1 » A SYSTEM AND METHOD FOR GENERATI NG MASK LAYQUTS BACKGROUND
OF THE | NVENTI ON 1. Technical Field The invention relates to an
integrated circuit (1C) 5 fabrication nmethod, and in particular to a
system and met hod for automatically generating mask | ayouts for
integrated circuits. 2. Description of the Related Art

Advances in the fabrication of 1Cs, suchas progress 10 in the very |arge
scal e integration (VLSI) technlques and t he result|no n1n|atur|zat|on
of I Cs, have occulrS¥STEM AND  MEERED \FOR GHNERALL PR AL QUL oved
fabrlcatlon_.A ' qbrication process the detalled
features of am=PE=E et by priotort t hographic 15 projection of mask

| ayouts ontoja S£Q§h££§51_¥i%lﬁpcordingly, detail ed and accurate mask
generation is | mpor t an or such IC fabrication processes. A
mask features a gmhaelnventimtrelmteﬂ tse\axr alntegratesd erigraniitth (d@C2as t hat

are selectively transparent or opaque to a mavelen th or band of
wavel engt s ﬁ@éalpﬁtaon me%%?@rc%?%rl$WRﬁ¥ﬂ¥q é%ﬁﬁﬁﬂn -gener at e
a high per u yout S
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i ntegrated chhggPyatgaociggulgé,geonetr|cal pattern that achieves the
required integrafed :
2. =3

L]

Advances in the fabrication of ICs, such as progress

10 in the very large scale integration (VLSI) techniques and
the resulting miniaturization of iCs, have occurred in
recent years from, for example, improved fabrication
processes. In the IC fabrication process, the detailed
features of an IC are formed by photolithographic

15 projection of mask layocuts onto a substrate.
Accordingly, detaiied and accurate mask generation is
important for such IC fabrication processes.

A mask features a ééometrical pattern of several

layers with areas that are selectively transparent or

20 opaque to a wavelength or band of wavelengths used in a
particular photolithographic system. To generate a high
performance IC using a corresponding mask, a mask layout
is constructed to transform individual components
associated with an integrated circuit into the

25 geometrical pattern that achieves the required integrated
circuit function as well as satisfying other design '
criteria such as power consumption, speed, circuit size,
minimizing parasitics, etc.

Mask layout generation techniques are known in the
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Gircuit function as well as satisfying other design criteria such as

power consunption, speed, circuit size, mnimzing parasitics, etc.
Mask | ayout generation techni ques are known in the

2 art, such as automated/ conputer-ai ded net hodol ogi es,

hand- perforned i.e. manual |ayout nethodol ogi es, and conbi nati ons of
conput er - ai ded and manual techni ques. 2 One such autonat ed techni que
uses predeterm ned 5 "standard cells" in a cell library. For a particular

process, thiartibsueh a¢ aetromated/cumputent-eddsst nedhadologieshy a variety
of nmethods, jncluding manyal or autonatic h , Qr a mxture of
manual and ab?ﬁﬁﬁ??fg%’f‘?fgéte' ma rflﬁiﬁ%% W%O%%Z‘Qﬁé&soné‘@ or a
particular p | ' f101 : ny
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particular 1C desi gns. Int set” o
| ogi ¢ functions i|Opéesech cahitomatssk tfearinifid sdy predeeerminedel | |ibrary
are selected to serve as_buil ding blocks in constructing an I C. Each

cel| has &n &8&Bedardacetls” i% 3 Sk JdramsociFored PAFSARHLASN regar ding
per f or mance procgggfggéfé'fiﬁféi Toftﬁ%éﬁ%ﬁﬂa}‘ﬂé %ﬁ%gﬁgﬁibggg%%gﬁpd

consunpt i on, “Spee Asignitica age of usin

I!braries.isbyhgtvggggt?e$f hStd£AMhd 1 manualobFhutBmhke cCcel
library; i.e."the cell Tayout is 20 fixed, the tyansistor sizes are- also

fixed, whi chmétheds, ortaenjzerice nhowumiall lnd rartomsttdes metthbde .r esul ting
I C. Thus_t he tain . nformation

characteriziFﬁl§hLi€%$%§,£gxéigé€%£a aI? ?%QM@§5%§§1&F PYOCESEl cel |
Li ke thelﬁelQn&a¥9uéﬁent$g§éiiﬁéifgﬁﬂé”fdyﬁﬂgi by many particular IC

designs.' Each cell in the librafy is a set of discrete
logic functions implemented in mask form. Cells from the
cell library are selected to serve as building blocks in
constructihg an IC. Each cell has an associated cell

15 layout and associated information regarding performance
characteristics of the cell; for example, power
consumption, speed, etc. A significant advantage of
using ceii libraries is that each cell is already in mask
format in the cell library; i.e. the cell layout is

20 fixed, the transistor sizes are also fixed, which fixes
the performance of the transistors in the resulting IC.
Thus the library of cells may also contain information
characterizing the delay, power consumption, and area of
each cell. Like the cell layouts, this information needs

25 to be generated only once for a particular process, and
can remain unchanged as it is used by many designs.

For example, in standard cell mask layout

‘'methodologies for very large scale integration (VLSI)

fabrication, a cell-level netlist, a timing



25 to be generated only once for a particular process, and can remain

unchanged as it is used by many designs. For exanple, in standard
cell mask | ayout nmet hodol ogi es for very large scale integration (VLSI)
fabrication, a cell-level netlist, a timng

3 specification, and performance characteristics I nformation are
used in selecting cells fromthe cell 3 library. The netlist is a file or
ot her set of speci fications which defines the topol ogical and | ogical
5 structure ppeth€icationt andlpetfowmarors ertidact dreitstses i nput and
output ports of various cells fromthe standard cell library. The

standard cel Enfiprmabinnyaraceeed in seleptcng cells drawydhsr oeddi se the

tlist i der t : q | |
et To%SiShgH (TR A R e o e
revised netl ggboaRdcselbn8Uihi BRSA4E DiRd Nehe topdiRARase and dogilkal

specification of the boundaries or .physi cal dinmensions of the cell and
t he i nput Sousprtcture ¢/ theteintcnit sbpflisttield conneathons hstwees a

pl ace-and- 15 route system which arranges and connects the cells. . This
pl acenent an&nPHEséngoﬁﬁEEFFoﬂg?t%l%%gv %ngrﬁgﬁi§|é}om 4@%ﬂﬁiﬁ§dafd |
o Tor e ST BEBR D RUOM LA cehd TUAIRI A Mhifde [ELl Lo The
steps 20 uspreckherger tor gnange coar et tye sthe ngulnstleth foaderactho
cell. If the performance i s unacceptable, either the
increase speed or decrease cell area or power, without
10 changing the logic behavior of the circuit outputs.

The revised netlist and cell outlines from the
database, i.e. the specification of the boundaries or
phyéical dimensions of the cell and the input/output
(I/0) terminals of a cell, are then input to a place-and-

15 route system which arranges and connects the cells. This
placement and these connections, along with the cell
layouts, constitute a complete mask layout that
implemenﬁs the cell netlist. The performance and logic
of the mask layout may be verified in subsequent steps

20 wusing the.performance characteristics provided for each
cell. If thé performance is unacceptable, either the
place-and-route step is repeated or a new revised netlist
is created.

Automated mask layout systems are advantageous to

25 use for large circuits or when a complex mask layout is
to be generated in a relatively short period of time.
However, automated mask layout systems typically lack the
capability to design high performance ICs since there are

a limited number of cells from which to generate the mask



piace—and-route step is repeated or a new revised netli st I s created.
Aut omat ed mask | ayout systens are advantageous to 25 use for |arge

circuits or when a conplex nask |ayout is to be generated in a
relatively short period of tine. However, autonated mask | ayout systens
typically lack the capability to design high performance |ICs since
there are a limted nunber of cells d4romwhich to generate the nask

4  layout. In addition, since the cell library is fixed, t he sizes
of individuaj a{6aPsi StQI s £ 1o, A GRld tHRY i1l librReyadisugisdd,t hus
limting design tradeoffs between power . consunption, speed and area. 5

Manual or "bghbasilZesvesk imdiwidwsel itandistors widdiimsemeellomayr anti st or
sizes in order tqQ achieve higher , , performance.. Transistor sizes in each
cell are nanhalP?JuSte@djG@?%dl$mﬁ%&ﬁﬁwéﬁﬁﬁ§9\EQQ¢QR§E%) LUERT PPYRE in the
cell's envirgn h [ apaci tance, relative 10 input arriva
tines, driviﬁaﬁgﬁ%gﬁgﬁéé %$e+§2%hs, aﬁ%’ delay allotnent for the cell.

