
be implemented on each logic board 200, the logic analyzer probe
channels limitation, the one microprocessor per board limitation

as well as backplane and turbo connector limitations.
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29 25 specification cells askigned to the sgme loélclﬁoardlgoo into Bo
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gg 19 Mmore than twplve groups correspongyngxﬁo the RAYfs 208 (previously

2? 21 shown on Fid3 11). The I/O sigg%%sg%hat connect t%éSRAM chips

45 gg 2Qfp 3y oupelRed with corresponding pin numbers. PCT/ US98/ 10171
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now be discussed. Th Ware 1's updated from an ore @ ent
t han t het Bedtdiaris imrevivdigsipy egiingl 6SBY) | phases cp StaptlemePst dwgiNed. nets

i sol osur B o i o ar 8 P PPRARReR 81 ot Rer €T ) pip cfimddes A, o
di agrampaséwwnoi all chip I/0 pins. It also produces the programming
10 data for Mux chips 12 and repeater pods 520.

NGD update program 1034 starts final incremental PPR jobs
1036 for each logic chip 10 providing the final connectivity of
TDM logic and I/0 assignment. When the jobs are successfully
completed, the compilation is finished.

15 Details of the functionality of the various programs will
now be described further.

Referring to Fig. 22, the sequence of steps necessary for
the compilation of a software-hardware model created by
behavioral testbench compiler 1004 is shown. Compilation starts

20 from the user's source code in Verilog or VHDL. As a result of
an import process 1100, the behavioral database representation
1102 is created. After model compilation is finished, it results
in a logic representation of an emulation model 1114 and a set
of executables 1112 downloadable into logic module processor

25 DRAMs 226 previously shown on Fig. 20.

The behavioral testbench compiler software 1004 includes
four executables and a runtime support library. -

The importer 1100 processes the user's Verilog or VHDL
source files and produces a behavioral database library 1102. It

30 accepts a list of source file names and locations and file names
for libraries where the otherwise undefined module references are
resolved, The source file names are the file names used by

Verilog or VHDL.
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al | ows behavio&ﬁg code generator 1110 reads the behavioral database

15 1library 1106 as transformed by the preprocessor 1104 and produces
downloadable executables for each of the clusters identified by
the preprocessor 1104. These executables will be downloaded into
DRAMs 226 for execution on processors 206.

The netlist generator 1108 reads the behavioral database

20 library as transformed by the preprocessor 1104 and produces a
logical database library 1114 for further processing by the other
compiler programs 1006-1036. To represent special connections
of the co-simulation logic chip 204 to the microprocessor bus and
event synchronization bus (see Fig. 11), the netlist generator

25 1108 will create the netlist structure shown in Fig. 23. MP Cell
1200 is a special cell corresponding to processor 206 which will
not be clustered by chip partitioning program 1018 (similar to
the LBM cell instances). Peripheral controller cell 1202 is a
regular cell that contains library component instances and will

30 Dbe placed into co-simulation logic chip 204. Only a minimal
amount of logic will be placed into this cell 1202 that directly
interacts with the microprocessor bus. Placing minimal amounts

of logic into the pefipheral controller cell 1202 prevents the
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used 1108 will also mark special nets that connect to the MP cell 1200

15 with the corresponding pin numbers that will guide system router
1032 to generate correct physical connections for co-simulation
logic chip 204. This is required because connections between
processor 206 and co-simulation logic chip 204 are attached to
specific pins of logic chip 204.

20 Behavioral testbench compiler 1004 has been fully disclosed
in a co-pending application: Method And Apparatus For Design
Verification Using Emulation And Simulation, serial number
08/733,352 by Sample et al. which is incorporated herein by
reference in its entirety.

25 Logic Chip Memory (LCM) generator 1006 implements shallow
but highly ported memories using Xilinx relationally placed
macros (rpms). It supports memories with up to fourteen write
ports, any number of read ports, and one additional read-write
port for debug access. It utilizes synchronous dual-port RAM

30 primitives which are available as components of the logic chip
10.

Fig. 22a shows an example of a memory circuit that could be

generated by LCM memory generator 1006 for placement in a logic
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for the Rp%§?ﬁﬂ%4 nodule chip partitioning algorithm Estkmggﬂﬂ;ﬂfies

the portions of the design to be mapped to each |ogic board

Partition DB setup 1016 prepares the database for parallel execution of the
chip partitioning programfor each portion identified by HPP 1014. Chip
partitioning program 1018 identifies the58lusters of logic to be

I npl emented.in ,each_separate logic chip 10. 10 NGD_ Qut, progr 1020
crbat on NP FES CORPOBRBRaYE LF G R EAchm oS bRRBACBIPTHRET Ul L Lo B
partiti onkbfipoNeRtiss a file format common to various software prograns
available fromXilinx Corpqration

N fi.les .contai | ogi and
routing i nformit i rec&de t%FWHﬁﬁ%nﬁgEaquiﬁﬁ?QR%ighgﬂﬂ§§héﬁﬁQpﬁfﬁs

chip. Asygdiseusnadilecl Bibha1Br esent hyrasef e16ed enQOFEIBPititO9i €nEiPste
fromXilinx are utilized. The NGD Qut program 1020 transl ates dat abase

i nf or mat i BRSFALE ONFe NGIEROr REFOTY RADCRIT P kPR 025PsFestiu@sts from

paral | el Qé'&ﬂe&*ail??’or@sa%@: Yt d outthd RRte |lih 10 %ardOle & Nihd ey teidd o
l ogic chips 10 with an 20 arbitrary |I/O pin assignment. PPR program 1022
i s a progh@FOcoriierwtal Wyideaidddes Sidatiai MhKx S@g@msatam WiiLdle prorivkes

programm Lhes fog,.t E I L] n ct [ Lon
program 13%8i‘8%§ﬁar e@r{i g p?ﬁl%iélé%fgﬁjé asgfntao atbitrab%'uscs}:eéF rf/ ﬁ%%%?a%n%ﬁé
partitioncpgppledr anto Fheehtiysncallitbraratiabdde dommapfishanfiomaatosnwibout

t he sical . necti.ons he | ogi.c Qs 1 nd chi 2 for c
boar SL h?/ n t% %§ l%?/l g t girc'hff%gae rng-' tﬁv\grﬁi%l%t ipg%litn é: C‘%’ rég‘gqruarorﬁtl NiL?éFeoﬁ[f [ %?Oe;t hé;l xg&#
pl acenent wafitkogiortgates into logic chips 10 within each pair of logic

boards 30 200T It _considers the |i 'tgxions n nory instances that can
be i npl ement ed 16F eBERCFEgi ¢+ oAt Y , “tHe |%§?c£§ﬁﬁiyf8Ppﬁﬁ&ﬁ€ cftanh®?
limtati oeouhkerorne3d cr oReadessantper 1062 did i wéat toncgsleeldhmsugh the

backplaner%g% %%& % %%D@%gwﬁéﬁgggtégiég“%mplemented. These counters are
15 also pre-compiled into a reference library as hard macro cells
with wvarious count lengths.
The memory circuit of Fig. 22a alsoc comprises a multiplexer
1053 which places either the output of the read counter 1052 or
the write enable sampler and arbitrator 1050 on its output. The
20 output of multiplexer 1053 is the slot select signal SLOT_SEL,
which comprises four wires allowing any one of sixteen slots (or
ports) to be selected.
The memory circuit of Fig. 22a also comprises address muxes
and data muxes 1056. Address muxes and data muxes 1056 are used
25 to select port write/read address data and port write data when
the appropriate slot or port time arrives. The slot select
signal SLOT_SEL is input to the select inputs of the address
muxes and data muxes 1056 to perform this function.
The memory circuit of Fig. 22a also comprises memory 1058.
30 Memory 1058 is a static RAM memory available as a one or more
Xilinx configurable logic block (CLB) components.
The memory circuit of Fig. 22a also comprises read slot
decoder 1054. Read slot decoder 1054 decodes the slot select
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are resol RREVioFhaisERrcEILRE ﬁf@e?%%é’-oﬁa'e ICeS Y, VAR FBE or
VHDL15 presently preferred embodiment, these are the CLBs in the Xilinx

FPGAs. These instances can also have an RLOC property that
specifies relative location of a logic module (a CLB in the
presently preferred embodiment) where the logic is to be placed.

The RPM cells must be flagged (in the presently preferred

20 embodiment, this flag is referred to as "NOFLAT") to prevent the
chip partitioning program 1018 from splitting them between
several logic chips. The RPM cells must also have precalculated
capacity values and a property containing their dimensions
(number of logic modules, e.g., CLBs, used horizontally and

25 vertically).

Data qualification program 1010 does not verify the netlist
inside RPM cells because parallel connection of FMAP and HMAP
primitives to the logic primitives may create an appearance of
design rule violation. The NGD Out program 1020 will preserve

30 RLOC values in all primitives in each RPM instance. This will
allow PPR 1022 to place RPMs in a chip in such a manner as to

satisfy the constraints defined by RLOC properties.

