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Abstract 

As the complexity of high-performance 111,r 『 (lpr(）（·CS`()1' IIl 
creases, fIII1(:tional v('rificat,ion IlC(이om(、s m( '", aml m야,. dif
fieult and RTL simulation emerges as t.he bot.t.lenerk of t he 
design cycle. We suggest C language-based design aud ver
ifirat.inn met.hmlology lo enhance the simulation spc,ed in
st.Pad of t.he ronvent,ioual HDL-ba""d mct.hodologi,·s. RTL 
( ' m(l(kI( ,5'IrM ') descril,cs tllP (Vrlr-ln.sed IwImwors of svn
rhro11011s cirn1its and is followrd h;v model refining and opti
mizat.ion using LifeTime Analyzer(LTA) and (.'fr<uwr. The 
simulation speed of cyde-hase<l ( : model makes it. possible 
to t.C'st. the RTL design with the "r,.al-world" application 
programs in t lIe order-of一11Iagnitude fast’`r speed t‘Imn tIw 
,ommerrial event-driven simulat.ors 

1 Introduction 

The advances of semiconductor t.<>chnolo!',y have m~de it. Cea
sihle t.o int.<-grat.e more t.han ten million lransist.ors on a sin
,.,1,. chip and to operate at. a dock speed m(）『 e than 1011MHz 
. This a.sf.011nding design complexity ha.s r<'s11lt.ed in t.lw 
V<'rifi('ation challenge of microprocessor hot h in academia 
and indn:st.ry(l. 2, .J]. The hardwar<' emulat.ion(4]. hard
ware accderat.ion[5]. formal verificat.ion[l] and cyde-ba.s에 
sinrnlation[6) have become th<' st. .. te-of-t.he .. a.rt verification 
methodologies. The cost. of em11lat.i011 hardware is very ex
pensive and it. requires that the gat.e kvel d!'sigu is already 
finished. Th<>refore, it. is 11enerally used for t.he pnrpos(' of 
final verification before t.ape-out. rather thlln for t.h<" ,-arly 
design phase. Formal verification method ha.s been used 
succ.essfuHy t.o verify a wide varieti· of moderat.!'처zed hard
ware designs[,]. The indust.r_v is beginning to look at. formal 
vrrificat.ion a.s an alternat.ive t.o t.he simulat.ion for oht.a.in
ing higher a.ssmance t.han is rurrent.ly possihl(소. l)espIt (` t Iw 
grcat inc'rea.玉 in t.lIe number of organizatI( ) 11S aIId pr().i('('ts 
applying formal met.hods. formal verification is st.ill t.he case 
t.ha.t. the va.st majority of potential users of formal methods 
fail t.o hernme actual nsers(8]. 

The ha1dware descript.ion lan1;ua11,e(i!DL) such a.s Vl!DL 
책cl Vnilog is a convenient. met.hod t.o <i!'scrihe a hardware 
an<l becomes a 1100d bridi;\e bet.ween RTL{ Rep;ist.er Trans
fer Lf'vd) d-,s('ripf.ion an<l lo,i,ir svnt hesis. But. most of f.h,· 
d,·sip,n time is cons11111Pd by sim11lal.ion rathn t.han the de
script.ion it.self. A ('yde-ha.sed sim11lat.io11(6] 때d compiled
,ode simnlator[!l] shows a dear simulation perforn1an,<' ad
vantage over an event.-driv<,n simulat.or[IO]. But.. t.he 11,eneral 
pIIrp()se VeriI() R Simu1 .. t.or is t.oo slow t.o he use.I a.s a system
IewI .simulat.ion. 