Mask |ayogt for empghug®l br » Yiﬁaﬁdeaﬁﬂk byayrand pdduit s fdadeirng a cel |
library tallorgd specifically for that circuit and tinmng specification.
Pl acenent anddjuatinegt obftbrarstetor sigedhdnrslarafnlagpiers gxrlgmrh t he

fool o may bePEELarBnce.  HERRPIFHEnATRAT S A SHS Ao hos
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cell's environment, such as load capacitance, relative

10 input arrival times, driving impedance of inputs, and
delay allotment for the cell. Mask layout for each cell
is created by hand, thus creating a cell library tailored
specifically for that circuit and timing specification.
Placement and routing of these cells can be done manually

15 or with the aid of automatic place and route tools.
Timing simulation and analysis tools may be used to
determine whether the timing specification has been met.

'Manﬁal'masﬁ generaﬁion typically allows better
sizing of transistors to implement increased IC speed,

20 and to reduce power. However, the amount of time
required to manually generate a mask layout is typically-
high, especially when circuits with large numbers of
transistors are required. Espegially burdensome is the
time required to painstakingly verify that each cell

25 complies with connectivity, transistor size, and mask
design rules. In the case of a cell library for an
automated layout system, this verification process is
amortized over a large number of designs. In the case of

manual mask layout, this verification must be done for



20 and to reduce power. However, the anount of tine required to
manual |y generate a mask layout is typically hi gh, especially when
ctrcuits with | arge nunbers of transi stors are required. Especially
burdensone is the time required to painstakingly verify that each cel
25 conplies with connectivity, transistor size, and mask design rul es.
In the case of a cell library for an 5aut omat ed | ayout system this
verification process is anortized over a |arge nunber of designs. In
the case of each dasiigh, nhekalagostchtdesiyerhds citd @wmustiidwe denld f or
each design, _because each design has its own uni que cell l'ibrary.

Syst ems conmbiAPEBTXut omat ed mask | ayout techni ques wi t h manual
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hand to the cell rary o a ed syste
automatical | yith mehAaletebfhAtQuedNavedensdl By | fbdiu prSYRhans: A

di sadvant age of conbi ned automatic and manual nethods is that "a | arge
nunber of SmapbakBdingeaedlis s@esighed by shand 1 rdhpiigedd tldkeiagnt fifcant |y

i mprove performance. Th conbi ned aq{onatic and manual thod therefore
is still aPoﬁuFPW§§€§n§ﬂﬁFﬁﬁ.°r in helpipg £q aubqpatd Ya mask | ayout

ti t | ided b
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15 manual | ayo e fom | ayout to

optim ze powdisafeahtagense, coubinedV dltdetic ardeethwefl aRkthiddyrdised
process to inplenent not only the requisite elenents of the IC but also
to generate EAat a bavgel pu ovE el b nywirated speaiiaRy cells is | n

i ecognized hat an
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transi stor sténBintQOhkutSmatic SHREhudl RAH BHGR Adraaulon@tiad net hods,
manual 25 net hods, and conbi nati ons of such heretofore automated and

manual met hotleof bimgeagensuniyg mask | ayouts. Such
There is a need for a mask layout generation process
that combines the performance advantages provided by
15 manual layout methods; i.e. the ability to customize
layout to optimize poWei, performance, etc., with the
speed of an automated process to implement not only the
requisité.elemeﬁts of the IC but also to generate an
overall improved mask layout.
20 SUMMARY
In accordance with the present invention, it is
recognized that an automated system for generating mask
layouts including an automatic transistor sizing tool is
superior in performance to automated methods, manual
25 methods, and cbmbinations'of such heretofore automated
and manual methods for generating mask layouts. Such
performance superiority is obtained by enploying the
automatic transistor sizing tool in conjunction with

other automated mask layout generating tools.



performance superiority i s obtained by enploying the automati c

transi stor sizing tool in conjunction with ot her autonmated nask | ayout
generating tools. 6 Thi s
performance superiority is not attained in current autonmated systens
W t hout automatic transistor si zing tools since such automatic

transi stor sizing tools enhance the @erformance characteristics of the
generated 5 mask | ayouts. A system and net hod are discl osed for

i ntegrating neaksl proEbrhents sGperiorbty idendenaidadind dn nmask
| ayouts for fabricating an I C corresponding to input data i ncluding a

ti m ng speci turaenbnautheatedksyayens withoutecmetrenatid\tnansiditent osed

met hod i ncl uding the steps,of utomatical ly sizi transi stors fied -
na  tra4A3PGr CABLEI SENCE| BUFRIRREOTREIS CRRTISHES SR DT Aple

celI's, generating g ¢ell obiBEArYncaNGnPLAGLOM Glsd Y I¥ih gerddifuei] 1S to
% Fay # | T

generate the nas out . e system ncl udes associ at menory and

stored pregra@skhauyogtsa. plurality of mask |ayout tools, including a
transi stor sizing tool for sizing transistors to generate a netli st
fromthe input daRasyssemnsadsmerbodi sve diselesed Epedintegnatend and a
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generation tdelclidingeaetating apeeific@Eiombr aflye cfagiellayaytouis from the
netllSt;l% pg%%%&%@%& by the disclosed method including the steps of
‘automatically sizing transistors specified in a
transistor netlist, clustering the sized transistors into
cells, generating a cell library, and placing-and-routing
the cells to generate the mask layout. The system
15 includes associated memory and stored programs having a
plurality of mask layout tools, including a t:ansistor
sizing tqol for sizing transistors to generate a netlist
from the inﬁut éata thaf'meets the given timing
specification; and a processor operated by an automatic
20 mask layout generation program for sequentially applying
the plurality of mask layout tools to convert the input
netlist and the timing specificaﬁion to the mask layout.
The plurality of mask layout tools may also include: a
cell library generation tool for generating a cell
25 library of cell layouts from the netlist; a place-and-
route tool for using the cell library to generate the
mask layout; and optionally a clustering tool for
clustering the basic cells of the cell library into

supercells, each supercell including a tightly connected



route tool for using the cell . library to generate the mask | ayout; and
optionally a clustering tool for clustering the basic cells of the
cell library into supercells, each supercell including a tightly
connect ed 7 set of basic
cells. BRI EF DESCRI PTI ON OF THE DRAW NGS The features of the
di scl osed system and net hod w | | beZone nore readily apparent and may
be better understood 5 by referring to the follow ng detail ed description
of an i BetisbEabagtcegbbilsnent of the present invention, taken in
conjunction with the acconpanyi ng draw ngs, where: FIG 1

i | lustrates £nefE SEEEE8AHIEON QR IHE DRAWINGS duci ng a nmask | ayout; 10

FIG 2 is a flowhart oi.llustrating the, discl osed net hod for. generating
a mask | ayout; Bk feak&?%f éh?’i‘%s&r%‘fi%seagrﬂ%%rﬂ? Sethade i ve
operati on of pehemdi aerasedagysi-e ﬁgge t ; ' ates-
an i nput pat thi | e; %g 2¢ a_‘{' tl% 5 izﬁ?u%??a?%% bae s%en%%fgn?igﬁjrégsggg ation
of a Snebyi seferring to thé Foblovimstdettaekled rdnscxdptiei] ioft an

FIG 7 illustrates clustering perforned on a netlist; and 20 FI G
8is a fIomcHéiPSFFFﬁéY?a?Wh@dbmﬂ%¥H%% Hhe presaiferipventism.atalen |ibrary.

