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Abstract — In this tutoria we discuss concepts and
techniques for the accurate and efficient modeling and ex-
traction of interconnect parasitics in VLS| designs. Due
toincreasing operating frequencies, microwave-likeeffects
will become important. Therefore stronger demands are
put on extraction and verification tools. We indicate the
state-of -the-art for capacitance, resistance and substrate re-
sistance extraction and discuss some open problems. We
also discuss several modd reduction techniques as well as
issues related to simulation and implementation in a CAD
system.

1 Introduction

Future submicron integrated circuits will behave more
and more like giant microwave circuits. The trend is to-
wards reduced line widths together with larger die size,
greater number of interconnect layers and GHz clock fre-
guencies. As a consequence, the electrica characteristics
of the interconnections are becoming important factorsin
the behavior of integrated circuits. Hence, they must be
known with greater accuracy in order to avoid the neces-
sity of usinglarge saf ety marginsleading to sub-optimal de-
signs. Therefore, the traditional methods of parasitics ex-
traction are no longer adequate. Much improved methods
will be necessary to generate el ectrical modelsfor theinter-
connectionsthat accurately account for such effects as de-
lay, crosstalk and resistive voltage drops.

These new methods must be accurate, efficient, flexible
and robust. Other important issues include model reduc-
tion, in order to avoid overloading the subsequent analy-
sistools. The accuracy should be known and controllable,
allowing a trade-off between accuracy and run-times. The
amount of user intervention should be minimized, reducing
the possibility for errors. Care must be taken to optimize
the design-flow as awhole.

Much research is currently focusing on this subject, and
several new extractors are entering the market. Inthistuto-
rial, we will review the current state-of-the-art and indicate
some important open problems. Although we are dealing
with problemsinlargelayouts, for practical reasonswewill
illustrate the techniques with small examples. We will use
capacitance extraction to illustrate some concepts that are
relevant for other important extraction problems.

In thefollowing sectionswe will first discuss techniques
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for extraction of interconnect capacitances, resistances and
substrate resistances. Then we will address open extraction
problems that we fedl need to be solved in the near future.
Thisis followed by a discussion of modd reduction tech-
niques and simulation issues. We end this tutorial with a
more general discussion about the consequences for theim-
plementation and application of extraction as described in
the earlier sections.

2 Paradgtics Extraction
2.1 Interconnect Capacitances

There are many techniques for computing the intercon-
nect capacitances. Analytical techniques are usualy not
very useful because of the complexity of the interconnect
geometries. The other methods can then be subdividedinto
geometrical and numerical methods.

Geometrical methods have evolved from simple
paralel-plate caculations into elaborate geometric mod-
elstoincludemoreand morefringingeffects[1]. Basically,
such methods arefitting formulas, of which the coefficients
are determined by numerical calculations or sometimes by
measurements. All modern extractors (e.g. [2-4]) use such
methods, and the fitting coefficients can be determined by
automated procedures (e.g. [5]) from afilewithlayer thick-
nesses and permittivities. Because of their ability to model
certain coupling capacitances, these methods are some-
times called quasi-3D methods.

Such methods are fast, and to a certain extend they can
predict the capacitances fairly well. However, with the
growth of the number of interconnect layers (2 poly and 5+
metal layers), these approaches become complex and in-
accurate. At the very least, designers will want to check
the results of those quasi-3D calculations against numeri-
cal calculationsthat start from ‘first principles’. Although
it might not be feasible to do thisfor afull chip, some crit-
ical parts of thelayout can be analyzed in more detail.

Common numerica techniques include the Finite-
Difference Method (FDM) [6], the Finite-Element Method
(FEM) [7] and the Boundary-Element Method (BEM)
[8-10].

In both the FDM and the FEM, the externd field isdis-
cretized. Because thisfield in principle extends to infinity,
and can not be truncated easily, this leads to a very large
matrix to be solved. Although the matrix is sparse, thisre-



quires often exhaustive computational resources (time and
memory). Specia solvers[11] will only partialy aleviate
these problems. Alternatively, a technique caled Geome-
try Independent Measured Equation of Invariance (GIMEI)
[12] can be used to have a much smaller sparse matrix.