In t.be descript.ion of t.he RTL synchronous ,i 『(＼lif. ， WP 
use "( '" lani;uage rat.her than Verilog-HDL. Therdore, 1.h<'re 

1s uu 11<•,·d lo lra11slal<' VPrilog model inl,o int.ennediat.P ( • 
(、()(k 1111lik,、 {`.wI,'-baS(·(I iJr mmpikd~C( >(le simulatm·. On the 
() t Iwr InmI , IIl i Iw d,.srnpt.l(II1 (If t Iw hamlwarC ,IsiIIg ( \ d( '

sigIWrs sI"" 'Id , akC ,.xhmtlf (·;W(. ,n r() 1lsideriIlg static SIgnal 
srheduling ;LII(I I.imi"g isSl1f'S Sl1(·h a.s inappropriate usage of 
"Ip--flops or lat rIIPS` a.sv1lchr() 1l0l1.', (-ombinatio"al l(）（） l)오 aIl(I 
l)i he 『 ImtPnt.iaI l imiIlg hllgs` wlnrh ar{、 not ea.sil:v disrov
rr,·d in cyde-ha.spd simulation. To eradicate th,• har<lwar<'-· 
lImmpICII1('Iltilb1(• df、script,ions, we devise a "LTA(LifrTimr 
And.YZ(.r)" , aIl(i ”( ＇ kaIl('『" which 『rfin~s and optimizes the 
( : modd ha.sed on SF<;(signal flow graph) of the RTL <le
S1gn This appr(larh r(,I1l0Vt·s t lw diS(- rcpa.IIC.v between ( ` 
m(l(｛이 ancl real hardwa.r(', and r(、suhs in siJ,!,nificanl simula
"(l1l sp'자1lp 

We wiII show t,Iw performilllC(. of ()IIr ( 나)a.se<l simulator 
comp파d to other HDL simulat,ors usin~ HK4R6. an int.el 
N(14N6"roIll pat‘ib1c mirropr{lC(.ssor a.` a.Il PXample. 

This paper is organiz떠 心 foll(lWS. We d~cribe (lllr de
sign vnificatinn metltodnlo!!;y in s<>ction 2, A proposed RTL 
( '~ ba.sed syIlrhrllllll恥 {·IrCIlit d산`igu and relale<l problems are 
sImwn lll SC(- t ioII ,1 FinaIly, t hc performan@ reSII1t of simIl
lili,or is sIl(lWIl iIl S0(-tiOII 4. 

2 Design Verification Methodology 

2.1 Verification Flow 

I II onr top-down desiii;n ffow of microprocessors, desiii;n is 
gradIIally IcfiI1e<l aII(i rmaIiz여 from the specification t.n I.he 
ph)'sical implement.at.ion. Accordinii; to the description level. 
( -', . ( •, a.nd ( '., ,,.present t,h,. modd of microproc!'ssor writ
tP11 III ( ' for Iw>1mvioral. micro-opPrat i() 11a.1. and RTL, rPspe(- 

t.ivdy [I I]. 

Table l : I lescript.ion of < :pl[ models in various levels 
I kV1 1 ,11(wIeI | 서죠마"°'1 | feRtur5 

(\ P(_)1arIS ma("ro 1t1Rtruch0" t,ehav]Or r~gister 
( 2 M('\ mI<:ro~opiel'at.10n r학g1ster 

mt,이Tta1 bus 
(、.＼ St.r,p( 저 ·lock 악’.,le-bas떠 RTL register(FF lat라1 ) 

Phil erlK,. , Phil l•·v~I mtE>rnal bus 
Ph12 터~~!, Ph12 I"이 .-:-ombII1파 1onal 

P1Pdin€ 
v, VtnIog rll'I( k aii처 PVent-|"ttL`(;'-ct IU regIstn야al1 n bu·s,1atc111 R.’[ ' I, mt.er 

comb1nat.1ona.l 
pipehn,• 
t11n111g 

As Tablr I shows. l'olaris describes t.he exact hehav10r 
of xR6 instruction s이 witImIli t,Iw detai1여 architecture such 
a.s piprlinin11,, superscalar instruction pairin11,, multipl<- func
tioual units and ca.ch{', Rc,present.in11, a hi11,her abstract.ion 
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level in Polaris allows us t.o produce a reference model wit.h 
very few b1111:s an<l to execute at a speed more than 150 times 
than that of the RTL (: model. The speed of Polaris makes 
it possible t.o run the test. suit.es consist.ing of several billion 
instructions on soft.ware model. This is impossible wit.h com
meff'ial cydf'-base<l si111ulat.or or ~at.e levt>l HDL simulat.ion 
even wit.h hardware accelerat.ion 