DESCRI PTI ON : ggﬁﬁp gﬂ/ﬁgp I\gul . Referring nowin
speci fic det gél Z?Ej@% raw %gs, 4 V\A%Pa"rll}f(lengr e%reaf"g ’m@? al's

i denti Iyi ng sim | REGOr 12D11ugerat &4 t1od eABsdTosRb S/ ifoI G 1, the
presen '

producing a mask layout;
10 FIG. 2 is a flowchart illustrating the disclosed
method for generating a mask layout;
FIG. 3 illustrates a main menu for interactive
operation of the disclosed system and method;
FIG. 4 illustrates an input path file;
18 FIG. 5 illustrates a symbolic representation of a
netlist;
FIG: 6 illustrates a revised netlist;
FIG. 7 illustrates ;lustering performed on a
netlist; and

20 FIG. 8 is a flowchart illustrating a method of

generation of a cell library.

Referring now in specific detail to the drawings,
with like reference numerals identifying similar or
25 identical elements, as shown in FIG. 1, the present
disclosure describes a system 10 for automatically
producing a mask layout using input data 12, including
data and commands obtained interactively from a user, by

integrating and automatically executing mask layout



di sclosure describes a system 10 for automatically produci ng a mask

| ayout using input data 12, including data and conmands obt ai ned

i nteractively froma user, by i ntegrating and automatically executing
mask | ayout : _ 8 tools. The
system 10 receives the input data 12 including a timng specification
and an initial transistor netlist input froman input device 14, which

may include a keyboard, a nouse, and/or a data reading 5 device such as a

di sk drive feobolecei vhagsiBeemnput rdaéidves tHS impitirddtlata files from
storage nedia such as a floppy disk or an 8 mm storage tape. |nput

devi ce 14 nayincludizngt er tamivgl gpeasfidat tomnaed | amsinitirher systens to
receive the input ,data 12, 10 The input device. 14 sends the i.nput data
12 10 proC3SBRi§aR ReEsIShniBRF nEFAReRt A RNk SRR 14 WHsthssor 18
connected t0,A3SqGHALRL TPRRLYo2Ba2NY L8569 ana/&F AT EHEa %?ehaciTif}Fg system 10
may al so all ow"t he user to i npuf operating paraneters such as an

est i mat ed sceldevdicze suth asdaadpskdétrivei fiefl cetéivnibnghthe pagdt attizon. | n
an exenpl ary enbodi ment, the processing unit 16 is a SPARC

wor kst ati on dRaiimaBneutr datsufibeer 6598t eharagacredisisiFh as ;pout 10 MB

oot o o0 TNIRIPN 30 R0l b btelle capd! Lol TR B P I
appl i cation saflWaiae i19e1yhenst QedcBRAGELIENE 2t HT Al NElystems to
receive the input data 12.

10 The input device 14 sends the input data 12 to
processing unit 16, which includes a mask layout
processor 18 connected to associated memory 20 and stored
programs 22. The system 10 may also allow the user to
input operating parameters such as an estimated cell size

15 and a predetermined cell height specification. In an
exemplary embodiment, the processing unit 16 is a SPARC
workstation available from Sun Microsystems, Inc. having
about lOIMBIassociated RAM memory and a hard or fixed
drive as memory 20. The mask layout processor 18

20 operates using the UNIX operating system to run
application software as the stored programs 22 providing
programs and subfoutines implementing the disclosed mask
layout system and method.

The stored programs 22 include a mask layout control

25 program 24, a transistor sizing tool 26, a cell library
generating toollzs, a place-and-route tool 30, a
performance characteristic extracting tool 32, a mask
layout verification tool 34, and optionally a clustering

tool 36 and an outpﬁt graphics tool 38.



prograns and subroutines inplenmenting the disclosed mask | ayout system

and net hod. The stored prograns 22 include a mask | ayout contro

25 program 24, a transistor sizing tool 26, a cell library generati ng
tool 28, a place-and-route tool 30, a performance characteristic
extracting tool 32, a mask | ayout verification tool 34, and optionally
a clustering tool 36 and an out put graphics tool 38.

9 Mask | ayout processor 18 uses the timng speci fication and

the transistor nehhggt1hgoqgn5ggggsgg§k18 useéayﬁgntfﬁgé?corresponding to a
final mask | ayout. 40 to De used In fabricating an 1C by a

phot ol i t hogr aspleici ficatdsa an8 khewnransiseonrhetThet ntas kgdmeymatte datsk i s in
t he form of a mask layout file which is sent to an output device 42

to generate tYayomksKdatayserragpondéngutpua Finakanask payout O £qiikepl ay

for displaying.t | , sANd/ 0 | . plaotter for
generati ng a_“%&r‘;ﬁé‘p?%%%f‘-ﬁ%gﬂ gogglaep%'.n%e@’%?%p#}gé%#aé}glegrPca‘z‘ts%Ceﬁsa%/out 40.
The out puts detic® in 4ReMBY¥ti.NCrHdemSBRC1 AV bd€ IaRNEHH S NEn ke Fsient E Out put
graphics tool 38 to display and/or print the generated mask | ayout 42.
Al ternativel ya mask dayput délecwhdghnhy sentncd Lale euwrpwttderisea dtdt her

systens such as 15 photolithographic systens_for outputt{ing the nmask
| ayout e @&e the mag{‘Aia};fﬂ%m’*?n Frke ‘%‘,‘tﬁ‘ﬁre éﬁ‘é’c‘f%s‘}@d Tt hod

T s e

printer or plotter for generating a hardcopy printout or

10 printed graphic of the mask layout 40. The output device
42 may include specialized programs such as the output
graphics tool 38 to display and/or print the generated
mask layout 42. Alternatively, the output device 42 may
include connections to other systems such as

15 photolithographic systems for outputting the mask layout
40 thereto.

As shown in FIG. 2, the disclosed method for
generati£§ hask-layouts.lncludes the step of starting
mask layout generation in step 44 by generating and

20 outputting, through the output device 42, a ﬁain program
menu 68, shown in FIG. 3, which allows the user to
individually initiate the stored programs 22. 1In
particular, revised netlists are generated as a data file
termed a module, and selection 7 in FIG. 3 merges a

25 generated cell library with the module corresponding to
the final netlist generated by the mask layout system 10
to generate the final mask layout 40.

By selecting AUTO GUIDANCE selection through the

main program menu 68, the user initiates the mask layout



20 outputting, through the output device 42, a main program menu 68,
showmn in FIG -3, which allows the user to individually initiate the
stored progranms 22. In particular, revised netlists are generated as a
data file ternmed a nodule, and selection 7 in FIG 3 nerges a 25
generated cell library with the nodul e corresponding to t he final
netlist generated by the mask | ayout sysitem 10 to generate the final
mask | ayout 40. - By selecting AUTO GUI DANCE sel ection through the
mai N progr amcaeturodd pricgeamser whitthakasohheioasky | @yetites the

10 control program 24 which automatically executes the stored
progranms acc&t@Leg PEFogransegdcenrtding tpephesheanence ¢f strpd |shawmart of

t he di scl ose og,in Fl . . l.n,an enpl ar mbodi nent, the
mask | ayout g‘éﬂ?&% t14 Cg‘F?&r §§1 Eﬂergéﬁ%age?o‘“‘fﬁ%o _ejr%clﬁ(gh %T the AUTO
GUI DANCE COMTANEn! @x@¥PEELe BmBaHIMSRES! ENé NHadk | Baydlit f@ntrol
exanpl-e, as showmn in FIG 4, which is provided by the user that

speci f i es & heyogrgma2dp xelsponflst ho ther sdlectipn ogf amise 2ZRITO KBIIDANCEINCE
t he mask | ayout generation is started in ste 44, the pethod includes

LEP,
the steps of GOBEERG g gxecuter paRatrh sPerlEingefilat7®hdE @ ti ni ng
specificationy e : d rform r ans| WA d logic
ngnipulation%%$%?}gb %& %géggngﬁafgéa géC%gg%ﬁnggtégép%ggaﬁhgﬁﬂﬁgets t he
timng speci iseat itd@atbypeel €ebenghbhgrogra®i B&tRé SRCGHhd rsisisd or. The

| ogi ¢ mani pul ation in step 48 invol ves reordering of series-connected
net wor ks programs 22.
10 Once the mask layout generation is started in step

44, the method includes the steps of receiving a
trangsistor level netlist and a timing specification in
step 46; and performing transistor sizing and logic
manipulation in step 48 to generate a revised netlist

15 which meets the timing specification by selecting the
size of each transistor. The logic manipulation in step
48 involves reordering of series-connecfed networks
specified by the transié%or netlist of the input data 12
in generating the revised netlist. Such logic

20 manipulation is known in the art, such as described in D.
Hill et al. "Algorithms and Techniques for VLSI
Synthesis", Kluwer Academic Publishers, Norwell, MAa,
1989, pp. 129-169. The transistor netlist of the input
data 12 may be represented as a set of transistors

25 interconnected as symbolically represented as netlist 72
in FIG. 5, where the transistors are structured
hierarchically to any degree from an initial root element
74 which may corréspond to a representation of the IC.