Inthe BEM, on theother hand, only the boundary of the
field region is discretized. Hence, the 3D problem is ef-
fectively reduced to a 2D problem. The resulting matrix is
therefore much smaller, but full. Boundary €lement meth-
odsare most effectivewhen themediumisregular, or inthe
capacitance extraction case, when thechipshave astratified
dielectric structure. To a certain extent, thisis usually the
case because of planarization.

The (full) BEM matrix G must be inverted and, with-
out special techniques, this would result in a O(N3) time
complexity, where N is a measure of the size of the lay-
out. However, two techniques have been presented to cir-
cumvent this problem. Thefirst isthe so-called multipole
method [13]. To compute the matrix elements, an elemen-
tary solution of the partial differential solution (Green's
function) has to be integrated over each possible pair of
boundary elements. The multipole method hierarchically
clusters boundary elements, in order to approximate the
mutual influence between far away pairs. The clustering
also helps with the matrix inversion and, as a result, the
computational complexity is reduced to @(Nm), where m
isthe number of different conductors.

Both straight inversion and the multipole method re-
sultin afull matrix, which specifies a capacitance between
every pair of conductors. When thisis not what we want,
for conductors that are far apart have a negligible capac-
itance, a second method even faster than the multipole
method can be used. Using a Schur-type agorithm, a so-
called reduced capacitance model can be produced. Given
a parameter w denoting a distance beyond which coupling
should be ignored, this a gorithm produces an approximate
sparseinverse Gél of G, that ispositivedefiniteand hasthe
desired sparsity pattern.

Thealgorithm only uses entriesfrom G in positionscor-
responding to the non-zero eements of Ggt. When Ggt
would be (exactly) inverted again, it would coincide with
G on those positions. With a constant value of w, the total
running time becomes linear (O(N)) in the size of the lay-
out. Also, the memory becomes O(+/N).

Asan example, a6-transistor 0.5 1 CMOS SRAM (Fig-
ure 1) has been extracted using the Schur algorithm. The
results are shown in Table 1 together with those for an 5x5
SRAM array, indicating that the method is capable of full
3D extraction of fairly large designs using reasonable re-
sources. The performance and number of capacitances ex-
tracted depend strongly on the parameter w. The timelin-
earity is actually only shown for w = 2, because the edge

effects of thesmall SRAM cause atimesmaller than should
be expected for the larger vaues of w. Finally, smulation
results showing the effect of the parasiticsare givenin Ta-
ble 2.
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Figure 1. BE Mesh for CMOSRAM cell.

Table 1. Cpu time ([h:m:s]), memory usage ([MB]) and
number of capacitances as a function of window size for
two different circuits.

SRAM (6 trans.) SRAM 5x5 (150 trans.)
w | time

mem. #C time mem. #C
2 27 42 24 14:06 6.9 608
4| 157 230 27| 15540 361 970

6| 228 385 28| 73350 151.0 1122
Table2: Spiceresultsfor CMOSSRAM cell with and with-
out interconnect parasitics.

quantity | without C RC

tr (ns) 015 058 0.62

ts (ns) 006 026 0.28

fn(GHz) | 40 10 08

2.2 Interconnect Resistances

Common VLS| interconnect resistances extraction ap-
proachesincludethe FEM [14,15] and the FDM [9]. These
methods solve the resistance extraction problem by dis-
cretizing thegoverning differentia equation (Laplace equa
tion) and solving the resulting set of algebraic equations.
Thisset of equationsis sparse, symmetric and positive def-
inite, and is usually solved by Gaussian dimination.

Compared to other methods for resistance extraction,
such as Polygonal Decomposition [16], Conformal Trans-
formation [17] and the BEM [18], the advantages of the
FEM include general applicability, robustness, good accu-
racy and the possibility of accurately extracting RC mod-
els[15,19]. Disadvantages, could be those of longer com-
putation times and higher memory requirements.