L
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204 to the m croprocessor bus and event synchroni zation bus (see Fig. 11),
the netlist generator 25 1108 will create the netlist structure shown in

Fig. 23. 1 ' peci e 1 FPr£SRendi hg ps o 2
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the LBMcel |l instances). Peripher&Pgéenbpakfed)icell 1202 is a regul ar cell
that contains |ibrary conponent instances and will 30 be placed into

co-sinmulation logic chip 204. Only a m ni nmal
15 The number of logic boards 200 must be known when the

computation is made. Deviation factor is an experimentally
determined factor used to account for possible non-uniform
distribution of probed signals among logic boards 200.

Probability theory considerations suggest a value between 1.4 for

20 large systems and 1.7 for two-board systems. For a system with
B boards it is approximately 1/(1~-0.29sqgrt(B/(B-1))). This
factor can be further increased to provide the room for adding
probes incrementally without recompilation of more than one logic
board 200.

25 Logic analyzer events in the preferred embodiment system
are computed by the programmable logic in the logic chips 10 on
logic boards 200. Therefore, capacity should be reserved in
logic chips 10 for event calculations. Consequently, if the user
delays signal and event definition until after the design

30 compilation, the incremental recompile cf affected chips will be
necessary. In the case when the reserved capacity is insuf-
ficient for a given chip, signals will need to be routed to other

logic chips 10 that have sufficient capacity to build an event



amount of Lagic-mil! be placed into this cell 1202 that dir /(ygisﬂ{,ﬁliacts
with the m croprocessor bus. Placing mnimal anmounts of |ogi'c’into e
peri pheral controller cell 1202 prevents the WD 98/ 54664 .

PCY/ US98/ 10171 58 need for wait state programm ng. Peripheral controller
cell 1202 wll be flagged to prevent chig2 partitioning program 1018 from
splitting, it _anon several .l ogic chi . 10. It is _a .

r esponsi DAPFEGEEF ndel PEEVGaREMY: SPOrTos T & ke Lire ThoT £AB 5°SBdfadity
of this cellldiers nebmpitaedohheciggpaci ty 0bng dogpEldight ehimp 204n aped

t hat the nunber of connections between this &fll and the rest of the

h
netlist dBESIABE EYcSRPIH Hifet! of 1EBAMECLIEHA HAWRRN LR ntihafi gxe

l'ogi ¢ chips284t8ndrbxeChhRSe¥ént . AS1d §_§U§§ﬁ€cg%§\éir9_uﬁbyac%ﬁaiil?«'|d%tfii(?1'é
| ogic chip 204 has 10 three pins electrically comunicating with each of
fiftyfoufVROkSchRrpériggerthiad ridkifs RHAE RRCHUIRIN LS| Ra§- RRoeédrFEcOMoNs

are avai |l ablg-pej weefhd ey &t Sidglate,aichi ol ¢rchip 204 @@dd&vhﬁd\éaéd?'lin% 12
(3*54 = 162) as Shown in Fig. 1. Netlist generator 1108 wi |l also mark
speci al nebs tirgicoshd@ 10 thawriv cekF 1oTration Usinige tber eERRMdDNG
pin numbegshoatel L Guhlecystemnoulaiod 03 4q fensy al oridiect physi cal
connections for co-sinulation logic chip 4. hi's i's required because
connecti ons beFiwenlprockysiay 206 andsen- detal dnport |sdgire £00$, 20heanser

attached 1 ecific pins of |qqi hi R o havi or t bench .
conpﬁF%r ﬁ%ﬁ%ghgglﬁﬁgé?ﬁl ?ed?g@ o§8&Q3§9%ﬁﬁa§f¥§§h%§ ﬁ% eﬁﬁkNgF%Qlcal
5, 841, 967signkltl ed Akttt dApyiasad Ust kort DestgulVepléktayi dactsirngan
ErmlationbAnd.?igrmlationlt by San&le et al. which is incorporated herein by
ref erence®Fntt8€Enffy. Y8+ °F *98%gic Chip Menory (LCM) generator 1006

i npl enents shathewy buatrthitghing npoidredy maeOri 16 Ushdlgl Kl 8 | vxer el allveralding

Dl aced o5 (LIS Lubl, SUEBSISSIBIPTL ER ML, Up G LOUTLERR IS,
15 prior art hardware enmulation systems such as the System
Realizer™ emulation system from Quickturn Design Systems, Inc.
In the presently preferred embodiment, however, there are a
number of differences. These differences will now be explained

in detail.

20 1) Certain types of cells need special attention to avoid
improper partitioning, clustering, etc. "No-touch" cells are
certain cells which must not be clustered together with_any
logic. An example of a "No-touch" cell is the MP cell shown in
Fig. 23. "No-flat" cells are cells which must not be split among

25 several chips. Examples of "No-flat" cells are latches and hard
macros where splitting would introduce timing problems.

2) Some special nets do not have drivers and can be cut
arbitrarily. In addition to POWER and GROUND, an example of such
a special net to which logic gates can be connected is the Mux

30 Clock signal (MUXCLK) 44. In particular, the behavioral
testbench compiler 1004 and the EBM compiler 1030 and LCM
compiler 1006 will create logic connected to MUXCLK.

L



port for d agee£ss. It utilizes synchronous dual -port RAM-BBsesnor7:
prinitivesgazggﬁﬁare avai |l abl e as conponents of the logic chip 10. F}g.22a

shows an exanple of a menory circuit that could be generated by LCM nenory
generator 1006 for placenent in a | ogic AVENDED SHEET WD 98/ 54664
PCT/ US98/ 10171 59 chip 10. The nenory cik8uit in Fig. 22a conprises the

foll ow ng conpanents;. A w,jte enabl.e .sanpler. _and, arbitratar 0
synchroni zes W%Ste gﬁébf%n%fﬁﬁ§1§%ﬁﬁgﬁ gnggfﬂcﬁggk gﬁaﬁgﬁigﬁggﬁ§egftﬁgt5
wite 5 optmat isonslwftdhecamnbayeci r Agstimbdhgn thher @ arlmstequeasf slégbm has

i Lo ad0Ris PANE ok EEEL: BN PEPe BHRBCEULRGnarEethow PREShaBFES,

sanpl er aoth acbitiahdr eddsndl €nere, cpngido@éd nE@gRal 8f ergnge thiedbr ainetn
the formof hard nmacros with 10 _various different wite port .
conf i goir atians 1oPo MUlkd PLE¥dnG: L8R TR £TpBrPResSThE Renbh§ BHRBEFt ©6f PERF.

22a al SO GRRRNIRRS o rfﬁ?léﬁéﬂﬁerthi%%luﬁﬁd Souat 8hi p033 icauserthtOqcysl e
through the read ports of the nmenory to be inplenmented. These counters are
15 al so pgrdlevepi(réd Hivéda PReEREHRRS |38 AUreas @IS IMEEVE séenss Wi thRut
various cqiint Jiergths. The nenory circuit of Fig. 22a also conprises a

mul tipl exer 105 ich places either the output of the read counter 1052 or
the wite enablée safit@round iarpimylatigplexdsq of legicuspanalshethe nuvubpyt

of my{i ploex%rinjsog‘?s i theyslotogel eg§+,§ig?%_ SLOT SEL, which conprises
four W res aFl’'owm ng any one of Sixteen slot's {or ports) to be selected. The
menory circuit bof FiWLtiR2twatso-oconapribises-mddrigslexinesoind odrtca siigesls,

1056. Addregss muxes and data puxgs 10p6,are ysed) /o + oy + (peT-1) /T
c. With four-to-one time-multiplexing of logic signals,
the number of pins is max((RI+1l)/2 , (RO+1)/2) + CN + (P+T-1)/T
15 Note: when full visibility mode is selected by the user,
the number of probes P is assumed equal to the number of
flip/flops and latches.
4) The maximum size allowed for a cluster is based upon
the gate capacity of the particular logic chip 10. In addition
20 to logic gates, additional capacity is required for time-division
multiplexing, probing and event detection circuitry. Assuming
that a cluster of logic has RN regular (non-critical) external
nets (RN is equal to RI plus RO), P probed signals, and E signals
used in event detection then the added capacity for time-division
25 multiplexing, probing, and event detection circuitry is as
follows:
a. Without time-multiplexing of 1logic signals the
additional capacity for logic analyzer is
flip/flops: P + 2*E + logE
30 gates: C1*P + Co* ((E+1)/2)*8
In the presently preferred embodiment, the constants are
Ci=2, Cy=4. They may be adjusted later based on experimental

results.