For 1 he (TIS( ? miCI'OpI' ()cessors, 01l€ I11acro iIIstrIIct.ion lS 
subdivided into a number of micro-opera.tious(usually ca.llPd 
micro-code) a.11d ,onsumes 11111lt.iple clock c~•des. Af('\ '(Micm 
('ode Fe!'ificr) is a ( 'I'll modf'! in mino-opcrat.ion level. 
wlurIl compIeIIICI1t.s Ihe gap between thc higher IP\'eI ref
ereIl@ modeI aII(l 사ork cydf'-ha,어 RTI 」 m{ ){kI 

The RTL ( '. mod<'!. called St,·c(.'which is chosen inslead of 
Verilog-HDL for it.s speed performance, 값cnrat.ely describes 
t he ryrIe-by-ryrIe syIIchroIIOIIs logir beImvior. Ba.`irally it i` 
similar to the cyde-bru헛ed simnlat.or. But. I.here is no n<'ed t.o 
t ranslat.e Verilog model int.o intermediat.e C code. Descrip
lion of the design itself is a const.ruct.ion of t.he simulator 

The speed advantage of C over I.he general-purpose HDI』

1s liken t.o the a.~semhl_y programming over the compiler
쵸sisted high level lani,;nage programmini,;. Even I.hough the 
hardware descript.ion 11sini1 C is more difficult. than the well
formalized VHDL or Verilog in many a.spects, it.s simulat.ion 
speed is very fa.st t.han t.he general-purpose commercial sim
ulat.ors and compensat.es t.he difficult.ies of ( : modeling 

2.2 Inter-model C onsistency Check 

An important problem in the top-down design flow is to 
maintain the consistency hetween the consecutive d('sign lev
Pis. In traditional approad1<>s (12, 13, 14, 15), traces of both 
a r<>fnence model and RTL model are dumped during the 
simulation. Aft.n finishing the long simulation, the post
analysis tool compares two trace files. lnconsistenci<'s in 
regist('rs, flags and memory map are reported for d야ug

ging. llsually for a long simulation, trace file size may 
lw larger than several (;ill,a hyt.es. Moreover, dumping of 
signal trace overburdens the simulation speed hy !; or 6 
tim<>s. \Ve use a dynamic int.er-model consistency ch('ck us
ing IPC(lnterprocess Communications) mechanism in UNIX 
d u rinll, the co-simulation of St.reC( RTL model ) and M t '\' 
(r('ference model) rather than the static comparison aft.er 
the simulation is finished. It. neithn requir<'s larg<' trac(』

files nor degrades I h<' simulation spc<'<l 

3 StreC : RTL C model 

St rc( ` 年1lrateI.＼＇ ( IcscnI) ('s t hc (\wlF-bv-r.\ 'ck syl1chr(JIl0ll` 
logic behavior taking care of signal precedence relation a.s 
shown in Fig. I. The signal types are classified into three 
according to the t.iminis whf'n the signal is evalnat.ed and np
dated with docking: WIRE for combination리 signals. REC; 
for edge-triggered flip-flops, and LAT< IH for level-t.ransparen1 
latches. < 'ombinational signals arc immediately evaluated 
for varving inputs. Flip-flops arc updated only at the dock 
t'dge and are preserved until : II<' next. dock eclgc, even though 
thC'rf' are input variations. Lat.ch ha.s sp<'cial chara.ct,·ris
tics: transparent duration and latched duration . During 
the- transparent duration, the lilt.ch 0111,put. follows th(' in
put, otherwise the output. preserves th<' valne of the input 

at. t.he t.imP of I he most. rerent. lat.d1in!!, ed!!,<' . 