However, it has been shown that the performance of
FEM based resistance extraction can be greatly improved:
Delayed Frontal Solution [20] implements a general tech-
nique for speeding up Gaussian Elimination (optimizing
the eimination order) in a scanline-based extractor. Inser-
tion of Articulation Nodes [21] employs the typical struc-
ture of VLS| wires (predominantly long and narrow) to ef-



fectively partition the problem in many smaller problems.
The running times become much morelinear with the prob-
lem size and will not depend strongly on the geometric
structure and the discretization of the problem.

Table 2 shows the effect of interconnect resistances on
the behavior of a CMOS RAM cell. Table 3 givesthere-
sults for extraction of al interconnect (excluding metal)
and contact resistances for different circuits. This data
clearly showsthe linear time complexity. For comparison,
the time and memory for thefirst (smallest) example with-
out the algorithm improvements is aready more than 30
minutesand 10 MB.

Table 3; Resistance extraction data.

time memory
circuit #trans. [m:s] [MB]
control 1,467 35.1 26

logicaray 1 4,239 | 2:06.5 4.3
logicarray 2 6,360 | 3:03.8 51
imageproc. 32,313 | 15:56.4 22.2
cordic 63,416 | 33:58.5 30.1

2.3 Substrate Resistances

Apart from the interconnect above the silicon, true par-
asitic connections appear within the silicon. Due to the
continuing decrease of the distances between components
and the simultaneous increase of operating frequencies,
the crosstalk between components and/or circuit blocks
through the substrate becomes stronger.

Thus, an increasingly urgent topic for the realization of
densely packed integrated circuitsis prevention or at |least
control of cross-talk via the substrate. This problem is
particularly important in high-frequency mixed-signal in-
tegrated circuits: potential spikes, generated by the fast
switching logic, propagate through the substrate to sensi-
tive analog nodes, causing distortion of the analog signals.

Currently, the most commonly used method to circum-
vent these problems is a very costly trial-and-error proce-
dure, relying on experience and expertise of the designer.
Methods to analyze these substrate problems and imple-
mentation of themethodsin CAD toolsarereceiving alarge
attention.

Several results were published with a detailed numeri-
cal analysis of these problems. They use conventional de-
vice simulators for a full (usualy Finite Element) numer-
ica analysis of al potentials and currents in the substrate
[22,23]. However approaches like these are not efficient
enough for implementation in an extractor. Furthermore,
they do not provideacircuit model for the designer as a di-
rect feedback between the circuit design, the layout design
and the substrate problems.

Just as in the case of interconnect capacitances we see
two approaches for the substrate resistance extraction: one
basically geometrical approach [23, 24] and one starting
from ‘first principles’ [25-27].

Often the geometrica methodsare tuned on experiments
done with general purpose BEM, FEM or on an extractor
based on first principles. As with capacitances, the main
advantages of geometrical methodsis their speed and ease
of user-definable modeling. However it isinherently more
difficult to calculate process variations and such.

The more principa method usually are based on a nu-
merical technique with severa approaches to reduce the
computational burden, both for the extractor and the simu-
lator. TheBEM isused inboth[4,25], however with differ-
ent approachesfor reduction. Whereas[4] appliesan actual
model reduction, [25] proposes a preprocessed BEM with
accelerated matrix solution. Section 3 will focus more on
several model reduction techniques.

Asan exampl e of substrateresi stance extraction, wedis-
cuss the techniques used in [4]. It uses aBEM on a strati-
fied medium to extract the substrate resistances. The do-
main represents alayered |C, e.g. ahomogeneously doped
epi-layer on a homogeneously doped substrate. For such a
substrate a Green's function has been derived [26]. More
layers are possible at the cost of computation time.

The extractor recognizes those areas that interact with
the substrate, such as substrate contacts, diffused resistors,
bottoms of MOSFETSs or ametal layer above the substrate.
These areas are discretized and the BEM problem issolved
on thisgrid. Thishas been combined with the Schur inver-
sion for model reduction.