to sel rt wite/read address data and port wite d e
approprl at §8§I98/8468‘? port tine arrives. The sl ot sel ect si S‘EQT 86?{@& i's

input to the select inputs of the address nuxes and data nuxes 1056 to
performthis function. The nenory circuit of Fig. 22a al so conprises nenory .
1058. 30 Menory 1058 is a static RAM rrempry avail able as a one or nore
Xi linx conflgurable ogic block (CLB onents. The nmenopry circuit f
Fig. 2Z2a also ®onpri P@ddtgpétoée 68§r gpEuPlergnd &4 ots dbchddi® I

decodes tE%h@h@%&seﬁﬁnaddlﬁg%ﬁgﬂEﬁWGﬁllp/flops is needed in addition to
PCT/ US98/ 10171 6 nal SLOTSEL (of which there are four) into up to

si xt een |ﬁépﬁﬁdgﬁqumqﬁﬁsﬁthR?Qﬁ%ﬁﬂ%ﬁ;%ﬂﬁiXﬂ%kk enabl e inputs for the
output registery 1066, Hef; Sfr[) rf% back 11 Gormle 1y W h’tr@pg{éﬁ‘ to
y epends

nunber of 5 ports generate CM nenory generation prodgram 100
on thed r eduiplements tbke checketkist SOpredm;xedabyemlaumdmpdmlt;mbgﬁfaaﬁes

1000, H e th er, gar. r -
Test bencﬁl?pit(%gi%a#]rollo 4%”;% 'F?bnm ?ai'lg'{r?f%1 re at ?‘or?g‘lr% % éceg' nacrosdn(%gl\%)mare
created abla dautmlgme poeldexrtgefilieth 3G asdilegl gﬁﬂ@'rASd( .celBit nistcan CBKMARK
wel | as |n e peci al F d . HVAP ceII 0 control_the pj.ng of
the nonor JPOCLPES SPL 4t REFaPLPEaI dr TFOGHES noRt oot 1R FEETeE CHIRS
10. FMAP ahe}elle&B C@Ha%eareﬁp:ecs@ fHduTd ibee seanpaneides Wliddk Codthdde
behavi or of the X|I|nx PPR program 1022. As discussed, in the 15 presently

pr ef et? ed todBodieterin at%és’\é’ea’?t@q RNa8eBs iR ithe DEALMeE iopcas 11 bgqgssed

i nstances t%a'ﬂh@ @@Qhﬁl‘s 28 RLEXS pi&&?éﬂﬁbﬂrh%%es%ﬁlh‘lk@é 8@1&@1' é(@jth@tﬁﬁ’éﬂ@n
of a logic nodule % in the presently preferred enbodi ment) Wwhere the

logic is to beT@eac%D PRE AP TN s1RE9t WEPItEygRrdneth iske Bt egderflqypat
preferred 20 ¢ @TROGHIEN e tHDE % 8GriR i@é?rwdﬁ&ec@és" NOFLAT gl 14:Q S eviant

the chip partitioning program 1018 from splittihg them between
performs a number of special functions relating to logic

15 modification to insert time-division multiplexing or debugging
logic. These functions are:
. Relationally placed "~ (RP) macro preservation:
Relationally placed macros in the database are preserved in the
NGD files passed to PPR. RP macros are groups of logic gates
20 that have been mapped into fixed patterns of CLBs inside the
Xilinx FPGAs. RP macros will not be re-partitioned in later
software steps so as to preserve their timing characteristics.
. TDM cells insertion: Time~division-multiplexing cells
are added to the boundary of each logic chip 10 where it connects
25 to a Mux chip 12. Predefined cells are used which are placed
relative to the set of I/0 pins being multiplexed. Figs. 24a-24k
show all the different varieties of TDM cells which may be
inserted depending on the type of the I/0 pins. For time-
division multiplexing, the terminals of a logic chip 10 and Mux
30 chip 12 are divided into groups of four using the special RPM
cells as shown in Fig. 24a-24k. For the remainder of the

terminals, groups of two are used, or the regular non-multiplexed



several |ogvsomiuees. The RPM cel | s nust al so have precal cul agegusmpachty
val ues and a property containing their dinensions (nunber of |ogic nodul es,

e.g., CLBs, used horizontally and 25 vertically). Data qualification
program 1010 does not verify the netlist inside RPMcells because parall el
connection of FMAP and HVAP primitives t65the logic primtives may create

an appear e _§f | r ' ti e ogr. 1020 wi ||
presggve 386 ﬁﬁ'&%%\% 8215 %eea'{F 8%)% %R?Pvgg ?gcﬁg%léﬁgbl ig‘l‘r%g?asngléeam'rhi%OWI I
al | ow PPRuud22pilexsidade’ RANG dlvaychiged nfeuiodr it ieanhemeds.to satisfy the

constraints defi ned RL, rqperties. . WO 98/ 54664 .
PCT/ US98/ 10171 61 ué@r64 dé:tg;ﬁ‘t{%r?gut 18945 afP3605°PA addf P onCPRtEPY ovt 9% he

user to egeeerateskaaddddsheibdessgbhentDMNabhDAC] ab5enEDEPUTESCcH herglabAl
pr obe | t.L.pl exi ng.fagtor Praqb are _the points nside a netlist which
e olest, Bty ﬁg'dEBagaPﬁgESf %HE%‘ZHgs?bﬁ?“ﬁ% OrR ol FIt exday
factor depeakni nghebBesigngly ofe sgamechaidoyiingh ol khrbe agdedal ocbherol
| ogic chips_ 0. The user can either, list the probes or request a full -

vi si bi i t Ferdde YIE R cadS S FUIINEA Q3mN ik3gic iR L] plexaddisra ofo i s
sixty- fowhe hbgtibesHoRh %@P?ngnEXaaZQR?Ciééﬁgr£{§$n0$f5£9€§%Ss%é?£§%]{E
visible, then the multiplexing factor should be conputed as: (Nunber of
probes) *dppevPaERenlrgérorP4/ ipaghown( Riugberobf LoohF cohosihere) )insFig. 3.
The number wef 1k0gle beREUS s20AaTugh  DAsknoW; iany | 8o cRMUALL 0 | SwiTerle.
viation factor is an experinental [y deternined factor used to accolnt Tor
possi bl e RéreghiPer Mignsir BBat Rod BP-FRodee thenBnabberdighals coboa?2ls 200.
cystems i1 9o EESPRTASEAY O ity A KAk BN Rh Hhubf Hprc°
appr oxi mat#tél gnp/ BYNG-298qgwh{Bh( Bre) rpnnecThidsto fixed input pins on logic
chip 10. One type of control cell (not shown) is used for the
15 chips that do not use TDM but have logic connected to Mux Clock
Signal (MUXCLK) 44. This cell only outputs Mux Clock Signal
(MUXCLK) 44. The second type (logic 68 shown in Fig. 3) is used
for designs with two-to-one TDM. It outputs Mux Clock Signal
(MUXCLK) 44 and MS (Divided Clock) signals 50. The third type
20 of control cell (logic 104 shown in Fig. 6) is used for four-to-
one time-multiplexing. It generates Mux Clock Signal (MUXCLK)
44, MS (Divided Clock) 50, MT (Direction) 80, EO 90, El1 $2, E2
94, E3 96.
. Scan cell insertion for probed signals: Each probed
25 signal must be connected to the data input of a probe cell. The
probe cell has no outputs and two other inputs. One of these
inputs is electrically connected to Mux Clock Signal (MUXCLK) 44.
The other input is electrically connected to the Trace Clock
Signal 2002 coming from a chip input. Probe cells comprise a
30 flip-flop 2004 and a multiplexer 20C5, as seen in Figs. 20b and
20c.
. Generation of scan chain specification file: All

instances of probe cells must be 1listed in a scan chain



factor can \gg’g&#ﬁ?gﬁ: increa_sed to provi de the room for eddiggT@{S%@iﬂZS

I ncrenent al reconpilation of nore than one logic b

Logi ¢ anal yzer events in the preferred enbodi nent system are conputed by

the progranmmable logic in the logic chips 10 on | ogic boards 200.