... .. , ....... 
I""'-""':"° 

• —.! _ _ .... 的”"＂m;
~J 1___—- ．」 .... ~ 

I • ... anR"F라 
..., -L · - . j ;. ___ l__ 'r-, -,;;;_jjj 

도:~》 '(>- 「루주~31 
I /r 

P1• P2ef [P21 , "~ F'2 7 ... _FF21, 

I [ I ..... -~1; 

| X~三:단손): [ U _ f"'2二:13(田I.
느‘ C ..... = 14(""2.FFl,"-31, c- = f!!(Conoo'I; p,. P2E P1• 1 나야1 국m; 

(a) o,) (c) 

Figur(' l: In 2-pha.s(' ( ·locking sch('me, phiI is simply a.s
`Ilmcd ,o I)e t he rolllplPIIlPIIt. of phi2 ill rycle_ba.또d simula
t.ion : (a)Signa.l Flow (;raph(Sf<;) showing t.載 signal rela
t.ions, (h) Symbols for SFG and (c) t.he corresponding RTL 
( ' drscri Pscnp1.I(III 

We use a symmet ric t.wo-pha.se doc:king(phil and phi2). 
In St.re<'. all t.he flip-Aops are updated "simult.aneously" at 
1-he dock edge(c:allf'd PJ E or P2E) without. any mutual de
pPIl(IeI1CV ,1SIIIg sperial fmmioII, assignReg while the rom
biuat.ional logics ar<· evalnat.e<I in the middle of dock c:y
d~(c:alled PI L and P2L), and the lat.ches are evaluated dur
ing only one of clock J,,vd 1.e., PIL or P2L. According to 
our cxpc 『ien,es. t.he da.ssification of evaluation time int.o 
the edge and the level, makes t.he debugging simpler than 
the commercial cycle-based simulator which evaluates all thf' 
signals onl_v at. dock e<lges(6]. 

Fig. ~ shows a top module of SlreC, while loop mcreases 
a clock rnun1-<'r and calls all the subroutines for each unit in 
sncc:rssinn at. t he two dock edges arul two dock levels. All 
the subroutines for the units in HK486 are shown in Fig. 5. 
Hardware interrupts and IPC differences are checked at. every 
c:yde. The SAVE, TRACE, RESTART, and PROFILE feature of 
St.re( : will he explaine<l in t,1lP Ilext section . 

In Stre( :, circuit. evalnat >on is implernent.ed a.s a func
tion call. t herefore. even though t here are changes for in put 
signals, the output value remains fixed until t.he function 
call Snwe tIw fl'p-flops a『e updated simultaneously onl~· al 
the dock Pdge. t he seq11enc:r of fnnc:t.ion calls for th<' flip
flops at PIE and P2E do(、S IIot. mau紅 But special rare 
shonkI Ive takCll 1(1 aIlow tlw evetlts t( ) flow corrertIy he
twe€11 Sllb-fllnctI() 1ls t( ) Illaintain tIlc prem(kn@ reIat,ion of 
the combinational logic circuits hec:ause the Stre( : is not 
an event-drivrn s11nnlat.or. Signal Flow (;raph(SFG), which 
represent, 1lie precedence and temporal relat.ions between 
signals in F ii,;. I 、 is \'ny useful t.o det.nmine the sequence of 
the c:ombinat.ional and latch signals. SF(; is also very useful 
for correcting rna.11~· tricky timing problems which, although 
11nv<'iled d11ring I he c_vdC'-ha.sed simulation, ran lat.er he de
tec:ted a.s hardwar~ hugs 

The sequence of description for th<> combinational signals 
in St re( ' is similar to the levelizing Ul('C:hauism in the lev
elized compiled-code(L( 미(재) `＇＂＇＂ 1사(1r[16] ， m, 

I. Assign lrwl(s) = II to each primary input. signal .s 
2. Assign le1•rl(.s, ) to each of.her signal .,, such t.hat. 

level(s; ) = I + MAX{l<'vel(s, )} for all s; E Fanin(히 
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StraC._maln(IPC,SAVE,TRACE,RESTAFIT,PROFILE); 
{ If( Reatart ) Lo"'_Statua() ; 

whlle( lalmDona ){ 
lf(SAVE) Sa __ St■tull(); 

clock++; 
FphI1 ph ••• *I 
P1 트 .• v·IU.tIon(); 
Updata,_Fllpl'lop(); 
P1 L_.V'umIon(); 

r phl2 ph•- •t 
P2e_m,．lum이); 

Updata_FllpFlop(); 
P2L_•mIumion(); 

If( mlcrocod41 .... EN D ){ 
If( IPC) tPC_erro『_check();

lnatructlon_count ++; 