For faster (but less accurate) results, [4] aso containsa
heuristic geometrical method [24]. Here, using aDelauney
mesh on the layout with the interacting areas, resistances
between ‘close areas’ are calculated. Furthermorearesis
tance is calculated between each area and a common ‘vir-
tual reference’ node. Thisway of modeing has been de-
rived from BEM principles and comparison with results
from the above method.

Measurement and simulation results on a test structure
are shown in Figure 2. The structure consisted of 2 inter-
digitated metal structures above a substrate, shielded by a
third metal line that was connected by vias to the epilayer.
Extraction of parasiticswas donewith and without account-
ing for substrate cross-talk. Neglecting the substrate cou-
pling clearly gives a completely wrong prediction of the
behavior. Here the transadmittance is mainly capacitive,
i.e. just the coupling capacitance fromone metd lineto the
other. However, with substrate data based on Suprem sim-
ulations, the substrate resi stance method of [4, 26] finds an
excellent agreement with the measurements.

Asanother examplewe study the HF behavior of asmall



bipolar amplifier. The circuit was extracted without sub-
strateresi stances and using both substrate resi stance extrac-
tion methods. The simulation results are presented in Fig-
ure 3, showing that the substrate coupling effects as esti-
mated using both methods are amost identical and have a
clear influence on the magnitude of the transfer function.

On an HP 9000/735, extraction of theamplifier using the
BEM took 184 seconds (248 elements were used). Extrac-
tion on the same computer, using the geometrical method,
took less than 1 second (not including the determination of
the parameters of the heuristic formulag).
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Figure 3: Magnitudeof transfer function of bipolar ampli-
fier.

2.4 Open Extraction Problems

The previous sections al discussed problems that are,
to severd degrees of sophistication, available in layout ex-
tractors. However, thereare still severd problemsthat have
not yet been solved for implementation in such extractors.
This section will briefly discuss the problems that we feel
are the most urgent for the not too far future.
Inductive effects
Lineinductance has been aproblemin printed circuit board
design for some time. This has not been the case in IC
design, because of the much smaller dimensions of inte-
gratedcircuits. However, thetypical frequenciesof on-chip

signals are steadily increasing and the wavelengths are ap-
proaching the physica dimensions. Consequently, para-
sitic on-chip inductances also become important.

These inductances can cause various sorts of undesired
electrical behavior, such as cross-coupling noise, signal re-
flections and switching noise. The result is often manifest
on thesystem level, ranging from degraded performanceto
malfunctioning of the system. E.g. switching noise can be
so severe that state-of-the-art digital circuits utilizetens or
even hundreds of separate supply connections.

For the printed circuit board design there exist tools[28]
for the analysis of inductive effects. However, until now
these have not yet been adapted and applied for IC design.

To calculate lumped line inductances, the partial ele-
ment equivalent circuit (PEEC) method [29] has been pro-
posed. It isyet unclear how such a method can be made
part of a layout to circuit extractor to produce an e ectri-
cal model of a chip containing the active devices (with de-
tailed specification of their parameters) and a lumped net-
work with the parasiti c capacitances, resistances and induc-
tances. In particular, the method must be suited to compute,
fully automatically, al important inductances present inthe
giant digital chipsthat will bedesignedinthe coming years.

While lumped inductance models are often adequate,
especialy for the modeling of switching noise, they can
be cumbersome in other situations. For example, many
lumped sections are needed to accurately model signa de-
lay in long lines. Moreover, when such a model is gen-
erated using 3D inductance and capacitance calculation
methods, all sections are capacitively and inductively cou-
pled to al other sections.

Lumped models that more accurately reflect the effects
of the finite speed of light are the retarded PEEC moddls
[30], but these models are aso very complex. More com-
pact models, suited for uniform 2D structures supporting
TEM or quasi-TEM wave propagations, consider theinter-
connections as non-ideal coupled transmission lines.
Non-stratified Dielectrics
In most of the methods for interconnect extraction dis-
cussed before it was assumed that the dielectrics are strat-
ified. However this assumption is not dways valid. In
the situation of crossing interconnect lines significant ir-
regularities in the didectric thickness may appear. In [31]
a method is described which is capable of taking into ac-
count this phenomenon, by combination of the BEM and
the FEM. Here, the FEM is used for theirregularity, while
the BEM is used for the stratified parts of the interconnect.
Thisisillustrated in Figure 4.