Therefore, capacity should be reserved iggl ogic chips 10 for event

cal cul ati ons. .Consequently, if the user del ays S|ﬁg t(§and event def|n|t|on
n

until art SPeHE 1gesigh 3 LeconPiteatcaR, OHRBUFACES eer Etnpt PR off

affected GNiRs MMdd PeshkESERsted. |thdde &mﬁmﬁué@eaf@sew@ﬂt@@pﬁ@téy
Is insuf- ficient for a given chip, signals wll need to be routed to other

| ogi ¢ chi ps daabkrse Redelseff Fhirntogtpaeiustars B9 [thaintigefystemypputer
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can see .the yagﬂobu1ld EFgrogalate connggElgﬁg %%élﬁﬁﬁber of
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this has no effect ol'rns:eapatcbmy oﬂ'heeeeent b!egectﬁrmct iced list seﬁdr canidpeals

downl oaded to t i g ch| |n | ts oper n.usi n the JTAG bus
conneot ed SRR RSTIEES Ahson e i R HL g %o (v alfy aHe
t hi s user diatiaiddhplit pheaslwﬁi éahfh L@@irlﬁsn%dmddteﬁﬂwtthéelo and Il

time-pulti IeX|n act r for ,non- crltlcal signals, ,As discu above, the
e T § iRt f B Hpine ot b SSRBT RRBCChioRoGRLL CRIB0 pare] ShOHR g

prograns LQlGiand 4918 nsprarekustieemhgdbacad alfgem tdant deadtt Bn 0fell
simlar algorithns can be seen in 15 prior art hardware enul ati on systens

such as t K& SSPeEEMPREN XS Yo SPPYBmiPatit8n €§St emTPEoRYERF cRELPAT HRR| gRtL
Systems, h©0 lddnridia fofe T )flﬁ?effﬁbbgdZQU!bOQhHEBt CLBOMBMEFy 2OE8€e arsuA

nunmber of differences. These differences will now be expl ai ned
multiplexers 2020 and four output buffers 2022 are used to
15 produce four multiplexed event signals 236 (also shown in Figs.
20c and 20a). If the number of signals is odd, one of the inputs
to each of the event detection cells is left unused for the
corresponding eight cells.
. Generation of eight balanced AND trees for event
20 detector outputs, and the TDM logic to connect the eight AND
trees' outputs to four dedicated event pins:- The outputs of
event detection cells 1300 are combined using eight balanced AND
trees so that one copy of the eight cells created in the previous
step 1s present in each of the trees. The outputs of the trees
25 are time-multiplexed pairwise using special event-multiplexing
cells as shown in Fig. 26. This circuitry has also been
described in reference to Fig. 20c. AND gates 2012 are
constructed using wide edge decoders 2012 as shown in Fig. 20c.
Fig. 2% shows this circuitry in greater detail.
30 . Generation of event detector download paths and a
bocundary scan controller: Event detector download circuit 1500
is shown in Fig. 27. It is comprised of a counter 2016 and shift

register 2014, together with JTAG controller 1150. JTAG



I n detail - w6 Ds/54664 1) Certain types of cells need speci gcraisogmdirpn to
avoi d i nproper part itioning, clustering, etc. "No-touch" cells are

certain cells which nmust not be clustered together with any logic. An
exanpl e of a "No-touch" cell is the MP cell shown in Fig. 23. "No-flat"
CEIOI fsl are ce: S V\:hl ch nmust not be spl it @hong 25 several chips. Exarrpl es of
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t o MUXCLK. WO 98/ 54664
PCT/ US98/ amd 7ADE313)6 shamabat febmatt £TRRC Rt TTtothe! 3 iR Rt
nets thaty@.fl ustefe CaRedta et AXTIHTIREINEREL 2816! géhéf‘a’@és|ml§1<§ml£|1502

regul ar external I nput nets, RO regul ar external output n |t|c
external aedsa ElpekbBdrssyhbt sre%\h%it?%equr‘hve the d}re?ﬂ%ti}brP%ﬂrH‘iﬂ éigﬁ

factor for,prp eﬁuin%e} otfqee\}gﬂg)e&eégd@f n§1 f@@i‘té ed tRei RemERt 1t§1|si'10wn

cluster ona’¢ I's Calculated as fol (all di vi de operations are pure
: nteger diwi E‘Lgas \Z/Dt:hami 2dundilngp. parefenmeldh@a@ooﬁmr@nﬁn S b i sRP ot er
ogi 1 pLAS (hds b. MY th
od 0 oS0 B B HEREE B 0haPLEoche, oo FOg Bk (RTAMAT e ¥

(RI+1)/2 accéﬁkébAé + ENweveE+T 1p/Tdef1nevvar|max¢mmm)(number of event
L LIS ko B S HE IO o BLrSLE TR e
sel ect ed bynhkhepmrserogirdagm rumrﬁzerw;LdJ‘l prmile snd3 4 soﬁsrskwmmmllwg)iche nunmber
of Referring back to Fig. 21, board partitioning step 1024

15 will now be discussed. The function of board partitioning step
1024 is to find chip clusters (a'cluster is a collection of
interconnected components) with the largest possible number of
chips not exceeding the number of logic chips 10, 204 on a single
logic board 200 (thirty-seven chips) or a pair of logic boards

20 (seventy~-four chips), with the following limitations:

1. Total number of ingoing or outgoing nets should not
exceed the sum of the I/O connections on two backplane connectors
220 for a pair of logic boards 200 as shown in Fig. 11 (3608 in
the presently preferred embodiment) multiplied by a target

25 backplane utilization coefficient. The target backplane
utilization coefficient is determined experimentally, and depends
on the success the system routing program 1032 is able, on
average, to achieve. The target backplane utilization
coefficient is expected to be approximately ninety percent.

30 2. The total number of chip outputs marked as logic
analyzer channels should not exceed 864 (fifty-four Mux chips 12,
multiplied by eight SGRAM 210 pins, the total of which 1is
multiplied by two logic boards 200 in a module) .



flip/flops ches. The maxi num si ze all owed for a_cl

based upon“ﬁﬁgfd§%e capaC|ty of the particular logic chip 18T ﬁ%5§385flon
20 to logic gates, additional capacity is required for tinme-division

mul ti pl exi ng, probing and event detection circuitry. Assum ng that a
cluster of Iogic has RN regul ar (non-crigg cal) external nets (RN is equa

to Rl plus RO probed signals, and E signals used in event_detection

t hen the addedgeapagh?yfﬂéﬁ Siee-fi HEM JREMIEY il § eSS nghoupdobifig intand -

event dehgchibea tﬁhﬁCHWEﬁfy E%ura§hEBE|Q%@el@e foW thaut f-size modules)
time- nultlpIeX|ng gnal s the additional capacity for logic

anal yzer %Sf¢$§#¢4@$% eaé&ler quh kefegencpofe Bog. 11, thpresre twelve
Cl*P + C2f +§bé2#ﬂ8 '@oggge §9n§b BEGE§EE%§ SBBdeHE@t aHQeo%oﬂ ?q@ts

are Cl=2, Juste I"at er on exper nenta I'ts
V\098/5546Bqards and the number of logic chips 1|DCTte)398t¢017ﬂ_0164E|BM

Wth any I 2 r e
additiona&xﬁﬁfg% 8g§ % %gégegh%nté #t%gng ngqgsggﬁgq Etsgsevep
| ogi ¢ anatyzea. hélf sRPaet mbdadieng is also controlled by the need to

5 | h | ogk ., t t d United St P t
No. 5, 475, 530, FEach IREE| RIS ch 7P < k| YRELPACIE. (b E- 1 nEBgerioet

property whi chui in@&la&x@ésgﬂ%s&hé?:lﬁsér&f dadMADK showld hetsekcebduseio
clocgti aches this net i nverte hase. Biit 8+i should

boood0 1 TaEes Torna, et Enhae noattael Nes MEer e ot pRECeronts; Lo

i nformatigigw ik, behpaesad tohd her AR POPEM JH22] @ipebdeed bhe bequiied
del ay adjustnent. The NG Qut program 1020 outputs a netlist in a fornat

sui tabl e PBratﬁélPPpr%BQﬂénpféfﬂsto process. In addition, it

5. Two (one for a half-size module) of the seventy-four
(thirty-seven for a half-size module) chips 204 can be used as

15 clock generation logic chips or attached to the microprocessor
cells. If microprocessor cells are present, there will be no
clock generation logic chips and vice versa because the CoSim
logic chip 204 can only be used for one function at a time.
However, it is possible that there are neither. 1In such case,

20 only seventy-two (thirty-six on a single logic board 200) full-
capacity logic chips 10 can be used. The two additional CoSim
logic chips 204 (one for a half-size module) can then be used to
implement additional user logic if clusters with no more than one
hundred sixty-two I/0 pins are available (see Fig. 11).