Fi1a1,1tr<' 2: Top 111od11le of StreC increa.se,、 the dock count.er 
for ea.ch clock cycle and calls C subroutines for Pl E, PlL, 
P2E aII(l P2L il1 sequencc 

A sequen('e of signals is d,•termined such t.hat no values 
a.re referred t.o before they have been calculat.ed. The se
quence of signals within t.he same l,·vt>I is arbitrary because 
no inlt•r-depeudencv f'xists between them . Some latches and 
combinational signals 야n be mult.iply scheduled because of 
inter-block cross referencing. This will be explained later i11 
more <let.ail. Tb .. se<1uence of funct.ion (가,II is delermin떠 in 
a static fashion after t.he signal levelizing. This is different 
from t.he event-driven siumlat.or, whNe dynamic sche,ln\ing 
ovc,rhea.d significa.ntl~, dee 『easPS 1.Iw simtllatI() 11 spe .. (I 

3.1 C Model Refini ning and Optimization 

In t.he modeling of RTL circuit, using ( :, there are several 
problems to he considered, which are static siii;nal sche<lul
inp,, comhinat.ional or asynchronous loop detection, rep;is
t,er i&nt,'ficatioI'· cycIe st,ealjng, and faII-in/faII-OtIt, Iiming 
probleIIIs whi(·IL alt IIOtIgh tInveiIed dtIrmg t\,e cyrIe-ha.Ged 
simulation. can later be det.ect.ed as hardware buii;s 

I,i,fFTim€ A'mIyzm(LTA) generat.cs the SF(; fr( ) 1tl 1ltC 
RTL ,`irrlliI, ( IescriptiotIs aII(I identihes 1lw sigIIaI type(flip
flop. lat.ch, and cornhinat.ioual si11,nal) and lifetime for each 
sig!1al;. 1, ( , when t Iw fmI-III siK1\als arC i\''nPIaI,al aIlcI whCl1 
IlI(• SIg11als are tlSed a.` fan-OtII鬱,

\1s.iIIg I,11e lifetim,• iIIformaI.i() 11, ('lf{IIIFr d€1,e(.t,s tlw de
script.ion rnle \『 iolation, sud, a.s co111hinat.io11al 1011,ic descrip
l ion at clock ed11,cs. precedence relat.ions violation for latches 
or rnmhinat.ional si12;nals and ,omhiuat.ional or a.synchronous 
loops. And Cl야,er does the furtlwr optimization s11ch as 
traIIsf(）『IIIatioII froIII flIp-flop t, () lat(·II, cydl포stealing, aII(I 
r,망srhmIIIli) ＼ g, Tlw pseudo (`ode f(ll· LTA aIl<l ( !leaner is shown 
in Fi,a:. :1 

SF( ; is t.lw k,·y to hot It LTA and ( :jean,·r. I?( ）『 (1atap
ath blocks, each element in datapath i,- reprrsented a.s one 
vertex in SFG. while for nrnt.rol blocks, one vert.ex in SF<; 
EI) ）、PtCI'Is a dl1sicr with nmIty 자,ron11,ly-coupled 이€111cnt,s. 

This clustered SFc; also speeds up I.he circuit. analysis and 

optimization proc("S1<. Moreover, it provides the designers 
with the hi11,h-level view o( circuit structure. 

A 『tP『 rnnst.ruct.ing the refined and optimized model ( 
shown as c• in Fi11,. :l), it. is one-to-one t.ransla.ted into syn
t.hesizable Verilog code by C2V(C-t.o-Verilo11, Compiler) and 
datapath schematic:s for th<' following physical implemen
talion a.nd t.imin11 simulat.iou. The flow for RTL C model 
refini1111, optimization. vnifica.t.ion and Verilog code genera
tion is shown in Fig. 4. 

m•ln(); 
{ lnput(C); 

rLTA 기 

stg__generation(); 
lllpl_type_ldentlflcllllon() ; 
111-tlme_.때y玉); 

RE ... 1141f 기 

StreC_dffcrlplion_rule_chec:k(); 
lo,_tlming_checl<(); 
combllllltlonal_latch_levellzlng() ; 
"dum"nt_FF」』ch_"mm,．l(）；