Even with modern planarization techniques still thein-
terconnect may not be stratified. These modern techniques
may givelocally planar dielectrics, but usually not globally
planar dielectrics. Notethat the technique of [31] isnot &f-



ficient inthiscase, sinceit would require alarge part of the
layout to be treated with the FEM. Currently no efficient
techniquefor implementation in an extractor is known.
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Figure 4. An example of an IC structure with non-
planarized parts, indicating the FEM and BEM areas.

Coupled Problems

Inthe previous all effects are treated independently. How-
ever, in principle, there is only one el ectromagnetic prob-
lem in an inhomogeneous domain [28, 32]. Already when
thinking about transmission lines, we are dealing with cou-
pled differential equations. However the situation may be-
come much more complex, especialy when thereis inter-
action between the fields in the dielectric and the fieldsin
the substrate. E.g., the eectric fields caused by the inter-
connect only penetrate the surface of the substrate, whereas
the magnetic field fully penetrates the substrate. Thisleads
to dow-wave effects. Presently, there are no VLS| layout
extractors capable of handling such situations.

Thus there are several open problems. These are even
augmented by thefact that sol utionsfor thesein many cases
must be consistent and compatible with each other and ex-
istingtechniques. Thishasamajor impact onthemodeling,
reduction and implementation issues.

3 Mode Reduction

For extraction of parasitics, usualy a fine model iscre-
ated as a first step. This fine modd is an accurate rep-
resentation of the physical structure with a large number
of sections to ensure that the distributed properties of in-
terconnect line are maintained. However, this large num-
ber of sections makes an efficient circuit ssmulation or tim-
ing analysis afterwards virtually impossible. Therefore a
model issought that has a much lower complexity, but till
displays approximately the same transmission behavior.

Several methods for mode reduction can be found in
the aready mentioned extractors. We can distinguish be-
tween reduction before, during and after the actual extrac-
tion. We will briefly indicate some pro’'s and con's of re-
duction methods often encountered.

The multipole method, discussed in Section 2.1, is an
exampl e of reduction before extraction. The Schur method
is areduction technique during the extraction and has also
been explained beforein Section 2.1. The main advantages
arethatitisalinear processand yieldsareduced netlist. Its

disadvantage isthat thereisnot aclear relation between the
final accuracy and the size of the reduction.

A popular reduction method after RC extraction, that
however only yiel dsan adequate | ow-frequency moddl, has
been presentedin[15,19]. Thismethodyieldsasimplefull-
graph resistance network between the terminals and dis-
tributes the capacitances over those terminals. All internal
nodes are eliminated. The resulting network is constructed
such that the Elmore delay times are preserved. The disad-
vantage isthat at HF this may not be sufficient.

Congruence transformations [27] have been proposed
as an dternative technique to reduce RC networks. This
method exploits the RC character of the network and is
therefore, like the other methods above, unsuitable for sit-
uations with inductive effects. This has been solved by the
following techniques.

AWE [33] reducesthelarge set of system polestoalim-
ited set of approximated poles. Hence, the circuit is sim-
plified, whileits behavior essentially isretained. However
AWE has two important draw-backs. First, poles are ob-
tained, not acircuit model. This requires a specid circuit
simul ator, even when using special macro-models. Second,
AWE cannot guarantee numerical stability, which may lead
to un-physical oscillations during simulation.

An extension of the Elmore delay preserving reduction
method has been described in [34]. Itis capable of dealing
withinductivenetworks. Theaccuracy isuser-controllable,
by specifying a maximum operating frequency fs. The be-
havior of the reduced network matches that of the origina
until fs. Withlow fs, the method becomes equivalent to the
methods of [15,19]. Otherwise, someinterna nodesarere-
tained and the final interconnection topol ogy more resem-
blesthe original.