25 After the appropriate clusters are identified, the full-
size clusters are further subdivided into two emulation boards
with no morelthan 1868 (the number of pins on turbo connector
202) inter-board connections. FEach board must have no more than
half of all critical cluster resources (1804 ingoing or outgoing

30 nets, twelve EBM memories, one microprocessor or clock generation
logic chip 204, four hundred thirty-two logic analyzer channels,

thirty~-seven logic chips 10, 204).



perfornms awwéEmkesof special functions relating to |ogic 15 papdsdsneati on
to insert tinme-division nmultiplexing or debugging |ogic. These functions
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RP macros are groups of |logic gates 20 ?%hat have been mapped into fixed

patterns of CLBSm BShE€1h88oXl 5t8Y TH&HScreats MBGE QRenthty Wil DEhstances
re-partitioned in |ater software steps so as to preserve their timng

char act er F8t besimplemenprdcals| emudasdonoRlock memginiiesi ditBI -+ i fihegangre
| t Ot f i hRgl L 5
cells ar ecﬁggw‘?.!i'%'é’s p%‘é%%’?%gﬁé%%ﬁ" ndt2¢ld 'b%ggﬁ\%ﬁlﬁgﬁd Qn‘ﬂgﬁgelbéﬁoéﬂfﬂér@

to a Mux chip |'s are use are placed’relative to
the set oflutimypthip bedngitidnind .exdd eBitggatign- sukrenvinal ¢vaheates flegwent

varietd es_of TDM.cells hgh e inserted end] n the type of the
1/ 0 pi5ns.mgn¥o CEhiBg 0bg %ru?%?m 4| n%,gﬁﬁégnt%er%qﬁglr%erg?r% ’rq?nsgt?%“éc%su P
10 and MixedQirebi.p 12hdse slibvialetineat ewidloups eblfied fisomg Hilkraaudnicdl

RPM cel I s_as,_shown in Fig. 24a-24k. ﬁ@ remai nder of the termnals,
F oUps. of PERBLAFERUSHERTENG HEr @t al RBh- I ol Gk CORDRFEaPEadss Hot
PCT/ US98/ $Rdwd 68 Fi§ ab1padhyd Wodhie daagiie iohtinglBregrMax10H8 ptd Zpispamsid.
Non- nultiglexed I/Ois ahggys used for critical nets. * T contro
logic indEFERBALE 2 FOW ToMTWITY | Hyrtanerer BPRS SRR Hﬁseﬂpg AT e oo
contn@ sbHBalbpard)i Chnar e M niEmhsx M, 1yiFlehfds and Gdti Bhe tdigory
circuits shown in Fig. 24a- 24k. These signals are generated by one of
three spe€PRFT@SNFAEFUEE] WS LkhiCORSHRE -i ndéitedd Dodisl @2t YTPRATERNiRF AR S
addi tion §@r5he d agheo BHOUN kReFirhM HandAK- cofBRRat 1B P! wiNeseehgRals
is done using logic 104 in shown Fig.6 or 1ogic 68 shown in Fig. 3. 10 M
is Mix Cl beHiSi gaaStes; avSqxiahed dedh T @ RYAarhEp; 20F P8 Biasda ikarrd
Signal 80ppgnd E91E3:368 thedERPhe Rr8Nhdp®9089%i194 be marked as being
15 T"critical" so that NGD Out program 1020 will not insert time-
multiplexing logic into them. They also have properties
containing their respective logic chip 10 pin numbers so that
system router 1032 can generate correct I/0 constraints. EBM
logic clusters cannot contain probe signals and cannot generate
20 events becauses they contain automatically generated logic not
accessible to the user.

In a preferred embodiment, the EBM logic clusters are pre-
compiled. This allows the placement and routing time to be saved
for these clusters. EBM memory compiler 1030 has been for fully

25 described in co-pending application 08/733,352.

System router 1032 assigns physical wires in the logic
chips 10, 204, Mux chips 12, and logic boards 200 to the logic
nets (or signals in an emulated design), pairs of logic nets (in
twe-to-one multiplexing) and the groups of four nets (in four-to-

30 one multiplexing). Following that, it assigns the logic chip 10
pin and a time-division multiplexing (TDM) phase to each signal

going in and out of each logic chip 10 and 204.
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and 96, respectively. The special cells have two inputs N&V;%%éﬁ- SYNC-
48 whi ch a §9§§ﬂﬁgcted to fixed input pins on Iogicpchip 10. eﬁ¥§g§ of
control cell (not shown) is used for the 15 chips that do not use TDM but
have | ogi c connected to Mux O ock Signal (MJXCLK) 44. This cell only
outputs Mux Cock Signal (MIXCLK) 44. The second type (logic 68 shown in
Fig. 3) is used for designs with two-tqQ-on

or d T | t . out put

Si gnal* (NUXCLK§t4_45aer“FP\ﬂ§f(@fvi‘d’éﬁndd8&I9P 2‘15@%214’% Eﬁytgﬁgp;{ﬁ?r%&?@%ogge of
control C@é#ixﬂép%&gt@%@%e'-ﬂmlfitg 16%ed Ss Ugesll § ofo alintize ame signal
time-mul ti'‘plexing. It generates Mix %

g ,ock Signal K 44, M5 (Divid
Cl ock) 50deMy(DiFeetf ﬁ?rBGPmE§0909°E§99§9l%§a9§§¥E§E§§%=* chn Xglfd

insertion for probed,sigRabse tEREDARV9BEEN2Ru1EigNakimySt(2Ba qumected to
the data input of a probe cell. The probe cell has no outputs and two

g;herﬁi?puts. Thenepthimehegouitepers tiches d irhaiss chnrertledts MxPaléck
i gnal ( 4 t IARULHLS 5 chitcakd i Heace
G ock s|§#§$H§§65§%d§9§69ﬁ$§%}a C ng?ﬁgh?.héEr%%%%ggﬁngg%ﬁgﬁﬁggkgﬁéoeQ
f1ip-fl opd@ed#nantioa. nuEkiapbéeer cZ00pLinmelsegonties Rirgs. 20b and 20c. *

CGeneration of scan CF%yguggggygbggggggaéébggféiggénggéygﬂgg%tq%Cgpobe

cells nust be Iist%ﬁp an’ chain

PCT/ US98/ 10171 66 specification fdlgha/ifmuitsbteitd out puts 2006 (see Fig. 20b)
of the chip nmust al so be |isted. These outputs nust are inserted into a

dat abdse fbdel of chip logic clusters so that the systemrouter can see

t hem and bui | d appsdphiagbatpaniesthobetalheputiesensbed adviypus: /icsid-

Ul 1 pl exi ng. 1EBEBF CROR TBPbBECE BHAPE L3 ALGPL A 2P e/ aRe A on
SSLLfS ;?; si gnal s cont r bBihi/Ba thotevedt-a1 phiag isipgitalogidcont ri buting to
' Alpha chips are equivalent to logic chips 10 or 204 and
15 beta chips are equivalent to Mux chips 12 in this description.
This gives a minimal one cycle delay between two logic chips 10
or 204. The delay may appear to be one-half of a cycle upon
examining the logic in Figs. 3 and 4. It is, in fact, one full
cycle because a demultiplexer 34 in logic chips 10, 204 clocks
20 signals close to the end of the half cycle so that the signal is
steady in logic chips 10 or 204 on the next half cycle after it
is received. If router 1032 fails to find an optimal route,
meaning that an appropriate phase MUX output is not available,
or an appropriate phase logic chip 10 or 204 input is not
25 available, the signal loses an additional half cycle of delay.
The router attempts not to accumulate the misses along the same
net, if at all possible. Critical nets are not multiplexed in

order to minimize their delay.

2. Four-to-one time-division multiplexing (4-1 TDM):
30 Each physical net always includes one inout pin (IIOO
sequence) and one outin pin (OOII sequence). Again, the optimal

route switches one time-division multiplexing (TDM) phase in Mux



di vi ded inm'b%@“@pd each pair is connected to the 10 and | lpdfyusesmputts of
ei ght copies of an event detection cell 1300, as shown in Fig. 25. A

preferred enbodi nent of an event detection cell has been previously shown
in Fig. 20c. The event detection cell 1300 conprises four flip-flops 2010
and a CLB nenory 2018. Four multipl exers72020 and four output buffers 2022

are used to. 15 _produce four nultipl exed event signals 236 |.s I

Fi gs. 20cChAR 28aPut|POEneR ntibes {%°@ﬂiy9 $HE ogE% SﬁgrS?(?ﬁegiﬁgg%gc%g
gagﬂt of ltlhgteu@@tti@é?ttq@r{ _(Ekaci@:ll:ceﬁs i@fhl@%ﬁilmmsmhﬁm dde: correspondi ng

[ cells. * neration of eight balapced ., AND tr for 2
det ect or oupput§}P§ﬁdOFH@Iﬂﬁﬂq%ﬁ£th%YQﬁﬁﬁéhﬁ;a%ﬁgiﬁQﬁé¥3%&?fb%%Z¥?zggBgts
to four dedi C%;%Q/Gmgrzf-b@tho/omlgmamwmamﬁuoﬂmwém/reyts-moo
are conbi ned using eight balanced AND trees_so that one cop f the ej ght
cel | s Tredakh QL %"Iplﬁéb?’é@lélgt/EE‘WBXBF%%EP/P%"eB@ﬁaépIt/ﬂé'%e@és&OV)ﬁgﬁ
outputs of the trees 25 are tine-mgﬂﬂﬂgfggyhpairmﬁse usi ng speci al

[ 26

event-multiplexing cells as shown in Fig. ) This «circuiitry has

al so been descrihied gives rafeiehoal poe-hpdf cygde delayD alphastozgiphagre
constructed using w.de e cQders 2, AS in:Elq. 20 kg

shows thigogﬁygﬁrtP9eiRgg?egggfgdgfa§$&§§%§§n§pQﬂﬂ$JQhﬁ%%%@%a?ﬁ%ﬁhg%eggg%t
det ect or dawl oppMpahhs samd: adioamienyascamecoryebe | ef: thperitodwiectdne-

downl pad cj,rcui,t 1500 is shown in,Fig N I ri - t

2016 Hhd Shives o Ttk S DRHRs FaGhoRRR! i et r TR oty YT fees

é;AG V\ﬁr%/éﬁﬁﬁxﬂally routed, no speed is lost in four-ROHAUS98Lting71
control|er, 1150 is_available a S ard portiopn_of .the Xlj . LC

chi ps 10.dﬂﬁ%?%ﬁqcﬂP%Fﬁph§xéP§o @%ghn&?@gefﬁ %ﬁ%#i? e?géﬁgéﬁiﬁ%tggggﬁd

event det akAlsiidh Multiexithe @wantrpet.ectiovettenn| nadsesr ¢ii.&.15@@ilure

roduces the WA 1502, 1504, DRCLK 1508 i
gvent det && ofsn¢aPso Po\iRR} nTRIGS, as digcuggngg 0%296 i 9P8L2- L8 Rt !