In an exemplary embodiment, step 48 is performed



specified by the transistor netlist of the input data 12 I n generating
the revised netlist. Such logic 20 manipulation is known in the art, such

as described in D Hll et al. "Algorithnms and Techni ques for VLSI

Synt hesi s", Kl uwer Academ c Publishers, Norwell, MA 1989, pp. 129-169.
The transistor netlist of the input data 12 may be represented as a set
of transistors 25 interconnected as syaholically represented as netlist 72
in FIG 5, where the transistors are structured hierarchically to any
degree from aBihgi thal t¥8esiet6HESizing tdoMiLh MBY HPRHPARGY 0 @
representation of the IC I n an exenpl ary enbodi nent, Step 48 is
perforned embodiment, a pevihgedheetlistsiks orresitadhdyt ¢die 26. In an

I nbodj t, i sed list .is created by the
RAAUh RS S R R A TR, S T SR K T
a represent ahbpnigh, 186 ERNt SE0rdPtddSicat fon WU ~idlPRRLI 2R 10 FI G
6; i.e. the multi-branche A1 erarchy shown in Fl I's converted to a

hi er ar chy5of appears| efitatserddd" 76s hixi ¥ préoces.s NGHehewledi-pednadied st f or
si zing, where each of elements 76 is connected directly =~ to the root
el ement 74. R3eXRBGRYi fhev i FiGe Drigiganverted ficemahdierarshyr efer ved by

T ng, e ckeORBhEs s 11 48 bofor@Bellad AR R SAIG Hie e iRt 09,
such as the gngenk| neheharastirof folememi®! B B CdnnectedBaGes@ 1indi Vi dual
transistor sizing 1s perforned, a 15 single cell occurring multiple tines
in the origi hal the root element 74. As shown in FIG. 6, the original
10 hierarchy is preserved by naming the elements 76 with
parent blocks preceding the terminating elements and
separated, for example, by a special separation character
such as the unde:line'character; for example, B C_F.
Because individual transistor sizing is performed, a
15 single cell occurring multiple times in the original
transistor netlist may become several different cells in
the revised netlist.
The.trénsiStors in the transistor netlist are then
automatically sized to achieve the performance criteria
20 specified in the timing specification while optimizing
selected parameters, such as the sum of transistor sizes,
power dissipation, or layout area. Step 48 is
advantageous since a by-hand method would not size every
transistor due to time constraints, and since previous
25 mask layout methods employing automated standard cell
techniques have a limited selection of trénsistor sizes
and therefore are generally unable to meet performance
requirements for a dgsired performance level.

The use of automated transistor sizing in step 48



transi stor netlist may becone several different cells in t he revised
netlist. The transistors in the transistor netlist are then
automatically sized to achieve the performance criteria 20 specified in
the timng specification while optim zing sel ected paraneters, such as
the sum of transistor sizes, power dissipation, or |ayout area. Step 48
S advant ageous si nce a by-hand net Bdd woul d not si ze every

transistor due to time constraints, and since previous 25 mask |ayout

net hods . enpl 5¢FR4tEuiBnEhedIerarabed nagh layout awgatiiqeedisere a |inited

sel ection of transiSiLOL.SkzZzes . and refo e general.l.y _unable to
vt per for nEREELELBHCE L B8 er  rer BRI SORA AL IR Ml piH30
The use of awhamBuRdokM 8PS§hS1SFoSi 15| N Side 4he sum of transistor

12 results in the generated mask | ayout neeting user- specified
timng critesiaeshcberelatés apesisively nvitlzioigrcuitt kresumndt airamditst or
sizes. Since the sum of transistor sizes correl ates positively with

circuit aPeaPRWBYcFPRERPPLLEORovRRE PR UFptYdh, 18 Mt zaddan ofs

m nim zation + . CJ [ r | Lt ROWES an%#o e such
aut onmat ed trg'oﬁ%f:gf'gréggéi %ﬁapggﬁgg%f ?é@%i%cussé’ﬁ n’ _ .esrbulsg]ent No.
4,827,428 toaiMbhaRedt t2hnsivbbehsifing procudoratiagd digirigaddy imef er ence.
10 In the exenpl ary enbodi ment, the transistor sizing tool 26 is

the Timed Lo@i8.Syatanti ¥er 47820TSi29rioyrRunlop efval ablwbhifatomsAT&T Corp.
whi ch accepts_a transkséoa .cgg?ect'vi%¥ file and an /O delay file as
the transi st oPCOTPRERFPSE BOFHE™ d&Y Bf°TF1HITUgh a circuit path is a 15
posynomi g of theIhrFﬁé' &k8hpSaZFSenthSdident ; -the YRiddistd¥ sizigpm! €,
[err] where alerr] and b[err] are non-negative constants dépendi ng
on tool 26 is the Timed Logic Synthesizer (TILOS) program,

available from AT&T Corp., which accepts a transistor

connectivity file and an I/0 delay file as the transistor

netlist. The delay D through a circuit path is a

15 pésynomial_of the transistor sizes x;,, ..., xy; for

example,

x
. (1)

il

x|hu

‘D= i&‘a
=1 4

>c|H
e

b

where a;; and b; are non-negative constants depending on
the circuit comnnectivity, as discussed in D. Hill et al.,
supra. It has been determined thét transistor sizing is

20 a posynomial programming problem, i.e. finding -the
optimal set of transistor sizes involves meeting a set of
upper bound delay constraints on the posynomials
representing path delay as functions of the transistor -
sizes, while simultaneously minimizing the sum of

25 transistor sizes, which is also a ppsynomial function of

transistor sizes. Every posynomial program is also a



the circuit connectivity, as discussed in D. HII et al., supra. It has
been determ ned that transistor sizing is 20 a posynom al progranm ng
problem i.e. finding the opti mal set of transistor sizes involves
nmeeting a set of upper bound del ay constraints on the posynom al s
representing path delay as functions of the transistor sizes, while

si mul taneously mnimzing the sum of 25i8ransistor sizes, which is also a
posynom al function of transi stor sizes. Every posynonial programis

also a  convex program. Thus the transistor blzing $20¥2¥mPhagram Thus
the transistor sizing problem has t he desirable property that a | ocal

opt i mum nust thecdesarable hprepeptapdthagpta rhonall n particular, it is not
possi ble that an optim zation 5 oq$an1mﬁll econe trapped in a | ocal
opt i mum t hat Opg§imu n%?SFh%Bﬁﬁ%ﬁﬁﬁfi%n ?nﬁn9¥ﬂhﬁ§eC@ﬁ@ﬂmecaFnoptina do not
exi st.

r equi r enent sp%ﬁgu%g{rﬁ Imﬁg: % , r’tl%]tgepségélﬁeor‘ﬁgtarg%%tanﬁggfgghay

um of transi stor “sizes to obtain

| ocal Iy optipRbg¥ahU@sll bébeme evtgmsedeid i tlocalMvpeiingie thlato igl obal |y
opti mal val ues. The use of TILOS provides for conputer run time for
the transi stoptsthenglebap optimmes gippraudhdioasd opsima dej petof the
circuit. This is,an advantage over previous 15 transistor sizing methods
whi ch use maf¥ifhti cal programi ng methods with quadratic, cubic or

hi gher run ti fRSparticular, |#hd herbs YRsabadard chie denagsi st or

sizing step outputs the netlist as clusters of transistors called 20
basi c cel | s pagubgemesvsi whibe calhimiging sshe Bym ol tyransistorasicesel
i ncludes the transistors inplenmenting a single Iogi,ce%?tngit such as a

NAND or ReR Gatebtebp teemply, ortimal pratueseln they TS 1E8E our
transistors &H@Eh”§§8 also globally optimal wvalues.

