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I. !'ODI'LE GENERATC'RS|

An environEent for the generation of nodules is des_cribed. It includes tools for interactive designof parameterised procedures describing the strucUrreas weII as the topology. For the layout synboliccells are used which are autonatically fitterJ to_gether as defined by the topology.
For the verification and characterization rule basedexpert tools were developed to recognize registers,
check the clocking ru1es, find the critical path
and the appropriate test patterns to calculate theaccurate delay via simulation.
Introduction
fn the last years, a new approach to the design ofintegrated circuits has been introd.uced to the nar_ket : the so-called trodule generators. In this
approach the idea is to generate the layout of cellsor blocks from parameterised software piocedures.
In this paper we present the system we are develo_ping at IMEC for the interactive design of parame_
terised generators of VLSI modules liJce data_paths,
adders. nultipliers, RAIu and ROM. It provides
i@ediate feedback in graphics forn each tine acomand of the module generator is defined allcrrfuq
mistakes to be corrected where they are nade. Ttresysten is based on powerful constructs to describethe structure, the relative position of subblocks
as weII as the procedures to fit their layout to_gether. Another new idea is to integrate into thesysten, tools for expert verification of clocking_
and electrical rules as well as for qenerating thedelay nodel, using autonatically geneiated testpatterns that activate the longest path(s). Inthis way the designer is relieved fiom rcst of thenitty-gritty of the detailed layout and the cuDber_
some search for worst case delay situations.
First we discuss the scope of Eodlrle generators.
Then the interactive creation of a Dodule generator
and the nain features of the module desigm systemare described. Next the automatic abutnent of
symbolic cells to generate the layout of the nodulesis discussed. In the last part the intelligent
verification of modules, using rule based tools forthe recognition of registers, checking clocking
rules, pinpointing problems with eleciribal designrules like charge redistribution and finding thecritical paths and their delays are presented.

fn traditional systens the design of a chip is doneby conposing larger cells out of smaller ones. Inthis approach each ceII is built by interactivelyplaclng .the snaller cells on speciiic coordinates.
In nodern designs a lot of the blocks have sonekind of structure, they are built fron snaller cellsor lJroups of cclls according to d certal-n pattern(rows, coluwrs...). Examples of this type of blocksare adders, nultipliers, datapaths etc. It also
happcnr that, thc o,r0e functional l.rluck l-s neededwith different cornplexlties, like an g_, a 12_ anda 15 bit adder. fn the traditional design style
we would create 3 different cells containing res_pectively 8, 12 and 16 full adder cells. The effortto create and check these functions is repeated overand over again.
A very sinple procedure could be written to place
and connect N full adder cells. This procedure
once written and tested could then generate thenetlist, the layout or the delay foi any type ofadder if the designer specifies what value of N heneeds. Ihis kind of procedure is in fact what iscalled a nodule generator.
The first reason for the introduction of Eodulegenerators is that, once they have been created,they reduce the desigm tine. A second reason isthat, instead of designingr at the gate level, sys_ten designers decomlnse thelr systen specificationln
terms of functional building blocks (ria) likecounters, registers, pI,A, RA.u, ROM which are of l{SI
and even LSI conplexity. The system designers canassenble the layout out}ine of these modules innearly the same l'ay as they did in pCB design butthey lack the skills to deslgn the internals of
these blocks. Ttris is the role of the siliconspecialist. Since the functionaL blocks wiII be
used_j.n different applications, they nust be desig_
ned in such a way that they can be adapted to the
environment in which they are used. Tti" ,".rr"that silicon designs becomes internixed with pro-graming since the only way to reach the requiredflexibility is to nake use of parameterized soft_
ware procedures that generate FBBrs.
A drawback of programn{ng is that the designer hasto wait for the compilation and linking steps before
he can check the procedures he has defined. Forthis reason rde inplenented an interpretative systeDthat. shons the result of the designlrs actioninmediately on the graphics screen.
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The nain difference with the traditional des a9nsystetu is that the result of vrhat we call the no-dule creation
cific instance

sinple Layout of one spe*
is not the
ofa certain function but a
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can be us to a of tan-