15 time-division multiplexing (4-1 TDM) roating have more severe
consequences than in two-to-one time-division multiplexing (2-1
TDM) routing. For example, the path: alpha/0I/Ol-beta/IO/Il-
beta/0I/0l-alpha/I0/I1 will delay the signal by 1.235 four-to-one
time-division multiplexing (4~1 TDM) cycles (or 2.5 two-to-one

20 time-division multiplexing (2-1 TDM) cycles) which is two and
one-half times worse than an optimal delay. In every hop through
a Mux chip 12, router 1032 can miss by 0, 1/4, 1/2, or 3/4 of a
four-to-one time-~division multiplexing {(TDM) cycle depending on
what input-output pair the router selects. Router 1032 makes

25 every attempt to miss as little as possible. Thus, critical nets
should not be multiplexed to minimize their delay.

Some logic chips 10 or 204 have input/output nets locked to
specific pins. Examples are Mux Clock signals (MUXCLK) 44, Trace
Clock Signals 2002, connections between co-simulation logic chip

30 204 and a processor 206 (see Fig. 11), connections between memory
controller logic chips 10 and RAM chips 208, event signal outputs
236, etc. These connections do not need to be routed but have

to be included into logic chip 10, 204 pin constraints data.



20c) . The event detector counter 2016 generates WA signals 1502 and a

cl ock for i f egi ster 2014, the length of which depends er of
event dec?)‘g{]eérw%lﬁékcuits. The circuit is shown in Figs. 20c gﬁ%?ﬂ({lw‘g
preferred enbodi nent, shift register 10 2014 is generated based on the
nunber of event detectors. It is acceptable, however, to define a

maxi rum nunber of event detectors per2chip and fix the design of the
shift register 2014. The PPR program 1022 wi_ Il trim nost, of. t he unused

| ogi c. ReferrfAg§ibackalo BrQITFMMNinGar dSpalftitl oty ey 1634 5 SW9GK now
be di scugsedriblhiechurgiricen tof(MagaKHhipantit iodnices tsioep mbeRd & €000 fshghrchi p
clusters (a_cluster is a col]lection of interconnected ¢co oggnts) wi.th the

| ar gest bﬁsgﬁﬂkelﬁdnbeghﬁscﬁﬁp% Eﬁﬁte%ﬁe%dFﬁ@CFhElﬁﬁHﬁEr 8 I5&<§Qﬁﬁﬁﬁs_
10, 204 gB aS+d9h@drPgkggheants00 bkt yregyginghidison obfa fPér 1@fgilogic
boards 20 gseventy-four chips), with the followng Iimtations: 1.

Tot al® nuRBER16F-i ngoi ng or out goi ng nets shoul d not exceed the sum of the
|/ O connecti ojgno b e n 2@ QN 311 af J204ii& eear ds
200 as shown F%DFPEB\‘@?? ?%Jé%lf}% i&n lt@ %g %%E?elﬁte%yqpfrn%f e?}r ed enbo iérrenlt)l-

mul tiplipdaby andampette25(PRRIckgdErwareit1036avioh theefinifermation apput

t ar get kpl uti.l | zatd o Q | Cl i eL.m per. I and
depends SCt RS Sadodes! (1S it br o3, CEAThY 35C B oHTe M.
aver age, Fort oonachiimeveultiplefesl degigmis atkplangustt Bhi 2stsiigmment of

coefficient is_expected be rpxj . Y C . . .
The ]t%t agl%ﬂﬁzgr )égf E(4§i ngﬁf pu?ggng%gﬁg?‘?%%léj%%%ga%?llf%’ cﬁ%%mlecf%lcs hoélul d
not exceete8@4 rifohfetry fafirlddikc chhpps12p, m2l0Ei @ncedMby ehgbhs SERAN 20Go

pi ns, thedt tal of which is nultiplied by two |ogic boards 200 in a
modul e) . 29CSp 98/ 54664

PCT/ US98/ 1017¢i6813.pardhkel ubkreet ioh, EBM amnoaydi nteece$PBRpuUlptdfgdant nt o

no fore EB%Q }!?Eﬁ -gggrnglé¥Bé£g¥ﬂf§3é%oﬁn%rg%ggig Zgoggd€$e§ route the

15 I/0 pins at the periphery of the chip. As stated earlier, the
PPR program is available from Xilinx Corporation. The rerouting
changes logic chip 10, 204 configuration files previously
produced at preliminary PPR step 1022 and fixes the Pin out as
determined by system routing step 1032.

20 Thus, a preferred method and apparatus for emulating,
verifying and analyzing an integrated circuit has been described.
While embodiments and applications of this invention have been
shown and described, as would be apparent to those skilled in the
art, many more embodiments and applications are possible without

25 departing from the inventive concepts disclosed herein. The
invention, therefore is not to be restricted except in the spirit

of the appended claims.



(as descriyWwphszaddsi er W th reference to Fig. 11, there are tpaglosesmAds 208
on a logic board 200 or twenty-four on a pair of logic 5 boards) and the

nunber of logic chips 10 required for EBM nenories counts a alnst t he total

of seventy-four (thirty-seven for a hal f-size nmodul e). 4.This Bnmmbﬂmmm
CPU cel | instances (i.e., the number of GPU |nstances fro l

desi gn) should not exceed two 10 (one for a half-size Lg
described-y {hsreference to Fig. 11, there is one processor 206 per logic
board 200“Ur—rmo on a pair of logic boards). 5. Two (one for a half-size

rmdulbe) of dt hel Seveaflyefl@ttltr(l.tbllmyy-rl&e\bﬁlﬁ;Lf;QIra&lléaﬂfogﬁ.icZﬁsdfﬁ@dﬂﬂl@) oy pse204
can be used as 15 cloc enerathn ogi.c s or attached to

m cr opr ocESsH? %Je??tsrlciar rﬁ%@g’éfi E‘@F gageeexﬁgﬁ ehen ?Y%treé“ wiiche

no cl ock Q&E‘%@té&ﬁlfi?@rédcﬁiﬁﬁ ANEh MeEr @S Sgrb et us gds £a% MHOGinpudhi p
204 can only be used one function at_a tipe. However, it is_possible

that theref aféraBithdnfarmadian caimia mleewyceé%nwcwélgtlﬁabtly 4i9gigh a

singl e | ogigeRayd-2RRYikyhly: capacity logic chips 10 can be used. The two
addi ti onal CoSim | ogic chips 204 (one for a half-size nodule) can then be

used to inpl enenPlugdiliitonalf vrATITFERNATle| Lege? sdaviAcho RBFE OHarFadite
hundred si éﬁ:ﬁ‘?%i“é’mhé@ig' i‘é 2LEy %éé%ﬁ#rﬁf%fﬂ&naﬁl)m%ltrr lr;fl'@ﬁ o he

appropriate clusters are ent| ed size clusters urt her
subdi vi deldei mapnwgrmmlalyorcdnfarqwm t honopnoy ede hamri868or(d he elwmisart sof

Pi S 90 4L POEORNEELEr - RO%) L €k bR (L LAMERt) NS Fach. hoard TSl fiave

no nore | Uster resources
out goi ng 30d QEbsagEMeuemeEBM meaehi ef, saie mepm@gmammebde dbgﬂaxdev1ces

gerer a1 o L8Ok S 204l Yt ATl Mg R0 2" AES! Shanasl >

reprogrammably connected to selected ones of said functional
elements configured into said reprogrammable logic devices, said

15 reprogrammable logic devices also having an input demultiplexer
and an output multiplexer implemented at at least one
input/output terminal, said input demultiplexer receiving a time-
multiplexed signal and dividing said time-multiplexed signal into
one or more internal signals, said output multiplexer combining

20 one or more internal signals onto a first single physical
interconnection;

a plurality of reprogrammable interconnect devices, each of
said reprogrammable interconnect devices having input/cutput
terminals and internal circuitry which can be reprogrammably

25 configured to provide interconnections between selected ones of
said input/output terminals, said plurality of reprogrammable
interconnect devices also having an input demultiplexer and an
output multiplexer implemented at at least one input/ocutput
terminal, said input demultiplexer receiving a time-multiplexed

30 input signal and dividing it into one or more component signals,

said output multiplexer combining said one or more component

AR ) )
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EBM ry conpiler

1030 has been for fully 25 described in Systemrouter

1032 assi gns plysi can Welestniddld ¢ ogiezartfipfurkhl204,0dilex cipsmdly  adsl
rds . 200 to the logic nets (,or signals in an enul ated design),

P E et (PRRHRnLe o PORFAI (1 b HRT CARHTABL Br G4 Cor T Bifes
nets (in tewmbrice FroemEdlld Rlad NPrayd ol lowing that, it assigns the
l ogic chip 10 pin and a tinme-division nmultiplexing (TDM phase to each

| ogi ¢ boa
pairs of

signal go
15

20

25

30

ing in and out of each logic chip 10 and 204.
3. An electrically reconfigurable logic

assembly

as

recited in claim 1, wherein said reprogrammable logic devices

comprise field programmable gate arrays.

