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REDS: RESISTANCE EXTRACTION FOR DIGITAL SIMULATION

Doa Stark and Mark Horowits

Ceater for Integrated Systems, Stanford Univemnity
Stanford, CA 94308

Abetract

This paper describes an extractor designed to produce resis-
tance values for use in digital circuit simulation. REDS avoids
resistance extraction on most nets in a design using a simple
filter based on the perimeter and area values calculated by the
capacitance extractor, allowing it to concentrate on areas where
resistance may substantially affect circuit timing. Nets are ex-
tracted using a fast square counting algorithm, and simplified
before catput to remove spurious elements. REDS is designed
to work on the Magic layout database. |
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1 Introduction

Parasitic resistances can substantially affect circuit performance,
but are difficult to calculate efficieatly. Most approaches fall
into three categories: numeric calculation of Laplace’s equation
{6]){1], Tlumped approximation’{9}{3]), and palygonal reduction
{5](2]{7). Numeric solutions, though accurate, are slow; they are
well suited only for small circuits. Lumped resistance values,
where each node in a circuit has a resistance associated with it,
are easily calculated from the node’s perimeter aad area, but
are very inaccurate. Polygonal decompasition provides a good
tradeoff between speed and accuracy, but is still expensive to
run on large designs. Mori in [7] reduces this computation time
by extracting hierarchically, but requires that explicit ports be
defined for each subcell, which restricts allowed overlaps and
makes additional work for the designer.

For logic simulation, the designer is primarily interested
ia knowing which resistors will substantially contribute to the
RC delay of a given signal. This occurs whea the intercon-
nect resistance betweea two transistors is oa the same order a8
the resistance of the transistor itselfl Resistors should oaly be
included for mets where this is the case; including additional
componeats oaly slows dowa the simulator without subetaa-
tially influencing the results.

The key to fast extraction for this timing is to extract only
those nets which meet the above criterion. Unfortunately, the
identity of these nets is not knows until they are extracted.
REDS avoids this problem by using the lumped resistance val-

_ wes to determine whether further extraction is required. The
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lumped values are essentially equal to the resistance of all ge-
ometries connected to a net stretched end to end. They form
spproximate upper bound (neglecting curreat crowding) on the
maximurn resistance between two points on a net. By compar-
ing this value to the resistance of the largest transistor on &
net, REDS avoids extracting most of the nets in a circuit.

REDS extracts the nets that fail the lumped resistance test
by decomposing them into rectangles with unidirectional cur-
rent flow. The resistance of each rectangle is calculated from
ite length and width, The maximum point-to-point resistance
in the net is also determined; if this value is less thaa the
transistor-resistance tolerance, the aet is leRR untouched. I the
resistance exceeds the tolerance, REDS estimates the time con-
stant for the network and compares it to that of the transistor
alone. If the time constant also exceeds the tolerance, REDS
adds a resistor network to the extracted description.

REDS is part of the Magic layout system (9] and uses its
corner stitched database database to efficiently estimate inter-
connect resistance. Before REDS is run, Magic’s hierarchical
extractor and netlist flattener are used to produce the lumped
resistance values and s flat simulatioa file. The following sec-
tion describes how REDS uses this simulation file aloag with
the layout to select, extract, aad simplify nets, while Section 3
provides some results from a large microprocessor desiga.

2 Implementation

2.1 Net selectios

A resistance extractor’s first task is to ideatify which sodes
could have significaat resistance. REDS finds the largest tran-
sistor with a source or drain connected to each node aad com-
pares the resistance of this ‘driviag’ transistor with the lamped
resistance of the sode. The resistance of this driving transistor
is calculated by dividiag the length by the width and multiply-
ing by the sheet resistance for the particular type of transistor.
The lumped resistaace is computed from the perimeter and
area values calculated for each material by Magic during capac-
itance extraction. The formula for lumped resistance amumes
the region is a rectangle and simultaneously solves equations
for the rectangle’s perimeter and area:

LeW =qarees

2L + 2W = perimeter

L = (perimeter + /perimeter? — area o 16)/4

W = (perimeter - \/perimetery — gree ¢ 16)/4

resisiance = (R/square) o L/W

This de vremt bos besn appioved
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Figure 1: Lumped Resistance Approximatioa

The louger dimension is takea to be L because this gives
the more conservative value. Two regions and their equiva-
lent rectangles are shown in Figure 1. This process is approxi-
mately equal to stretching out the region into a siagle rectan-
gle and gives an upper bound om the resistance between any
two points in the network (Figure 1a) for networks of common
width. Whea the width of the interconnect varies greatly, this
approximation will not necessarily be as upper bouad. Large,
square regions of a highly resistive layer connected to long, thia
areas (Figure 1b) will produce low lumped values. These re-
gions are fortunately very rare in signal lines. The only notable
exception is in pads, which contain lasge squares of metal and
whase lamped resistance for the metal layer is correspondingly
low. Even in pads, however, the lumped value is greater thaa
the maximum point to point value because the resistance is
dominated by polysilicon, sot by metal, due to the disparity in
sheet resistances.