3. I,IODULE CREATTON

The above described nethodology is what we caII theneet-in-rhe-niddle design ,"ti,"a"i"g;]- ia ,*" ,.are developinq a syEtcn callcd cargdl{Al i (Ref. 1)based on this Eethodology. f" tfr"-.."-t*oi anr"paper we present the tools involved i"-ti. urodulecreation part of the system.

must be provided and we nust be able to definestructural paraeeters, Iike the wora_iengttr of anadder or the depth of a Rou, rn.-"ir,]Jr,rral andtopological data nust then be aeeineils a functionof these parameters.

In the next part we present the Dain features of the
_interpretative procedural aesign captii. 

"v"t"r.I{e wirr highlighr, by an exanpi.,-it.-i""a that thedesigner does not not need to-boihe; a;Jut layoutdetails but is able to place blocks relative to
:":l :q:t. The system then rakes 

""."-o, the de_tailed fitting of the blocks.
3.1. Main features
In a traditional desigm envlronuent, the structuraldata is capturecl via a schenatic eaitor and the to_pological data is entered or, . gr.p;i"l systen ri*ecatna or Apprlcon. rhe nain di;;;;;;;; between aschenatic block diao.h.;;;.;;;;.::3i# ?::,."':ff:ii#.i""::::.a layout point of view. since in 

""""n." the saneinformation of conrained i" bod--";;;I,*i" i,"*,.decided to conbine these two 
"i.r"-irr-iir] rir"tversion of our systeE.

To design a new nodule generator, the first thingthat nust be done is telling the systen that westart with a new rcdule^ ni trre ;;;-;i;. Lue para_meters for this module 
"r" "p..iriJ: 

.io.i 
instancethe coDmand

(EDIT{OUP (RAM N U) )speclfies the start of the definition of a blockcaLled "RAM" with tno parameters N (number ofaddress bits) and M (wordlenqth).

2.

The scenario for chip design described above suggeststhat the systern to support this methodology is orga_nised in rwo parts as. described i; ;;;:^;. The upp€rpart is the area of the systen a.=igr!r- He hasaccess to the higher level design toois 
"rr"n ."register- and functional level 

"ir"i"a"rJ, control_ler synthesis tools and a floorpi"r".r-riar, ,ni.r,he can place and route the r,rr,"iiorr.i uiJ"*". whenhe needs data, Iike the function.i-a."Jriparon, thedetay or the boundins box 
"f ; ;;";;;;iii oro.*he requests this inf<

rhar contain .n" ;;;illi::;'":':fr":Trprocedures
The lower part of the systen is nore like the tra_ditional chip design environment. -itlrJ.r"a." 

tf,.silicon engineer with tools to aef:.ne [iJ'.orrt"rrt"of the functiorral btocks, t" 
"ir;i;; inI. .. .n.rosic and circuit revel and to .;;;;; itl-r.vorrt.

programs that create nodules have been inplenented
:s-]-ng llaqj.tional progranming langnrages like PASCALand C (Ref. 2-4). The nain ji""a.i""i"g" of thesesystens is the delay introduced by ii,. "."rpif.tion adlinking sreps, from the tlne rhe ;":l;, specifiesthe module and the Eonent he can .fr."i ifr. resultsof certain actions or parameter assignments.
Our idea is to create an interactive envilonment,rdhere. the desj.gner iras inrneaiiie-i."ai."* r"graphics form, each_rime a comnan;-;i;;" rnodulegenerator is defined. In this ,ay nisi.Xe" .r"detected exactly where they are Eade and can beionediately corrected..
To renain flexible in adapting the input languagewe decided to implenent tfre connana fir"r"g of thefirst version of the systen in Lrsp whire for someof,the supporting algorithns, like the conpactorand rourer we use FAscAr, and C for ;;;";; of effi_cj-ency on the VAX_