FF_to_u七ch_tr•"""m"ionO;

cycu_*"'’따1-•1111lyaia(); 

一ullngO;
output(Cj; 

FigII 『c 3: LTA(SF< ; '1,<'neral.iou j and Cleaner( refinr and op
t.imiz이 improvE>s t h,• ( 이 '"')(kI 

To (Iescribr tIw `yndIroIIO11S rirrnit in ( " is not. a simple 
job, it. l'<'quires c:aut.,ous <>ffort.s. But. most. o[ the design time 
iS C() 11S1ll11ed by simIIIat.ion time rat.IIer t.han t he (Iescription 
of &sigI! it.seIf. 

·············· LTA 

L ....... 9-l연산면연.'！!!!~!~!!?!:1 ....... .i ·············· StreC 

D一.一thA‘=드노 C2V 

Fip;ur" 4: De.sip;n flow from RTL < · model to s.vnt.hesizable 
\'Nilo!\ code 
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3.2 Scheduling problem in StreC 

Intra-unit scheduling is fully automated with the help of 
SFG. while the inter-unit scheduling is very complex. Of
ten t.he long 惡quence of function calls makes an unint.en
tional combinational loop or a.synchronous loop which con
ta.ins one t.ra.nsparent. latch, which is a ma.in t.rouhl,:, maker 
in the cyde-ba."'-'<I simulation 

Some units are sch('duled multiple t.imes because of inter
unit. prec여ence rdations. As shown in Fig. !\, <lnring P I E 
and P2E, t.he s여uence among C. D, F. S, I\, B, X, T and 
(; 1111it do('s not. matt.er, while d11rin11 PIL and P2L, I1,,. 
seql1eIIce amoIIg snb-functions is Wry crit‘kal t,o th(、 exact 
f1111ct.ion evaluation. Note that the X unit. is scheduled three 
times at. PlL, i.e., X_p1L_1, X_p1L..2 , x_p1L3. Especially 
in P2L, the schedulini; is more complex. Most. 11nit.s are 
multiply scheduled: <.:unit. - three times. while D. F, (;, K, 
and X unit are scheduled t.wic<'. 

P1E ..,.”"" ; P1L omu ... p2E emlua” ' P2L ev·1U•“ 

冒 , om ..... omam` __ --m ............... c m 0 ..... Cu .. m미 ...... _y_r-.... m"고고L`----’1＇'＇ 

큽뭉 冒
: 

Figure 5: Statically-scheduled sequence of sub-function for 
sub units in HK486. There is no precedence relation for the 
function calls in PIE and P2E, while the sequettces for Pl L 
and P2L are critical t.o the exact function <'valuation. 

t minimization in StreC 3.3 Flip-flop and Latch mini 

As an example of C model optimization. consider an Pxam
pie mirco-sequencer shown in Fiis. 6 whirl whirh contains fivp 
latches and three flip-flops. Wit.h a careful analysis of SFG 
using Cleaner, four latches and one flip-flop 11uarantee the 
same funct.ionality a.s the original dPsrript.ion a.s shown in 
Fig. i(b). Moreover. this refined model(C'*) hot.It improves 
simulation sp윤d and clarifies t he description for the design
crs 

Not.e t.he signal adderout in F'ig. - . 7, it utilizes a cycle-
stealing profit, of .. arout . By req11irin11, a signal to arrive 
early, combinat,ional log,ir may bor-row t imc across the ryrle 
honndaries implied h:v latches. This ahility to borrow tim<> 
provides more mar11in in t he rritical paths. C'.yrl<>지eaIing 

analysis is an import.ant feat ure of ( :leaner 

3.4 Combinational Loop in StreC 

Lat.ch identification is needed to break the asynchronous 
loop or conihinational loop. During 1he early stage of func
t.ioual design, designers do not worry about the use of flip
flop or lat.ch in detail. For example. in the description of 
if --- else st.at.enwnt .. if thf'y do not specify else state
ment explicitly, logic synthesis to<1ls consider it a.s a. latch 
rather than a don 't c(Ire value. In such cases, Cleaner re
ports a warning message 'combi,wtio,wl loop ' and modifies 
the description with flip-flops 

LATCH •1 P2E -drZdc 
; 

'; 
P2 

P1E . 