4. An electrically reconfigurable logic
recited in claim 1, wherein said reprogrammable

devices comprise programmable gate arrays.

5. An electrically reconfigurable logic
recited in claim 1, wherein said reprogrammable

devices comprise field programmable gate arrays.

6. An electrically reconfigurable logic

recited in claim 1, wherein said reprogrammable

assembly

as

interconnect

assembly

as

interconnect

assembly

as

interconnect

devices comprise an integrated c¢ircuit having an array of

crosspoint switches fabricated thereon.
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WO 98/ 54664v0 98/54664 This Sheet PCT/ US98pCOUBIS/MATI t i S
| nportant when doi ng mw&‘lﬁm}to select the optimal route for _

time-multiplexed sign the signal delay. The algorithmfor
doing so is as follows: 1. Two-t 0- one tlne division multiplexing (2-1
TDM: 5 The optlnal route sw tches ﬁDNIphases I n each Mux chip 12 but

not en route frpmthe physheayrafhaber ce1bgithe pRisheabnnet sgesenal ifoR-
Exanples of optimal routes are;

al pha/ out gmgleazmmwa nplEreiendeeianouthat Féaauit pRELBRpGIREAGLCTE 264
al pha/ out ut§0 }&;ﬁéﬂm%fﬁm&%ﬂ QRS ¢4 structure, comprising:

nmuxbeta/in et a/ out put / evenbet a/ i nput/even-
bet a/ out put / odck apphzAilafyt /dddrappharennpblar dagig vaheps ©F Spsgiad cpnpg

10 or 304 afgli%: DALA. oL as IE SOUNLAY AQMILIGHAS 12 Jeh IS o

descri ption Tves a m i mal  onée ¢y ween -t

10 or 204comﬁimsﬂmgayogmy appeastﬁmﬂxampﬂamﬁnﬁlng kogicad ﬁpnntémaﬁimmMQ
the logic jin Figs. a one

demul ti pl e¥&Y RHP% gﬁ ot ggrlémPESEeﬁ%ocﬁs 5% %?%yé} ose %ggtﬁgﬁgui
of the halcff c;ah.el Sfi t dat ptllmeraillglyalof slsg&a:dycnirpsk ogucrthlelrpscd:ﬁpmsﬂﬂg @an

the next h cle aft recei ved ut 1032 fails to find an
optinal r %Faﬁkﬁﬁlndlfhaﬁngﬁ éﬁﬁF@ﬁFlatBlBﬁase oufﬁﬁi i programmably

avai | abl e,e écPi 8RPI PPEbAhEcPABSE tagsalahlmfgl@ ®1o2kk i nput is not 25
avai | abl e, the signal |oses an additional half cycle of delay. The ro ter

attenpts not to?aetuhataty 9ﬁelﬁP§§e§eﬁPéﬁ§P%ﬁ§e§§némﬁéfamefl1te§t iy eac

possi bl e. sLxdtipRlrNEtsS, abe NPbpAYLEARMEY SE Ilrbg)lréieehtlgsm néauae dheigaid
del ay. 2. Four-to-one time-division nultiplexing (4-

Each phys|mwraﬂewetsa|Q/fay:snpqm@l%lpéﬁéerﬁoa%estﬁm% m%aﬂyrﬁaésl%d’%

outin pin éﬁgjéffﬁ%ﬁﬁ”ﬁﬁaut/%ﬁaﬁﬁt %EQSOBB'gﬁkdrPHﬁﬁbéyﬁﬂﬁﬁﬁﬁé(HBblc chips;
time- d|V|S|on mul ti pl exing ase in

a plurality of output multiplexers implemented in each of

said plurality of reprogrammable logic chips, each of said

plurality of output multiplexers electrically communicating with

one of said input/output pins on said reprogrammable logic chips;

a plurality of reprogrammable interconnect chips disposed

20 on said first circuit board, each of said reprogrammable

interconnect chips having input/output pins and internal

circuitry which can be reprogrammably configured to provide

interconnections between selected ones of said input/output pins;

a plurality of output multiplexers implemented in each of

25 said plurality of reprogrammable interconnect chips, each of said

output multiplexers electrically communicating with one of said

input/output pins on said plurality of reprogrammable

interconnect chips;

a plurality of input demultiplexers implemented in each of

30 said plurality of reprogrammable interconnect chips, each of said

plurality of input demultiplexers electrically communicating with

one of said input/output pins on said plurality of reprogrammable

logic chips;
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12 but not en route f Hu ﬂll net source toya physical net
destinati on Exanpl es tes are:

al pha/ O /01-beta/ 1 Q1 1- beta/ O / 02- al pha/ 1 O 2al pha/ O/ 02-
beta/l O 2-beta/ | O 03-al pha/ O /13al pha/ Q7@ -beta/1Q1l- 5

beta/ Q] 02- muxRelg A1 e guspel ity bel Al AL Ba0gbakhs 0 -aLand Q) 1

This gives a mnimal one-h cyc ay a wevVer, one-
cycl e of FdEFUES- dreardne-aiah spdn saldi ;pllemadg.t(sn dszRMndhastswaere toharcats on

as one cyghgcetibwes Oc%%%eEEQ% %%e‘ﬁf“éih%ﬂ E%gkvgl §3n238%§|9ﬂ39q%10*

Therefore, assumng all nets are optimal 'y rou
f our - t 0- of@id] ﬁ@PrGGVamnehlﬁuMgpd:eahn]gs (e lordMf csrniphiriathuty dwputo 1oinss
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mul ti pl exphig s@Ed-dl frmognmmglba\iemmrcmrﬁm ecEDpseqeenctiddadd i 8o at
For exanple,-the

t wo-t 0-on di vision mJI pl -1 T uting

pat h: al pga%"lagm BRepBPY FEF f 8&2/563 r&sﬁ%ﬁéﬁﬁllﬁw /QEERNY NS Gial
by 1.25 feacht ofOBaltil e paioyirsinea bl oy 1@<Idmp(s4-l TDM cycles (or 2.5

t wo-t o-one 20 gewglw i,on rgjé] | exi ng TDM cycles) which is two
and one- hal f tFﬁé P& tHran %&H‘H;alm‘élje‘PaBIle?F%r%vbff‘Qlﬁ’@ﬁnFﬁﬁioGgh s&ilix
chi p 102, pDuf@l1&93%ﬂﬂﬁééﬂé§%§ﬁmébléjf@gié2ch@bs3@%ﬂylﬁi4gn%néO p8More
time-division nmultiplexing (TDM_ cycle déepending on put - out put pai r

the rout etPEeFReLsS1INRAG: PP rigdk ddmesmudirdiny extedepitonad. ovi ss as little
as possi bl e. gaya p@akgugey e%tgngheuag uqklpﬁeﬂe}g'ghggs @%eﬁggkeg ig

their del a gfec chi ps 204 ave nput /outp
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Signal s 29025 ceaRRkORY eémnsggngwul {d O & 091 £q CULR 30¢; 204 and
processor 206 (see Fig. , connectlions ween mam)?y cont H% 65‘]
chi p2°10 I&%tméﬁdpﬁgoalsweﬁp ohgnalr motpucsmponent signals;
said plurality of output multiplexers implemented in said
plurality of reprogrammable interconnect chips combining said one
Oor more component signals into second time-multiplexed signals;
and
20 said plurality of input demultiplexers implemented in said
plurality of reprogrammable logic chips receiving said second
time-multiplexed signals and dividing said second time-

multiplexed signals into one or more internal signals.

25 8. The reprogrammable logic emulation system of claim 7
wherein said plurality of reprogrammable logic chips comprise

field programmable gate arrays.