$lhen we want to describe a nodule there are essen_tiarly tv/o types of informari"" 
"u;;;: i,o ..n..rr. ,

- STRUCTURAL data describing how the nodule is builtup from lower level nodulls, i,", ifr.y-Ir. inter_connected and which are the input ani outputterminals.
- TOPOLOGfCAL data describing how the sub_noduleshave to be placed relative to each othfr, nowthey fit roqerher and which 

"f ;;; iiiJr.orrr,"._tions are realised by abutnent ;;-r;;i;n.
Furthermore since the generators nust be able todescribe a set of moduies rather ii." 

"ir.u """instance, construcrs rike Loops 
""i-ir]l-in*..ELsE

Lorder Ievel nodules_can be included in a nodule bythe ADD{oMp connand. rhi" ";;;; Jro.rru." .construct to specify the type "t-""rfii"rra ao l"added, where it must be r""ituo-.r,ili.i .run"ror_nations (rotare, flip) nust b;;;;;";;; on it.The l.cation is given as a grid point or a seriesof srid points specifyine d. ;.i;;Je io..tion=of the instances. the connand
(ADD-coup RAUCELL 1..(*2 M) I..EXPT 2 (_ v 1)) :ROT 90)

:*i_11 
place the conponent RA!,!CELL, rotated by 90 de_grees on the gridpositions 1 t" i tir""-in M in thex direction and from. ! to 2 t"-d.';;;, N_l in y,assuning that trro columns 

"t ,"*ry-J"ii" ... nulti_plexed on the one sense anplifier. For N=4 andM=4 thls conmand would resi:tt i"-ir,.^Ji"naay showni1. fis.-2a. Fis 2b 
"r,"r" ii. ;;;il"-;:^"n""".after addinq the decoder t" td-;i;; 

"ii .n. mutti_plexers and sense anplifiers 
"" i"p-"t-aie array.Fig. 2c shows the final 1ayout 

"f-[fr.-r., after thecells have been fitted togltn", i"".*r"iit,"rl.
rf an instance of the co'ponent that rde rdant to addVIITH THE SPECIFIED SET OF PARAUETER; JJes exist inthe library, its brackbox ,.p.""."a"alJi] n..,...a"ufron the conpacted layout (see further), is loadedinto the system and used eor aispfaf. it onry thedefinition of the component exists it is executecrWITH THE sPEcrFrED sET 9F PARAIETERS; uiaua to tn"library, Ioaded and used. If not even llefinitionof that conponent exists rh. ":;.;-:',::,: :.

yarnins and propose j:";h;l"ten wirl eive a

to start the definition of that component first orat teast give a "dunny,, tracrtox ii".i',i". 
"otenporary represent ttre unaerinea-;";;";;..
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If the user chooses to define the nissinq component'
an EDIT-COIIP conmand is autonatically issued.

To provide connection Points to the nodule at a

higher level of the hierarchy terminals can be de-
fined. In the nodule itself the interconnection
of the sub-modules is defined by specifyinq a net
and the telminals of the sub-modules and of the mo-

dule itself that are connected to it. As v,ith the
ADD-CO!{P coumand facilities to express repetitive
connections are Provided in the ADD-CON conmand'

(ADNON (cARRy 1... (-N 1)) (CUJT 1..(- N 1) 1) (crN 2.-.N1))
would connect all the carry signals in an N bit
adder when the cells are placed fron left to right'
The first loop defines the names of ttre nets (CARRY

1 to N-1) and the other loops define the Pinnames
and the coDPonent position of the pins connected
to those nets (eg. pin COUr of the conponents on

sridpoints [t, tJ to Fl-t'tJ I .
Note that nd aisunption is made at this stage of
hoer the connections will be realised. The physical
connection will be realised later by the ABuf
connand or when the router is called to generate
the wiring bet$reen terminals of the same net- At
this moment a river router has been implenented and

we are workinq on the integration of a channel rou-
ter.
The final step of the nodule creation phase is to
save the steps of the interactive session into a

procedure that can later on generate the instances
of the nodule on request of the system designer'