The method selectively removes non-termina nodes:
only nodes that are non-essential for the behavior until fg
are diminated. To decide which nodes are essentia in a
given configuration, the method calculates for each non-
terminal nodean estimation of therelativeerror madeif that
node should be eliminated. Nodes of which that error does
not exceed a predefined tolerance actually are eliminated.
By continuously recalculating the errors of the remaining
nodes, the method accounts for the increase of the relative
importance of those nodes, when anodeis eliminated.

Figure 5 showsresultsfrom the latter method for along
serpentineresistor in series with a large plate capacitance.
Due to the coupling capacitances in the serpentine thisis
not simply asingle pole RC network. The effect of increas-
ing fsisclear.

4 Consequencesfor Simulation

It is clear from the previous sections that adready at
present, and even more so in the future, taking into account
electrica effectsin theinterconnect in the circuit anaysis
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puts a heavy burden on the circuit simulators to be used.
In general the systemsto be analyzed will only increasein
size, probably non-linear effects will increase and devices
will influence each other more and more.

All these effects make thetask of circuit simulationmore
and moredifficult. In additionto these, thereisthetrendto
domorerobust design, i.e. aready inthe design and verifi-
cation stages the effects of possible‘random’ process vari-
ationsare taken into account. Current practice has been for
alongtimeto do a‘dow-nomina-fast’ analysis, however
thereisatrend to more statistically based methods [ 35, 36].
In practice this means that instead of 1 or 3 circuit evalua
tions, now 10's (quasi MC) or 100’s (full MC) evauations
have to be performed in asimilar time frame.

Furthermore ‘new’ analysis types come into play, eg.
power distribution analysis, rdliability simulations, etc. It
is not the goal of thistutoria to discuss circuit smulation
techniques, but we would like to point out that techniques
proposed and successfully applied in the past may loose
part of their effect in the future. For example, the fact that
parts of the circuit will become more coupled to each other
electricaly, in general reduces the effectivity of Waveform
Relaxation techniquesin circuit simulators.

Animportant point to consider isthe place wherethe ac-
tual mapping of the extraction resultsto electrica e ements
that the core of thesimulator understandsisdone. Thereare
two philosophies: theextractor produces geometrical mod-
elswith their parameters or the extractor produces el ectri-
cal models with their parameters.

In the first case the smulator must have built-in mod-
elsfor al devices(includingthe parasitics) or it must allow
the use of user-programmed models cal cul ating the el ectri-
cal parameters of the built-in models from the geometrical
data and the process data or unity parameters.

An example of thisapproach isthe combination of [37]
and [38]. The interfacing is done by so called process
blocks. A process block givestherel ation between geomet-

rical parameters, process parameters and electrical parame-
ters. It also enablesrealistic sensitivity anaysis, statistical
simulationsand mismatch analysis by keeping track of cor-
rel ations between the parameters [35].

An example of the second philosophy is [4]. This ex-
tractor directly produces anetlist with built-inelectrical el-
ements for severa ssimulators. The advantage isthat model
reduction based on electrical quantities can be done by the
extractor, thus saving on communication between extractor
and simulator. The disadvantage is reduced flexibility for
statistical analysis and user defined modeling.

However, with the trends as in the previous sections to-
wards more complex modelsit is questionablewhether the
“extractor only supplies geometrical data’ philosophy can
be kept for interconnect extraction. We have seen 3D ex-
tractorswith the BEM or FEM. At present thereis no gen-
eral method to directly derive electrical models from 3D
geometrical data.

Anotherimportantissueistherequired‘level’ of smula
tion. The above is mainly described from the viewpoint of
analog circuit simulationfor maximum accuracy inthe pre-
diction of signal behavior. However, for large digital cir-
cuitsthisis not feasible.