S. The reprogrammable logic emulation system of claim 7

30 wherein said plurality of input demultiplexers implemented in
each of said plurality of reprogrammable logic chips and said
plurality of output demultiplexers implemented in each of said

plurality of reprogrammable logic chips are implemented using
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236, et c. whsmsaseaonHeciheas Hes Wknptacadeed to be routed but hapcr/usesher7t
i ncl uded into Ioglc uuﬂL Q!Ln constraints data. WO 98/ 54664
PCT/ US98/ 10171 72 Ad nming is also required for a clock
distribution circuit (Mix chip on control nmodul e 600 (shown in Fig.

19). This is a part of a clock circuit Used to select no nore than eight
user clogksqreaghtngisagh ghdt 58id0ghSue/ €51 NGRS updad £ prpgram ;4434
supplies final parallel partition, place and route (PPR) softmare 1036 with
t he i nf oPfarepRodbetmable deouia qﬁMPSIC)aSS|gnnents produced by system
router 1032. For non-tinme-nultiplexed designs this is just an assignnment of
10 signals to I/O pads. For tinme-nultiplexed designs, TDM |l ogic on the

peri phery of l@gichhiggpmbgnENMahﬁfIﬂpgiﬂn¢mulatisnabyetamd@¢ Hiaial 7

par ald el | pl ace. an e PR), brogram 1036 r.eruns. the PPR
progrgam | %l% gll?e it Sa?rjbcge{ Orgér éjc'z:tﬁ %l%;églglﬁ?b%i As & K l&ﬁq]parf‘éry
of the chfptwésdesagadsa@nahﬂn, the PPR programis available from Xilinx
Cor poration. The rerouting changes logic chip 10, 204 configuration files
previ ously produced at prelimnary PPR step 1022 and fixes the Pin out as
det erm ned by1syst efer qwipdug rsirefa i8S o @l emulatirdaﬂSsysaemr effergied nvet hod

and apparatus, for _enulatin verifyjng n aIyZ| an i ntegrated
circuit WBE¥BéBn® é@bﬂqxiﬁl4hﬁ+%eéWBL ﬁagaﬁggléétﬁoﬁ?mﬁlQQﬂ%Pn

i nveny i ogrhayarbaesighown gad sdescri bed, as mould be apparent to those
skilled in the art, many nore enbodi nents and applications are possible
wi t hout 25 departlng fromthe inventive concepts disclosed herein. The
invention, thepefope i $eRYodh@ArRRJIRSt M IGAS exeaplidtide SRidddn of #die

appended clalns
implementing an integrated . circuit design, the integrated circuit

design characterized by a clock path structure and a data path
15 structure, comprising:

a plurality of reprogrammable logic chips disposed on a
first circuit board, each of said first plurality of logic chips
comprising logic blocks for implementing logical functions, said
logical functions including both combinational logic functions

20 and sequential logic functions, each of said first plurality of
logic chips further comprising a plurality of input/output pins
which are programmably electrically connectable to said logic
blocks;

a plurality of input demultiplexers implemented in each of

25 said plurality of reprogrammable logic chips, each of said
plurality of input demultiplexers electrically communicating with
one of said input/output pins on said reprogrammable logic chips;

a plurality of output demultiplexers implemented in each of
said plurality of reprogrammable logic chips, each of said

30 »plurality of output demultiplexers electrically communicating
with one of said input/output pins on said reprogrammable logic

chips;
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T ot ARG Ao PP LR aHe bEPLOR. TS B4 T (80 Gt EmenBel oat
at Ieast one lanppllﬁ@@wﬂy bEr Bulglt &@Ildzlpn@#ez%emﬂﬁld@de&i@éd (.ﬁi’r)eé@ﬁebfl ng
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a plurality of reprogrammabl e interconnect devices (12 25 each of said

r epr ogr arfBie QWERWE oNRSATS dePRcesS1P) RANLRS-litiput PSut prepregramarbland

intefpal Gi¢rLrdhye i Ch;gan be reprogrammably configured to provide
i nterconnections befween Sefl ected ones of said input/output termnals, said

plurality of rempbgrakitylefinretonerelt telegessainplamenhgdanni apah 86

one. 1 nputTact B e, HEER Ak B T e g AT o e, B, 888
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15 logic chlps,

a plurality of conductive traces disposed in said first
circuit board, each of said plurality of conductive traces
electrically connecting one of said input/output pins on one of
said reprogrammable logic chips to one of said input/output pins

20 on one of said reprogrammable interconnect chips such that each
of said reprogrammable interconnect chips is connected to at
least one but not all of said programmable input/output pins on
each of said reprogrammable logic chips:

said plurality of output multiplexers implemented in said

25 plurality of reprogrammable logic chips combining one or more
signals from said data path structure of said integrated circuit
design into first time-multiplexed signals; -

said plurality of input demultiplexers implemented in said
plurality of reprogrammable interconnect chips receiving said

30 first time-multiplexed signals and dividing said first time-
multiplexed signals into one or more component signals;

said plurality of output multiplexers implemented in said

plurality of reprograrmmable interconnect chips combining said one
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set of flxed electrlc connectlng sai d progranma
i nput/out put term nal Ea BE togrannable 2 logic devices (10) to
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terminal s on €ach of ~sal d reéprogramia ogl ¢
el ectricakhyl reconfigurable |ogic assenbly as recited in cIa|n11 mhereln

sai d reprogrannable l,0 evi 1 .S arra s
10 3. An electfl&glp9u%@§ éﬁgéﬁﬁﬂfg<§§dyiﬁi§;ﬁ%%f% &t
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conpri se pigeaaRMEBk® G A hie imtAhLl effddLpd]y reconfigurable [ogic
assenbly as recited in 20 claim1l1, wherein said reprogramrmabl e :

i nt erconnect devices (12) conprise field programmable gate arrays. 6. An

el ectrically regonfipgur ableg rbgghrmassenh lasen§£a£§gn'§y§£éh%é cwﬁﬁeii'

sai d reprogrannable I nt erconnéct devices (12) onprise an integrated
circuit h# ?ﬁ@lan%ﬂ#%ypbﬁr%lbéxp@ﬁnﬁﬁﬂMQQﬁﬂmmﬁQ&ﬁ|b@gég chdpsorcomprise

10 field programmable gate arrays.

14. The reprogrammable logic emulation system of claim 12
wherein said plurality of input demultiplexers implemented in
each of said plurality of reprogrammable logic chips and said

15 plurality of output demultiplexers implemented in each of said
plurality of reprogrammable logic chips implemented using
programmable resources of said plurality of reprogrammable logic

chips.

20 15. The reprogrammable logic emulation system of claim 12
wherein each of said time-multiplexed signals is a combination

of two design signals.

16. The reprogrammable logic emulation system of claim 12
25 wherein each of said time-multiplexed signals is a combination

of four design signals.

17. An electrically reconfigurable logic assembly for use

in an electrically reconfigurable hardware emulation system which

30 can be configured with a circuit design in response to the input
of circuit information, said electrically reconfigurable logic

assembly comprising:
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a plurality of reprogrammable logic devices, each of said

reprogrammable logic devices having internal circuitry which can
be reprogrammably configured to provide functional elements
selected from the group of at least combinatorial logic elements
and storage elements, each of said reprogrammable logic devices
also having programmable input/output terminals which can be
reprogrammably connected to selected ones of said functidnal
elements configured into said reprogrammable logic devices, said
reprogrammable logic devices also having an input demultiplexer
and an output multiplexer implemented at at least one
input/output terminal, said input demultiplexer receiving a time-
multiplexed signal and dividing said time-multiplexed signal into
ene or more internal signals, said output multiplexer combining
one or more internal signals onto a first single physical
interconnection;

a plurality of reprogrammable interconnect devices, each of
said reprogrammable interconnect devices having input/output
terminals and internal circuitry which can be reprogrammably
configured to provide interconnections between selected ones of
said input/output terminals, said input/output terminals on each
of said plurality of reprogrammable interconnect devices
receiving a time-multiplexed input and placing said time-
multiplexed input on a different one of said input/output
terminals; and

a set of fixed electrical conductors connecting said
programmable input/output terminals on said reprogrammable logic
devices to said input/output terminals on said reprogrammable
interconnect devices such that each of said reprogrammable
interconnect devices is connected to at least one but not all of
said programmable input/output terminals on each of said

reprogrammable logic devices.
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18. An electrically reconfigurable 1logic assembly as
recited in claim 17, wherein said reprogrammable logic devices

comprise programmable gate arrays.

19. 2an electrically reconfigurable logic assembly as
recited in claim 17, wherein said reprogrammable logic devices

comprise field programmable gate arrays.

20. An electrically reconfigurable 1logic assembly as
recited in claim 17, wherein said reprogrammable interconnect

devices comprise programmable gate arrays.

21. An electrically reconfigurable logic assembly as
recited in claim 17, wherein said reprogrammable interconnect

devices comprise field programmable gate arrays.

22. An electrically reconfigurable logic assembly as
recited in claim 17, wherein said reprogrammable interconnect
devices comprise an integrated circuit having an array of

crosspoint switches fabricated thereon.
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