If the resistance of the transistor is greater thaa this lumped
resistance, no additional extractios on this particular net is
necessary. Nets that fail this test are passed oa to the next
section of REDS, the net extractor.

2.2 Net Extraction

For each selected net, REDS reads and Sattens the hierarchical
layout description, storing the result in Magic's corner stitched
database. Because Magic stores data in & canonical form (max-
imum horizontal rectangles) contacts tead to fracture contige-
ous regions into many subtiles. REDS reduces the aumber of
tiles and simplifies extractioa by diminating comtacts during
a prepass over the layout. It records the location of coatacts,
then merges them into their constituent layers (Figure 2). The
position of transistors is also soted, aad a transistor data strec-
tare is allocated for each set of connecting transistor tiles. Afer
this preprocessing, REDS is ready to begin actual extraction

of the aet. n
L

U

Figure 2: Contact Preprocessing

REDS calculates resistance by counting squares. For a
given rectangular region the resistance is (R/square)*L/W, where
L is taken in the direction of current flow. This method dows
wall os long, sasTow regions, but rather poorly om irregulatly

shaped oues. In the curreat application, however, the resistors
of interest are formed primarily from loag, thin regions. For a
resistor to be oa the same order of magnitude as the transistors
to which it is connected, it must be many squares long because
the shoet resistance of the interconnect is much less thas that
of the transistor. Irvegularly shaped regions by deflsition can
be only on the order of a few squares and sesd 2ot be calculated
with high precision.

The key problem Is & square-counting resistance axtractor
is determining the direction of current Sow. REDS simplifies
this problem by assuming the curreat fow is aither horisoatal or
vertical, a reascsable assumption because Magic oaly supports
Manhattas geometries. The combinatioa of orthogonal curreat
flow and Machattan geometries makes calculating W/L easy
because every resistive regioa is a rectaagle.

Curreat flow for aa individual tile in Magic's database caa-
2ot be calculated without Jooking at the particular tile's seigh-
bors. This cas be sesn in Figure 3. Magic's data structures
prevent REDS from being able to determine curreat fow os »
tile by tile basis. The wse of maximum horisomtal rectaage
occasionally causes tall, narrow rectangles to be brokea iato
long, thia strips. Individeal tiles may have curreat flow per-
pendicular to their longest side. Fortunataly, visiting a tile's
neighbors in Magic’s corner stitched database is fast and casy
to do. REDS uses the pointers o adjoining tiles t0 search for
connecting material U it finds an adjacent tile of the same
type, REDS checks t0 ses whether the combined ares is taller
thaa it is wide. If it is, REDS assumes that currest fows aorth-
south. Ifit is not, thea REDS coatinues to search. This process
continues uatil sither the combined regios is taller thea it is
wide or no additional coasecting ties are fosnd. ¥ the fisal
region is wider thaa it is tall, thea the curreat flow is asst-west.
It not, curreat flow is north-scuth.

L B | J‘o————oi

Figure 3: Determisation of Carrest Directios

Onca curreat flow for & given tle is knowa (note that cur-
reat Sow nesd not be same for all parts of the tile), REDS con-
structs resistors betwasa the different sources/sinks of curreat
ia the tile. Possible coanections include transistors, juactions
with other tiles or with other regioas of the same tile, sad con-
tacts. Resistors withia a particular part of a tile are made by
dividiag the distance in the direction of currest flow by the
width or height of the region sad maltiplying by the sheet re-
sistance. Each connection paint becomes & node with ose or
more coanecting resistom and /os traasistors.

Resistor aetworks constrected in this fashios have several
undesirable features which REDS triss to eliminste dynami-
cally, incleding dangling connections, series resistors, paralld
resistors, aad ‘triaagies’ of resistors. Ia each case, REDS dlim-
inates the spurious nodes and resistors, thea checks to see if
the sew setwork cas be reduced fartber. This costinves wa-




til ao further changes are possible. This simplification s dose
as soon as all geometries connected to & node are processed,
keeping the size of the network as small as possible.

While it is redacing the aetwork, REDS also keepe track of
the resistance {rom each aode (0 the starting transistor. After
all sodes have beea processed, the highest resistaace sode is
found. If ite resistance is less thaa that of the largest transistor,
20 resistive aetwork is seeded for this net, and the net is never
outpet.