3.2. Leaf ceII design

By using the comands described above the nodule
generator procedure can be specified and can be

hierarchicalJ-y refined until the leaf cells are
reached. For the leaf cells we nust give the fulL
Iayout information. For this task vre use CAMELEoN

our synbolic layout editor (Ref. 5) ' This proqr'rm
can be started as a subprocess from within the mo-

dule generator environment.

cAlitELEoN allows the user to design the layout of a

cell using point elements like transistors and

contracts' wires to interconnect the point elements
and areas to define for example the n- or P-rdeII
in cMos technology. After the topotoqy (the rela-
tive positions of the elements) is entered a com-

paction step, based on a constraint graph and a
Iongest path atgorithm (Ref- 6), is performed to
ninimise the area of the cell. The design rules and

parameter values for the particular technology used

are read in from the technoloqy description file
(Ref. 7) and the compaction makes sure that the
Iayout is correct with respect to these desigm rules'
also taking into account extra constraints the user
may have specified.

2. Abutnent of cells

designer can exPress this requirenent by the
conmand :

(ABUT XORY (CEIL-LIST) }.
The nodule generator environDent wiII then call the
conpactor, load the cells specified in CELL-LIST
and put the required horizontal or vertical con-
strains (dependent on the value of XORY), between
the terminals of adjacent cel1s.
CAMELEON ttill then compact the internals of the
cells, taking into account the. constraints inposed
by their neighbours. Fig. 3a and b show a set of
cells before and after the ABUT connand has been

applied.
lttre way we solve the abutment of the cells is as

follows : each of the cells is conpacted separately
From the constralnt graph we extract what lte caII
a "substitute graPhrr that contains the constraints
inposed on the terninals by the internal components

of the cells. The substitute graphs of abutting
cells are combined by putting constraints between
connectinq terminals. Then the larger graph is
solved by the lonqest pat-h algorithrn resulting in
constraints to be imPosed on the individual cells'
The final step is to recalculate the longest paths
f,or thc individrrnl eclls but taking into account
the constraints inposed from solving the cornbined
substitute graphs.

VERIFICATION MODULES

One of the difficult problens with module qienera-

tors is to Prove their correctness over the vali-
dity range of the Parameters. The traditional way

of doing this, is by simulation. Hov,ever sinulation
is a subjective test nethod which depends entirely
on the patterns defined by the designer to detect
expected problerus. It is costly in CPU tirne and

does not giuarantee to capture unexpected problems'

To overcome these drawbacks we have developed
DIALoG (Ref. 8) a set of rule based analysis tools
that allows to detect violations against basic
design principles. These tools are.based on the
LEXToc language which provides powerful facilities
to express rules about MOS circuits- Fig. 4 gives
an overview of the verification system.

4.1. MoS network extraction
To verify the design we first have to extract fron
the layout a Eodel for the cell on the circuit
level. This can be done very easily since the
stick diagiram contains the devices and the inter-
connection wires. The internode capacitances can

be found by detecting the points where elements
cross, Starting fron thb extracted MOS transistor
netvrork the user can perform the following tsests :

4.2. Decompilation

First it is checked if the netvtork belongs to the
class of valid circuit configurations' eg. static
CMOS using passive rnultiplexinq trees and prescri-
bed registers. AII parts of the circuit violating
these rules are flagged as errors.
Next, a high level check on the clocking can be

done. starting from the primary clock j-nformation
the drived clocks are found, latches are detected
and separated from conbinatorial loqic- By
assigning the appropriate properties to the nodes

3

A technique to interconnect cells that is often
used in the design of structured rnodules is abut-
ment. This means that the layout of the cells is
done in such a way that the connections are made by
just placing then side bY side.