"후. P2;lLI 

(星) (b) 

Fi~nre 6: Exampl<' mirco-sequencer: (a) C:-model and (b) 
t.he corresponding SF(: wit.I, rf'dnndant. latches and flip-flops 

·a!.。

P2E , 

F2L 

(b) 

Figure 7: Example mirco-sequencer: Result.ant SF<~ after 
(a) refining ancl (b) opt.imizing 

Cleaner searches the SFG hierarchically to detect. pure 
combinational loops or 학nchronous loops with one sin
gle lakh. If any inter-block global asynchronous loops ar<' 
found, then the latch should be transformed into flip-flop or 
another lat.ch clocked in neighboring dock pha.se should be 
inserted inside t.l1e loop. In the ca.se of Hl\486 design, six 
complex a.synchronous loops were found during the signal 
flow anal.vsis 

Fig. 8 shows the datapath example with an a.synchronous 
Ioop If kI(Iu(C'o’叫 + Comb, + (,'omb니 < Trycl-. there is 
no problem for Loop-I even without. lat.ch l2 . B미 Loop-2 
construct.s an a.synchronous loop during phi:! dock phase and 
leads to the malfunction such a.s racing condition . Cleaner 
detects this as_vnchronous loop and proposes some remedies 
to guarantee the correct operations. In this exampJ,., PlL 
latch £2 is inserted in Loop-2. In Fig. 8, it can he seen there 
is no timing problem in Loop-2 wit.h the addition of a new 
PIL lat.ch, i.e., it does; not. aff<'ct t.he correct operations of 
ot.her circuits 
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( a ) ( :,rCIII1 

f•ddr• 

r•qff 

Il、 l SF( ; 

Figure 8: Example prefetch-dpath : (a) <lat.a.pat h wit h 
a.s_ynchronous loop : shadowed latch L2 wa., insert.ed aft<>r ( : 
model refining t.o break the a.synchrouous loop and (h) the 
corr~ponding SFG : Comh1 , Comb2 and Comb., represent 
t wo multiplexers and one adder. respect.ivelv 

4 Result and Discussion 

\"IP appli .. d t.he proposed design and V<'rifical.ion mPt.hod-
0l012,y to HE4RG microproc!'Ssor hrin~ d<>signed al l(A!ST 
which is an int.el 80486-compatibl,- microprochsor. II K18G 
consist.s of 32-bit. pipelined int.e~f'r unit., fi4-hit. flnat.ini: point 
unit and 8 i,;byte cache. 

Most. of t.he control lo!lic and dat.apat.h hlocks werr built 
from st.a.ndard-cell and datapal.h lihrary, while ar,、a atl(i I im{'… 

critical hlo,·ks such a.s cache, TLB(Tra.nslation Look-ahead 
Buffer), shift.er, 찌&r and do,k ~<•nerator WNe desii,;n<>d 
wit.h full-custom layout .. Tot.al 1.25 million transistors W<'r~ 
integrated in ahout l.7 x I.7 rm2 ·I X .i rnI ar여 usinis (l.~11111 DLM 
CMOS pro@SS. A targeI. W(lrkmg cI( )( k fr(' ( l’WII( \' Is ()( I M Ilz 

In (IIlr HK48(i pr(l.If'ct. , IlIerP WC 『(＇ \'ery limiIm1 IIIIl1lhcr of 
de-signers wilhin t.he limit대 srhedIIk () II(' ( l('siR'"'r wroIc 
t.Iw instr11cIi( ) 1l level behavi(）『 III( )(kI. （l11(、 WT이(、 IIw mim()_ 

operation level model, one wrot.c the system board model 
and four designers wrot.e I.he RTL C model. But. 11.sin~ an 
아licieut. des,12,11 verification met.ho<lolois_v, t.ot.al scvpral hil
lion cycles Wf>f<' simulat.ed uni-ii the t.ap<'-011 I . M S-DOS and 
Windows-3. :l were SIIC(('SsfIlll.v booIed (JII I Iw RTL ( ' III(）（1 라 

a.s shown in Fig. 9. Ahout. fiv<' Spare workst.at.mns arc usPd 
in t.h~ design and verification of Hl\486 