The use of TILOS provides for computer run time for
the transistor sizing step which is proportional to the
size of the circuit. This is an advantage over previous

15 transistor sizing methods which use mathematical
programming methods with quadratic, cubic or higher run
times.

In the disclosed me&hod, the transistor sizing step
outputs the netlist as clusters of transistors called

20 basic cells having associated cell layouts. Typically a
basic cell includes the transistors implementing a single
logic gate, such as a NAND or NOR gate. For example, a
basic cell may consist of the four transistors that make
up a single complementary metal oxide semiconductor

25 (CMOS) 2-input NAND gate. Since transistor sizes are
gpecified for each cell, there may be several other cells
also implementing CMOS 2-input NAND gates, each with its
own unique set of transistor sizes. These basic cells

may optionally be clustered using the clustering tool 36



ub a -single conplenentary netal oxide sem conductor 25 (CMOS) 2-input NAND

gate. Since transistor sizes are specified for each cell, there nay be
several other cells al so i npl enenti ng CMOS 2-i nput NAND gat es, each
withits own uni que set of transistor sizes. These basic cells may
optionally be clustered using the clustering tool 36

14 into a set of supercells. Each supgercell includes a tightly
connected set of basic cells and associ at ed i nterconnecting paths. In

t he exenpl ar digaen St efl ' 05 4 med usin
the APART 5ty agiae oF S peE e e e R e g

tool 36 to grdyhtlggiconneetedeses bfighabec telbsdandtassociaede the tot al
nunber of cells and the nouting conglexity. The clustering in step 50
i ncl udes t he istt@ysonnest iganppkhpng 3R EBei AKEBPLRTY nembodimente) |tAG prary

0 (which e ' |
ci ther ¢ he mERURRAE Tigidn BC8P 20,88 PahEeRpRELhs ity e BERY, (0 2100%

esti mat ed gu ard,N@vedllap1B frofl ATeMSEoks. Peaysere f Slusosi tng! Ust eri ng;
receiving th chosen cell size fromthe input device 14; and perform ng
15 the cl ust exdalg 36 tto greuphdsoghcedl klemeptastogethexi iunprder o uster

size. For exanple, for a chqgsen. Iust%rcgiie of 50,. the cluster tool

36 conbines_?ﬁﬂ&q%sqﬁﬁ §oral gumdgr ot ¢ g iﬁdiﬁ?% Bﬂ%tﬁ%%(cluster, whi | e
a cell of si éc?:n%%eﬁit#ﬁouﬂen%gggﬁei*ﬁﬂg' Tﬁds\é‘%bhsé fﬁé#u&’éssé ps 20

The step 50 l"'ustering includes the step pertormng | ogic
clustering i rpjeraredling kogeetlimite of bReofghay tel®thibsrare combined to

form supercells, thus
: 10 ({(which may be based upon user inputs); prompting the user
to choose either the maximum, median, or a user-specified
cell size (i.e. an es;imated width of the cell in
microns) to be used for logic clustering; receiving the
chosen cell size from the input device 14; and performing

15 the clustering with the chosen cell size as the maximum
cluster size. For example, for a chosen cluster size of
50, the cluster tool 36 combines 3 cells of size 15, 20,
and 10 iﬁﬁolone-new clusEer, while a cell of size 35
would not be combined with a cell of size 20.

20 The step 50 of clustering includes the step of
performing logic clustering in which cells logically
belonging together are combined to form supercells, thus
reducing the number of cells and I/0 connections which
must be placed and routed while keeping the cells small

25 enough to be handled by the cell library generating tool
30 and the place-and-route tool 32. Thus, logically
strongly connected components are laid out together which
reduces inefficiencies created during the placing and

routing in step 54. For example, for a revised netlist



néducing t he nunber of cells and I/ O connections which nmust be pl aced
and routed while keeping the cells small 25 enough to be handl ed by the

cell library generating tool 30 and the place-and-route tool 32. Thus,

| ogically strongly connected conponents are |aid out together which
reduces inefficiencies created during the placing and routing in step
54. For exanple, for a revised netlist 15.

15 output fromthe transistor sizing tool 26, the clustering t ool 36
gener at es a outpuer Edohi ehar thgng8shayri ahzimg toaks2y, dtlexl cdeidtdniary 80
i ncl udi ng supercells 82, 84. | abel l ed_CL1, CL2, respectjvely. Each '

sEperceII g2togd 3659pRegalbes| ApFargteved shierarehy & hawing s unit, as
Rt ' Sl . .
supercel |5 825BF1aSRRORETL IR B Andind | SRGIAN G 0s,

default or byabbelegecrivhere,t bespedtively. =radhesipdaicil 184 s dadhe sum of
the w dt hs of each conponent 10. cell. - The output fromthe

clustering i instcepl5Qibzany 80ndsl Lzidspetidyiageingieariidns saohpwn
supercells, as well as an internal_netlist for_ each supercell. The
“nternal | 4BpEPEeFEPREPERERtIGRCIR: BICt nb CRFREHISD hindhe 15

transistors i cghl . aZhg rexis i rﬁgﬂ ' s a |level
of hi erarchysgggéggﬁé ggl’l 8I1-e§célﬁ¥t %g?%%&gf)eﬁc% |eetset et-is%glteor cel |l

groupi ngs al eRdth Ebtabyedefaulti 6t by théraser cothere the widtthefel |
library has the characteristics such that: 20 1) cells in the cel
|ibrary sati &g sHperceliegai EhfeAud afidilhe whiths phteadt qamponent
place-anthoutg tool 30 in step 54; for exanple, the placenent and

hei ght r &§ditrement s; and 2)  each generated cell inplenents

the portion of The output from the clustering in step 50 is a

netlist specifying connections among supercells, as well
as an internal netlist for each supercell. The internal
supercell netlist specifies the connections among
15 transiétors in a supercell. The revised transistor
netlist has a level of hierarchy above the cell level
which specifies the supercell groupings along with a new
list of iibrary-cells. )
The cell library has the characteristics such that:
20 1) cells in the cell library satisfy the
requirements and/br constraints of the place-and-route
tool 30 in step 54; for exampie, the placement and height
requirements; and
2) each generated cell implements the portion of
25 the netlist connecting the transistors in the cell.
Additionally, it is typically advantageous to generate a
cell library with minimum area. The system 10 may also |

have to. apply a characterization process to each cell to

determine the performance characteristics of the cell.



25 the netlist connecting the transistors in the cell. Additionally, it
Is typically advantageous to generate a cell library with m ni rum area.
The system 10 may al so have to apply a characterization process to each
cell to determ ne the performance characteristics of the cell.