In a traditional layout environment abutment of
cells can only be achieved by taking into account,
while designing the layout of a cell, the require-
ment to abut to the other cells. In our system the
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in the net\dork illegal conbinations can be detected
and reported. ExaDPIes are :

A DERIVED CLOCK CAN ONLY BE FORMED WITH SIGNATS

LArcHED ON THE SAME CLOCK PHASE.

A IATCH DATA INPUT MUST NOT BE A PRI!/U{RY CLOCK.

Fig. 5 shows the resPonse of DIAIOG to a clocking
rule ver.ification request. The system has identi-
fied and highlighted that a loop exists containing
only a single clock Phase which could cause a

race problem.

4 - 3. Electrical rule checking

starting froD the prinitive circuits found in the
previous step we search for illegal configurations
l-ike open, short, odd n- p-l{OS conbinations etc...
For all acceptable circuits, it is checked if they
can guarantee correct logic leve1s- This check is
not restri-cted to static situations but includes
dynamic effects like charge redistribution.

An example of a possible problem circuit, and the
rule involved in the checking procedure is given
in Fig. 5. It must be noted that to diagnose the
occurence of an error on node B caused by charge
sharing, we have to find the conbination of input
signals that creates the worst case configruration'
This is done by the SETUP-INPUTS procedure. Using
these inputs, the part of the circuit undef lnvestl-
gation is simuLated on the circuit level using the
SIMlitY nodule (Ref. 9). The outPut waveforns of the
simulation are then checked to see if the voltage
node on node N2 drops below 3-0 volts. If so, a

nessage is issued telling the designer charge
sharing problems can be expected on node N2 ' lf
the designer does not believe this diaqnosis, a

facility can be called to disptay the conditions
creating the Problen situation and explain by what
successive steps it was detected.

4.4. Tinina verification
If the circuit has passed aI the general rules we

nust still check that it does not violate the tining
specifications for the nodule- From the priroary
clock specifications, the edqes of the clock inputs
for the latches are computed and the maximum

allowed delay of the conbinatorial blocks can be

calculated.
To check that a block satisfies this restriction,
r,re locate the critical path using a gradual refine-
ment technique. First vte eliminate the bulk of the
shorter paths using simple RC models. f'or the re-
maining paths test patterns, generated at the gate
level, are applied to the inputs in a circuit simu-
Iation step (again using SIMMY) to autonatically
calcul-ate the gate delays. Finally, logical impos-
sible paths are eliminated, the nost critical Paths
are cut out and sent to a circuit simulator' to-
gether with the apPropriate test patterns to
calculate the accurate delays. These can then be

conpared with the allowed delay of the block'

Fig. 7 highlights some of the power of the tining
verifier. The program has identified the critical
path in the circuit and generated the pattern re-
quired on the other nodes to be able to activate
it. If the "thick line" nodes are forced to logic
l and the "thin line" ones at Ioqic 0 a "0 to 1"
transition at the upper left input causes

changes on the "dashed"nodes and "0 to I' transi-
tions on the "dotted" nodes. The dashed and dots
have been used for clarity in btack and white re-
productions, these states are represented by colors
in the real system. Using these Patterns a circuit
slDulator is activated to find the accurate delay
fo! the critical "dot-dash" path. This delay can

then be stored and used by the systeD designer as

a characteristic of this block-

We want to stress that in the couplete process of
defining this delaY the does not to
define a critical or

time tasks are auto-
handled by the progr:rm.

CONCLUSIOT,IS

In this paPer we presetrted a set of tools tc create
an intelligent environroent for the interactive
design and verification of paraneterised noilules
to be used in the VLSI design. The main features
of the system are an interactive tool to design
the structure, the topoJ-ogy and the layout of the
nodules including automatlc abutment of slmbolic
cells and a set of rule based verification tools
previding facilities for the recognition of re-
gisters, checking clocking rules, pinpointing
problerns vtith electrical design rules l-ike charge
redistribution and fintting the critical paths and

their delays.
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