Therefore in these cases usualy gate-level or switch-
level smulatorsare used. In particular inthefirst, thefocus
isonlogicfunctionality and timing analysis. Timing anay-
sis is made possible by characterizing the timing behavior
of the logic gates (including their internal parasitics) with
an analog simulator and using the results to derive a delay
model for the gates. This can be done, since there usually
isalibrary with logic gates that are predefined and reused.
However, delays caused by the interconnect between gates
can only be taken into account by extraction of the actua
layout. Therefore those simulators must be able to handle
the electrical modelsfor theparasitics. For many situations
this requires a modification of the logic gate modd s or the
switch-level device models. E.g. switch-level MOSFET
models usually do not have a back gate contact. For sub-
strate couplingitisnecessary that theback gateistakeninto
account.

As said before, large IC'swith al the interconnect cir-
cuitry will behave like complete microwave circuits. Thus
it is appropriate to investigate microwave simulators [39].
Although these are continuously improving and incorpo-
rate ever more device models, they suffer from the same
limitation as analogue circuit simulators. They perform
wdll forrelatively small circuits, but cannot handlethelarge
VLS circuits. Typicaly, microwave circuits contained in
the order of 10’s of active components. There is a clear
trend that thisnumber increases, however with the upcom-
ing microwave effectsin VLS| IC's. Hencethereisagreat
challenge to increase the capabilities of these simulators.



5 Future CAD Systems

Theideal tool will be acombination of most of themeth-
ods discussed in the previous sections. In order to be able
to handle large layouts the extracted netlist will have to be
as simple as possible (but not more simple than that) and
the simulation will be done at a high abstract level.

However, based on e.g sensitivity analysis or critica
path analysis, some parts of the layout will need higher ex-
traction accuracy or higher simulation accuracy. Thiswill
then be done on the affected parts of the layout or netlists.
Theresultswill be ‘merged’ with previousresults.

For example, if for two blocksit isfound that substrate
coupling is of great importance for the timing analysis, a
BE method might be applied locally, to yield an accurate
substrate network. It may now be necessary to simulatethis
part on an analoguelevel and theresultstrand ated toamore
accurate timing description for those blocksin their context
for the higher level smulator.

Likewiseit isquite possiblethat acrossing bus situation
issensitivefor coupling capacitances and the presence of a
substrate. The busses will be extracted using an advanced
3D method (includinginductiveand slow wave effects) and
theresultswill be resimulated with a microwave solver.

The selection of critical parasitics must not be done by
the designer: it will be too risky for him to miss critical
ones. As aresult, he will probably tend to overestimate
theirinfluence and sel ect too many of them. Both situations
are wrong: the first can clearly be disastrous and the sec-
ond can |ead to excessive computationtimes. Moreover, no
matter how careful or skilledthedesigner is, therecan beno
guaranteethat all relevant parasitics have been determined.
Thus, the parasitics screening must be automated.

Aswill be clear from those examples this approach will
need a lot of data manipulation to trandate results from
lower to higher hierarchical levels and vice versa. It is ob-
viousthat even for parts of thistool still much research is
required. Thereisstill along way to go until the combina-
tionwill be availablein a useful tool.

It must not be underestimated how important the ‘look
and fed’ of the tools discussed above is. Since the func-
tional complexity is growing, user interfaces need to be
concise and easy to use. Locdized parts of the design
tool will represent the expert knowledge, like that of a mi-
crowave engineer, device physicist or analogue designer.
Yet thetool itself must be such that it can be used efficiently
by an IC designer or more and more a ‘ system engineer’.
Therefore these tools must be an integrated part of awell-
established design flow. This requires careful planning of
interactions between programs. Thus standardization [40]
isof paramount importanceif it is desired to be able to use
toolsof different makes.

Another issueis that of correct verification of so-called

clean and dirty hierarchies. Dirty hierarchies are those
where the function of one cdll is modified by the layout
of another cell, a the same or another hierarchica level,
whereas clean hierarchies don’t exhibit interactions be-
tween cells other than viatheir terminas. However, para-
sitics become so important that no hierarchy can be treated
as clean anymore. The answer usualy isflat extraction, but
thisis obviously at the cost of computation time. Hierar-
chical extraction that correctly accountsfor inter-cell para-
siticswill be needed.
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