16 A variety of techniques are known for generating cel
libraries as.in step 52. In an exenpl ary.é enbodi nent, the cell library
is generated by the Generator of Adaptive Cells (GENAC) program and the
MACS 5 program &vaidrety fofomeali&iiq@esparewknownt ier GFaperatingogrami s
di scussed in C matic Ce Synt hesi s Tool ",

et al. "GENAC An Aut o |
26th ACM | EEESESidbrarifgrafa ol teBne2 - Piﬁe?nls’.‘?‘,“l’ﬂl@@é, pp. 239- 243,

and the : [ [ S | L H. a "MACS: 10 A
Vodul o Assem P aad i, she RAL Iibraty i SERERACE QY She, LIRS eg o
1987, pp. 20Msiratdwiofeaciaptdivie, CEENAC (GENpEhepabgsani ahdathgrimcs ayout
I npl enmenting the transistor netlist. GENAC determ nes relative
transi st or5 plpxegnsn, avaidiapds fgome AT&T: CREP - anwberanthet GENAG| ding to
create a 15 virtual -grid, | ayout {hat. . after conpactp s compact

as possi bl e. PHERAT tg”l'f'aﬁ<|i Slezg{/&fh G-s Pﬁeﬁgcgﬁbag(ﬂ' AC: b@ﬁa cgprrpactor
program such gg Miec WH1ah syhithesa¥otbol " , COBRACKEK/ theE Produges, for

X}

each cell, a conplete description of mask featwures and actua

di nensi ons f AUTOMATION QONR.he Palpseel&nd.r 3988.t ppl 3B9-243, and the
generating the cell library, certain_ , methodol ogies may contribute to a
reduced ar ea;MFG? PTOILAML KA élsﬂ"sﬁﬁdndndﬁf'ﬁuspﬁﬁcgﬁ‘y'e?g ¥i‘)r' r'olﬂ%egfg pat hs.

The di sclpse I rat4 1 wet 125 r S using
uch i 100 oy N HREer i 2 e 1B 8 B I R o e T
In an exenpl aroMEUMERIIDBREGN, 1987he pgenangt-2os . of Fbkeeaehl célby aGENAgY t he
pl ace- and-rout e tool 30 is controlled by the intended technol ogy and
cel | st ylgengrates (vdntaidde gk ilayosg, impdemppeang Bbe| transistor

netlist. GENAC determines relative transistor placement,

signal-wire routing, and transistor folding to create a
15 virtual-grid layout that, after compaction, is as compact
‘as possible. The virtual grid 1ayout is then compacted
by a compactor program such as MACS, which is a layout
compactoi that éroduces,'for each cell, a complete
description of mask features and actual dimensions for
20 input to the place-and-route tool 30.

In generating the cell library, certain
methodologies may contribute to a reduced area; for
example, by using diffusion layers for routing paths.

The disclosed mask layout generating system 10 and method

25 operates using such diffusion layers as well as contacts
for routing paths in the IC. 1In an exemplary embodiment,
the generation of the cell library by the place-and-route
tool 30 is controlled by the intended technology and cell
style of the IC to be fabricated, the library cell



7 hei ght, the power rail w dth, and whether the source and drain
regions of the transistors are to be hal f-strapped or fully strapped
with netal -to-diffusion contacts. In addition, for cells with I/0O
connections along a line 5 through the mddle of the cell may require the
hei ght of the 1/Oline to be specified. In order to increase
| ayout density and to neet cell hei §At restrictions inposed by the

pl ace- and-route tool 30, it may be necessary to fold.large

transi st ors. haigho, t thespever ramil beldtdl dethdwhetdaki the sourte sader al

[ i eces, .by laying the pieces sjde-by-side, and_b t hen
zgﬁneg'z i Ir[1)|get ﬁgabpgggg}./ﬁ!aﬁgp%faﬂfét;ransmtorsy BRe &8 I%q ibé'ﬁg'ﬁt&éﬁ’EPét i ng :
tool 28 iterati t i . S..a i t o.{.he net hod
1203 hown in %Gfﬁ%,yymﬁ:g%?én%l u elg ealls_t%eop—(goﬁ S Aé"r%tnl %%ercte CIQ%' Ihl I brary

generation iaddiepollp, £6¥ N¢dEDS 2kitth CEIQ Scdifiidtt ions GENAG an13hep 88,
conpacting the cells in 5;25190, and determning if the conpacted cells
are too tallthoapahethe middle 9f dthe aalhaayw adquigieyithes pedghitcafi on in

IS:T gp 32}ed325§£t§28f§f¥?§5ﬁ% g'gééésjrﬁ;q%%ogi a!ﬁtlna -Itggngt nod Egg\ﬁntgnrepeat
et ool s SEENPAE YA rou: GAPG R 48 HocklSop 1oLl {20
as deternineHeiQEtinestricﬁ&bné?&mp&sndtmwu&anuﬂa&medndekb&tareobmen
30, it may be necessary to fold large transistors. A
10 transistor may be folded by breaking it into several
smaller pieces, by laying the pieces side-by-side, and by
then connecting the pieces in parallel.
The cell library generating tool- 28 iteratively
generates é netlist of cells according to the method
15 shown in FIG. 8, which includes the step of starting cell
library generation in step 86, synthesizing cells using
GENAC in step 88, compacting the cells in step 90, and
determining if the compééted cells are too tall compared
to a predetermined cell height specification in step 92.
20 If the compacted cells are too tall, the method shown in
FIG. 7 reduces the folding height in step 94, and loops
back to repeat steps 88-94 to repeat the synthesis and
compacting until the resultant compacted cells are within
the predetermined cell height specification as determined
'25 1in step 92. The resultant compacted cells are then
output in step 96 to the placing and routing tool 30.
As shown in FIG. 2, the disclosed mask layout
generating method further includes the steps of

performing placing and routing in step 54 by inputting



eutput in step 96 to the placing and routing tool 30. As shown in
FIG 2, the disclosed mask | ayout generating nethod further includes the
st eps of perform ng placing and routing in step 54 by inputting

18 the revised netlist and the cell library to the pl ace-

and-route tool 30. In an exenplary enbodi nent, the pl ace-and-route tool
30 is the LTX3 program and/or the [IBX2 program avail abl e from AT&T
Corp., which are 5 discussed in AAE. Dunlop et al.. "A Procedure for

Pl acement of tGeardaideGehbt VLSt £hﬁCUhéS&eliE£$bﬂ' ;0 @he place-
COMPUTER- Al DED DESI GN, VOL. CAD-4, NO 1, Jan. pp. 92-98. In
step 54, theapﬂagéuéﬁdtpgﬁtéotooIn3®na¢xeka§ry ﬂmbqﬁmmennwnedﬁs the cells

in th Il lib sk | ayout that inp] nents t he
dosired of roBIeceroae rSReR  Bdr “af s oPie LBV mraran B/ g
‘The di scl osegq,rgst Bgegscaﬁnaemasié P%&O:&f@ﬂceor GRA AE tHLd S“CS and

| ogi c of the mask™ | ayout in step usi ng an extraction tool 32, such

as, for e®andliecusbed ih AGEALDEBIQpO@taml avai pdd e freo AT &T Corp. and
di scussed in T.G Szgnanskl et al., "Space Efficient Al gorithns for
VLSl Artwor k PARSESRE" of ) tr&n%sﬁc#hbﬂ@r&nm@“ IEEE) GRANSR 6% 46. 3,

D on o SEVBRTRRIALORD BB Eak e, ARLF DL A S B o

B0 o 5" o UEHERY S B SECA ele pag of el s,

et al., "Val rodtaynects 'Clhecqells;aymmh@ycell Mibrdrys tt Coygmeeriaten's, | NT' L

CONF. CNISCNP ERlayout that implements the desired circuit in a
manner similar to a standard cell design.