Table 2 shows t.hc simulation time n안(ImI Io l)()Ot oper
at Ing svst.eIIIs wit.h I he companmJrI of t he SIIIIIl|at I(JII speC(ls 
h<'t.wi,eu various ( ' models and Verilo12, for I.he ca.•<' of 111,48(i 
The simulal.ion speed of propo찌 RTI, C l111) ( IeI Is fa..`ter 
than 1.he commercial event-driven Vcrilog RTL simulator 
hy ahout. 140 t.imes. Enormous sp<'('d advant.ag(' of Stre< : 
C( ) 111es from the cycIe~b邸ed Iogic evaIuati(l11. In t.he ( .. V(·le-

ha.sed simulat.or, t he se4uc11ce of logic evaluat.ion is deter
mine,! rnmpld.el,v in f.hc st.at.ic fa.shion durinl\ t.he compile 
t.im<' and t.he rFdundanf, sil\nal transit.ions arc not evaluated. 
This l\iV<'S no expensiv .. ovcrIwad of PVPll’ srIl('dllling 

Even t.houi;,;h Sf.rp( '. is very fa.st , t.he 『<' are st.ill rooms 
for fm·I lIer SIWml ,Ip. Rm(·IItly. t I1 야(· are appr( ) acIws[1 ] to 
employ t.lw Binary Decision Dia11;ra111( BDD) t.erhni4nes to 
arlII(』 V(• thc spf·ednp l11 th臼.V(＇ kI沮saI sinmIaI.or lIsing t,1Ie 
BI)1)’s f~st fmldiOII ,'WIhm1.i()1I fmu ,Irc 

ln (.1Palmg WIih largc (·irr""S wIwrc Ill(' ('omplrt.e BOD 
여1l1\ （） 1 bc buiIt dIIc t. () tIIP f'xpl( )SlOII of BI)I) size` WC 야11 

C( ） nsI, 『 "rt llDI) i" ＇('『 IIl` of I1\1야 nill nod('s rat.her t.han pri
mary iIlpl1Is WIwIl wt (’() 11st,l'l1C1, SF(; for RTL ( ' modeI, i IlC 
(`omIl1llatI( ) IlaI r,IIldI( ) 1lS il1’(\ r|llsI,·mj ,Ilkl Slll)～（·I 『cuit whose 
fan-ins "'" lo;.ica.ll_v in,l<'pendcnt.. The t.ranslat.ion of St.rec 
illto BDI)-b狂('(l StrP(: is Il0W ,IndPr wav to spe여 llp ,.he 
fond.ion evaluat.ion with less 11\Pmor,v requirem<"i1t 

'I、able 』. ( :OIIIpariS() 1\ ()r SIIIIII1at,I() 11 spced for h( )()(,ing 
DOS(4GO,OOO) a11d Window니 .I(‘2(l, ｛）（）（ I,0(l(） . mst.ructions) 
(CPS: ('yrl<'s Per Sccond) : • is thc estimated time. 

I?,gIII`C (l .니이 ,·en inrngc showing t he successful hoot.ing of 
Window니. I using St.re( :, which took 48 hours running 
aI) () I1t 2(I IIIilliOIl inst.r11(.t.ionS () 1) Spar(·-2() 

5 C onclusion 

A < '-ha.sed RTL design and verificat.iou methodology for 
complex microprocessor is described in t.his pa.per. It. is fo
rn.sed on fa.sf. simulation t.o remove t he logical errors at an 
€arIv dCSIgII st.age* TII(̀  （＼vclc」 ba.`cd syIIchroIIOIIS circuit de
S( ' rip! i()1I ba.scd oI) ( ' iS III( ) re ('fhrielI1. in t.erms of simIl1at.iol1 
time over the existing HDL simulator. This met.hodolog,v 
wa.s proven l.o b" a.d,•quat.,, for ,mnpl,·x microprocessor such 
a.s Hl(481i. We were ahle t.o boot real-world operat.ing sys
tems and many application programs on those C-models. 
The test. covnage mea.,ure and restart.ability concept. were 
a.lso instrument.al in minimizing t.he verification cost. 
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