The disclosed method then extracts performance
characteristics and logic of the mask layout in step 56
using an extraction tool 32, such as, for example, the

15 GOALIE2 program, available ffom AT&T Corp. and discussed
in T.G. Szymanski et al., "Space Efficient Algorithms for
VLSI Artwork Analysis", 20TH DESIGN AUTOMATION CONF.,
1983, Paper 46.3, Pp. 73;-739. The method also includes
the step of verifying the mask layout in step 58 from the

20 extracted performance characteristics and logic using the
layout verification tool 34, such as, for example, the
GEMINI3 program, available from AT&T Corp. and discussed
in C. Ebeling'et al., "Validating VLSI Circuit Layout by
Wirelist Comparison", INT'L CONF. ON COMPUTER-AIDED

25 DESIGN, 1983, pp. 172-173.

The disclosed méthod then determiﬁes whether the
extracted performance characteristics, including timing

characteristics such as path delays, are satisfactory in

step 60; i.e. meeting the timing specification of the



25 DESI GN, 1983, pp. 172-173. The di scl osed net hod t hen

det erm nes whet her the extracted performance characteristics, including
timng characteristics such as path delays, are satisfactory in step
60; i.e. neeting the timng specification of the

19 I nput data 12. If the performance characteristics are not
satisfactory, the nethod revises the netig st and |ist of cells in step
62 and | oops back to perform steps 48-62 to revise the mask | ayout
using the revinsgd Qathl §b.andf thel bekrOimakbe Scharacterist fbgtdfid ion, step
60 may evaluaté the timng characteristics using known timng analysis

techni ques not wathsfammoeycohher mathyd téewvisgs nolde|ndtibist end iInigw
nodel used by the _transistor sizing_tool in step 48. The 10 nethod in step
i

62 may then iofciceddst ha step 62 nBJi 3ppPs backifrR ReXkt sHART 4816%n to
be nore conservati tQ, e t]. gl I | [ i of steps 48
and 62 of Fi &0 evidy end"Rhek 1ay08c' 4ELEE EHE HEKLSD fhriqt Bpd OF
performanee 14%tChd aehgki.Stics determined in step 60 are satisfactory.
The nethod then generates final nmask | ayout data corresponding to a
final mask | ayout Imnasiddpién, shdp 60owmapuevalinatéithe timingd ayout data to
out put device_ 42 in

out putting th@ﬁécFFﬁ&?tiégﬁu?i?%ﬁkggéﬁg&%%yggn2§§1§§?§ngeégkiéﬁés The
x
with a more conservative timing -model than the timing
model used by the transistor sizing tool in step 48. The

10 method in step 62 may then include the step of revising
the timing specification to be more conservative to meet
the timing evaluation in both of steps 48 and 62 of FIG.
2.

Steps 48-60 are repeated until the performance

15 characteristics determined in step 60 are satisfactory.
The method then generates final mask layout data
corresponding to a final mask layout in step 64, and
outputs éhe final mask i;yout data to output device 42 in
step 66 to output the mask layout 40.

20 The outputting of the final mask layout data to
generate the final mask layout 40 in step 66 may be
performed by the output graphics tool 38, such as the
GRED program available from AT&T Corp., or any output
graphics tool which controls thé output device 42

25 including a display to display the mask layout
graphically.

Alternatively, the mask layout generating system 10
may be operatively connected to an IC fabricator (not

shown in FIG. 1). The mask layout generating system 10



generate the final mask |layout 40 in step 66 may be performed by the
out put graphics tool 38, such as the GRED program avai l abl e from AT&T
Corp., or any out put graphi cs tool which controls the output device 42
25 including a display to display the mask | ayout graphi cal |l y.

Al ternatively, the mask |ayout generating system 10 may be operatively
connected to an I C fabricator (not stawn in FIG 1). The mask | ayout
generating system 10 - 20 out puts
the gener at ehumpsitd afriigetrated maskolbpout 40devbaetdd dvarphe | C
fabricator, which then fabricates integrated circuits using the '
gener at ed naslevigpud2 42 e IChégbrg@n§p§u|wglghoébanégbkh©@he$n the art,

h 5 di d,. f LSI TECH oGy Sze Ed.
MoGr aw Hi 1 1T SOTRAR GTHECT ShuSing” tHE yaReEat od TRek LAk E AR b aad

Tethod for gGpRnalddierat gsﬂo%amshﬁaoggemnp%&'sféaréucﬁ and

descri bed erenc the preferr embodi ments, 1t w be 10

under st oods bydidmasserki Ifcad eixamplle, aih VST TRCHNOROGY I(Tsﬂlﬂflsﬂél ons in
formand detail may be made therein wi t hout degartlng fromthe scope and
spirit of th&d. )4IMR9ﬁﬁWJﬁllAcéﬁﬁdun§Py Yawki f L2888+ ons such as those

suggest ed above, not %Es%ﬂo%gﬁr% Q e%rgn&omQ?%%$ fﬁgs%gﬁéﬁgkyﬂéhin

the scope of the i nven |o exanpl'e,” equi va
har dwar e and/g{sk 1Mdaw&ﬁmyéehepa§ambaglawyl ERbeAeahdt des i Bsé@sed mask

and | ayout system and net hod.

with reference to the preferred embodiments, it will be

10 understood by those skilled in the art that various
modifications in form and detail may be made therein
without departing from the scope and spirit of the
invention. Accorxdingly, modifications_éuch as those
suggested above, but not limited thereto, are to be

15 considered within the scope of the inwvention. For
example, equivalent embodiments in hardware and/or

software may be adapted to implement the disclosed mask

and layout system and method.



21 © WWHAT I'S CLAIMED I'S: 1. An apparatus for generating a mask

| ayout from I nput data, including a timng specification, the
apparatus conprising: 5 menory and stored prograns, including a
plurality of mask | ayout tools; and a processor operated by
an automati c mask | ayout generation program for sequentially applying
t he plurality of mask |ayout tools, gincl uding an automatic 10

transi-stor sizing tool, for sizing transistors to generate a netli st
fromthe i npyjgae : rg. dJenerating, based on the input data and
the netli st, data corresponding to the mask | ayout.

2. The appar at us 1of chai appambhtusi iothgepénatingya masloflagsic [yt t ool s

i ncl udes: acell library generatlpn too] for generating a
cell I|braryI@Pu5e@atﬁayéHF§uﬂﬂﬁﬁlFhElﬁ Rgj gpecipication, the a

pl ace-and-ro for he cell library to generate the mask

| ayout data.%&%@%%%hs %O§B§&ggﬁé'apparatus of claim2 wherein the
transistorg si zi ng merbricahdeEsosed §§o§?ﬁkﬂ§?tﬁﬁbl\@dwi@ speci fied

by the input data to generate the netlist. . The appar at us of
cl ai m 2 wher @luraidtyl ofamask layoubdfteeds;|andut tools further includes:

25 a clustering tool for clust ng the netlist gener ated by
the transistor sizing POB%OFE§8O£ ﬁPﬁFéF?ay y an automatic mask

layout generation program for sequent;ally applying the
plurality of mask layout tools, including an automatic
10 transistor sizing tool, for sizing transistors to
generate a netlist from the input data, and for
generating, based on the input data and the netlist, mask
layout data corresponding to the mask layout.
2. The apparatus of claim 1 wherein the plurality
15 of mask layout tools includes:
a cell library generation tool for generating a
cell libiary of cell lajéuts from the netlist; and
a place-and-route tool for using the cell

library to generate the mask layout data.

20 3. The apparatus of claim 2 wherein the transistor
sizing tool reorders series-connected networks specified

by the input data to generate the netlist.

4. The apparatus of claim 2 wherein the plurality
of mask layout tools further includes:
25 a clustering tool for clustering the netlist

generated by the transistor sizing tool into a plurality

A




22 ' of supercells. 5. The apparatus of claim2 wherein the
cel l | i brary generation tool includes: a synt hesi zer tool
for generating a virtual 5 grid layout for each cell |ayout of the
netlist; and a conpactor tool for conpacting the plurality-
of virtual grid cells to generate the cell library of cell layouts.

6. The apparatus of claim5 wherein thezcell 10 |ibrary generation tool
repeatedly applies the synt hesi zer tool and the conpactor tool until
each of the of sapepaeled.cells has a cell height within a predeterm ned
cell height specification. 7. An automatic mask | ayout
generating systemfor 15 autonatically generating a mask | ayout for

fabricating an integrated circuit refro t he automati ¢ nmask | ayout
generating systenPtonptisi pgparatus of gt qﬁﬁﬁlqj et€e4 r receiving

i nput dat a, 1lbrhg9lgghggagléﬁrQégusgggmddégu|on and a transistor netlist

20 corresponding t0 The integrated circuit a processing
uni t including: a synthes1zerefﬁnﬁnﬁdﬁﬂydnyratﬁn@nd sﬁmtedlprograns
|nclud|ng a plurality of mask |ayout_  tools; and

processor op@Fb@eHaﬁ9uEnf%t%%lﬁl%e¥ﬂas]@Mq Sfo heg @esddsitan apdogr am for

[ teratively applying tpeconp PRl iddh Yol iy 192 palaliggess the

of virtual grid cells to generate the cell library of

cell layouts.

6. The apparatus of claim 5 wherein the cell
10 library generation tool repeatedly applies the
synthesizer tool and the compactor tool until each of the
compacted cells has a cell height within a predetermined

cell height specification.

7. . An automatic mask layout generating system for
15 automatlcally generatlng a mask layout for fabricating an
integrated c1rcu;t therefrom, the automatic mask layout
generating system comprising:
an input device for receiving input data,
including a timing specification and a transistor netlist
20 corresponding to the integrated circuit;
a processing unit including:
associated memory'and stored programs,
including a plurality of mask layout tools; and
a processor operated by an automatic mask
25 layout generation program for iteratively applying the

plurality of mask layout tools to process the timing
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23 specification and the transistor netlist of the input data by
transistor sizing to generate a revised netlist, to generate a cel
|ibrary of cells fromthe revised netlist, to performplacing and
routing of the cell 5 library, and to revise the revised netlist to
generate a final netlist and nmask | ayout data corresponding to a

final mask | ayout; and an2aut put device for outputting the
mask | ayout data to generate the final mask | ayout. 10 8. The

automati ¢ nagkelka¥obhty8ACAAll HHe SYPARE Sfor nédBidh Lftieeiihgdte processor
applies a Tined Logic Synt hesi zer (TILOS) program a transistor sizing

t ool meet dagadbyayrapgiistenenizing tdegémemafatedaiiand medidst,

mnimzing the sumof transistor,sizes for generating.a 15 revised netli st
havi ng | ooal £ GRRERAFS: anfeit: bibsasy of EiTedfan hiHaviasst | nal

transistor-shég}§?£9e§° Berform %lagin%ngdaé%ggﬁgiqggggﬁ%kgﬁgpt generating

syst em of m 7 whereln the processor rator of
Adaptive el L3br@EMAChnAr 86" 28vise viké updviged maskib? ks yeimmidateca |
generator for generating, for each cell, a rel ati ve placenent of

transi stors &asalnnerddateandngask layees dataiePAyRs & itee &cel |, and
for determnin 3 fﬁlding_of %{ansistors within cells to generate the
cel | Iibﬁég9 ofagk| faYRY rnﬁn i ni mal area and matching cell 25 heights.

10. The automatic maskahayebufcasyfté NfosYSi®suding the mask layout

data to generate the final mask layout.

10 8. The automatic mask layout generating system of
claim 7 wherein the processor applies a Timed Logic
Synthesizer {(TILOS) program, a transistor sizing tool
meeting delay requirements of the integrated circuit and
minimizing the sum of transistor sizes for generating a

15 revised netlist having locally optimal transistor size

values as globally optimai transistor size values.

9. The automatic mask layout generating system of
claim 7 wherein the processor applies a Generator of
Adaptive Cells (GENAC) program, a virtual-grid based

20 symbolic cell generator for generating, for each cell, a
relative placement of transistors and interconnecting
wires within the respective cell, and for determining a
folding of transistors within cells to generate the cell
library of cells having minimal area and matching cell

25 heights.

10. The automatic mask layout generating system of
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24 ' cl ai

pl ace- and-route tool which arranges and connects cells in t he cel
| tbrary to performplacing and routing of the
mask | ayout data corresponding 5 to the mask |ayout of the integrated

circuit.

integrated circuit specified by a netli 24 and a timng

m 7 wherein the processor applies the LTX3 program a

11. A method for generating a mask | ayout of an

cells for generating the

speci fication,

t he net hod conprising the steps of: a) automatically sizing

the transist @laik07spRerbiadthl pPec88EbE SippPiéSvilee e Rtddridm, a

b) generati

to generate

The net hod o

ng a cell library of cells from ‘the revised netlist and the
tim ng speci pilegei-end-zodte tool which arrvanges avidenmectrutdaida ha cel | s

1 k | 1 f the ipnt ted.ci it. 1
£he geiy TIBRaF T ERoPSEEoen Practnd i HStind af 5ha 1y s

12.
zing

the transi st oLyt BerShBReratiff the mask layout Hded! ddihdiy Si zed
su Fls. 20 ?%. The met ho [

transi stors

i ncl udi ng5 atbethiehaask layepntobfpthei igtedgrhteditainpuite. cell s,

of :
mask | ayout ;

Into erce

arm 11
t he steps

d) extracting performance characteristics fromthe

e) verifying the mask | ayout; 25

repeating steps () (o) Lo LK 36, feneralEld’ & ndll {addif B nact o

per f or mance

10

15

20

25

chara
integrated circuit specified by .a netlist and a timing

specification, the method comprising the steps of:

a) automatically sizing the transistors
specified in the netlist to revise the netlist;

b) generating a cell library of cells from
the revised netlist and the timing specification; and

c) placing and routing the cells to generate

the mask layout of the integrated circuit.

12. The method of claim 11 including, after the
step of éutomatically_siéing the transistors, the step
of:

al) clustering the sized transistors into

supercells.

~ 13. The method of claim 11 including, after the
step of placing and routing the cells, the steps of:
d) extracting performance characteristics
from the mask layout;
e) verifying the mask layout;
f) repeating steps (a)-(e) to revise the

netlist until the extracted performance characteristics

L A
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25 = of the mask | ayout generated fromthe revised netlist attains
a predetermned criteria. 14. The method of claim 11 wherein the
step of generating the cell library includes the steps of: 5

bl) synthesizing a virtual grid |layout for each cell fromthe
netlist; and b2) conpacting each cell to generate the cel
library of cells. 15. The netdsd of claim 14 further including,
after 10 the step of conpacting the plurality of cells, the steps. of :

b3) det er m nigly tMeenlagik aaguef geheraeepagrefl the gevisedageisssoci at ed
cell height within a predeterm ned cell height specification; and 15
b4) reduci nptd@inshal gredegsersdned chiteriseed t he predeternined cell
hei-ght specification by folding transistors with those cells; and

b5) repeating steps (bl)-(b4) until each of t he conpacted cells has an

associ ated cel |l height it b 0 ~leh sedet el C |
speci fication. Tl fﬂé:%%&h%ﬁéoEe?%%%ﬁo?&cP§%ﬁ§?? ﬁkér%?ﬁghéf

the step of ajdrmwmiticn) Ithesicailiglibeary intiladsebsthesstepsudfs using a

Ti med Logi ¢ Synt hesi zer (TILOS), program, a transistor sizing tool
neeting délay 25 requitldnesyatbesigdngnpeyiatual cortdi tayet nfP¥ ni zi ng t he

sum of tran3|esa'Ec(H cse'lz.l.esfxfocr)nr t%%n%%%&&gg;aahsw sed netli st
b2) compacting each cell to generate the cell

library of cells.

15. The method of claim 14 further including, after
10 the step of compacting the plurality of cells, the steps
of:
b3) determining whether each of the compacted
cells has an associated cell height within a
predetermined cell height specification; and
15 b4) reducing cell heights of cells that exceed
the predéterminéd cell héight specification by folding
transistors with those cells; and
b5) repeating steps (bl})-(b4) until each of
the compacted cells has an assoéiated cell height within

20 the predetermined cell height specification.

16. The method of claim 11 wherein:
the step of automatically sizing the
transistors includes using a Timed Logic Synthesizer
(TILOS) program, a transistor sizing tool meeting delay
25 requirements of the integrated circuit and minimizing the

sum of transistor sizes for generating a revised netlist
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26 * having locally optinmal transistor size val ues as gl obal l 'y opti mal

transi stor size val ues. 17. The mask | ayout of the integrated
circuit specified by the netlist and the timng specification, 5 the
mask | ayout generated by the nethod of claim11l. 18. The

Integrated circuit specified by the netlist - and the timng specification,

the integrated circuit fabricated usirg the mask | ayout generated by the
met hod of claim 11.

having locally optimal transistor size values as globally

optimal transistor size values.
17. The mask layout of the integrated circuit
specified by the netlist and the timing specification,

5 the mask layout generated by the method of claim 11.

18. The integrated circuit specified by the netlist
and the timing specification, the integrated circuit
fabricated using the mask layout generated by the method

of claim 11.
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