Comparing the maximum paint to poiat resistance 1o the
lumped value eliminates maay resistors, but fails to catch ome
fairly commoa case. On nets with large fanout, the driver sise
must be large to haadle the load; often, its resistance will be
comparable to that of the interconnect leading to each gate.
An example with fanost N=4 is shown in Figure 4a. The in-
terconnect does not coatribute significantly to the delay in this
case, because oaly a small portica of the total load is drivea
through each intercomnect resistor. For the special symmetri-
cal case shown, the delay in Figures 4a and ¢b are identical,
with the delay due to interconnect beisg R,CL/N instead of
R,/Ci. For large values of N, the interconnect delay is much
leas than a simple comparison of Ry,ea aad R, would indicate.
More generally, timing depends not just o the relative resistor
sizes, but also on the distribution of capacitance is the tree
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Figure 4: Effect of Fanoat ca Time Coastaat

REDS coatains a final fiiter o recogaise and remove large
fanout sets based on their RC time comstants. The fiter is
based o8 the estimates of dalay ia RC tress developed in [8)
The RC delay for a givea node i can be approximated as the
first asder momeat of the aetwork's impulse responss, Tp, =
T2 RaiCo, where Ry, is the resistance from the inpet thas is
commoa betweea nodes & asd . Figure S shows the valee of
To for node N3.
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Figure 3. Calcalation of TDi

Cakulation of Tp, is hirty straightforeard. Firet, the aet-
work’s capacitance is distributed among its aodes. Next, REDS
removes loops from the setwork by deleting the resistor in the
loop that bas the grestest resistance betwees its ends and the
driving node. The resulting tree is thea passed over twice. Dur-
ing the first pass, the capacitance for each sode aad it childres
is summed togethber. During the second, Tp, is calculated for
each node by adding the product of node capacitance and the
resistance betwess the node aad its pareat to Tp, for the par
ent. The largwt value of Tp, is compared with the product of
the transistor resistance and the total capacitasce; if it excesds
the tolerance, thea a RC astwork must be added to the circuit
description.

3.3 Net Simplification

Whes & set's delay is greater than the tolerance, it mwst be
writtea out. [a its rew form, however, the net comtains a
plethors of sodes and small resistors. The detailed aet coa-
taias more information thas simulators and timing verifiers re-
ally need, and will slow them down substaatially. This set must
be simplified into something that retains the basic information
but has fewer resistors and nodes.

A typical set Jlooks somethiag Eke Figure Ga, with maay
brasches. REDS waats to modify the aet to eliminate all ro-
sistors below the resistive toleraace. To do this, it starts at the
sode costainiag the driviag transistor aad walks down the tree,
labeliag resistore as visited and assigning them a directica. It
knows it has reached the and whea it gets 10 & node whevw
all outward poisting resistors are terminale, 1.0. connected to
transistors oaly. If all the resistors connectad to this termi
sal aode are lass thaa the tolerance, REDS deletas all bot the
largest resistor (Figure 6b). Ouce this braach is diminated, the
remaining tres has two resistor ia series that cas be combined.
REDS caa thes walk back up the tree 10 the next braach. Ths
coatinees ustil all the remaining resistoss are greater than the
taleraace (Figure 6c).

Networks reduced by the above method may stili coataia re-
sistore less thaa the toleraace. To remove these remaining small
resistors, REDS fset sorts all resietors by sise. The smallest ro-
sistor is combined with its smallest neighbor. This is continwed
uatil 2o resistorn less thaa the tolerance remals.

The completed actwork is appended 10 the axtract fle of the
daiga's root call Magic's extract format incledes a ‘killnode’
command that diminates o node and everything connected to

k

it from the circuit's netiist; this s weed (o eliminate the old
set and replace it with the new resistor-angmented one. REDS
thes repeats the process oa the sext set in the dusiga.

Yelwwsen IE

Figure 6: Net Simplification
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3 Results

MIPS-X, Staaford's second geseration RISC microprocessor
[4), was wsed to test REDS. Excluding the instruction cache,
MIPS-X costains 4%,000 transistors and 19,000 nets. The is-
strection cache was not axtracted becawse it is never included
in switch level simulations. MIPS-X is dwigaed in & 2um, 2

level metal CMOS process. Techaology parameten foc MIPS-X
are shown ia TaNe 1.

Sheot Resistance Minimum Width

Layer (/square) (pm)
metall 0.04 3
metal2 0.04 4
polysilicon » 2
adiffwsioa ) 3
pdiffusion 110 3
afet 18008 3
plet 36000 3

Table 1: Techndlogy Parameten

Node failure rates are listed in Table 2 for & tolerance of
2 (i.e. the intercomnect delay is at least 50% as large as the
transistor delay.). All sodes except for the power supplies were
included. The lumped resistance flter was effective ia reducing
the sumber of sodes 10 be extracted; caly 20.0% failed. Af-
ter extraction, oaly 0.4% of the nets nesded 10 have resistons
added, giviag 3 9% increase ia circuit sodes. This is consis-
teat with REDS' aim of addiag the minimum aumber of extra
compoaeats aad sodes 10 correctly represeat the net’s charac-

Total Nets: 18000

Lemped Fallures: 3700 (%0.1%)
Resistor Siss Failures: 23 (32M)
Time Constant Failures: 8 (0.4%)

T Nete Nodes Rasiston
Global Signals [ 1328 1384
Pade 8 264 206
Bw 11 3 n
Array lapets ] 13 0
Toalks [ 1670 1622

Table 2 Network Statistics

The aeta that fail all chacks fall into the 4 categories shown
ia Table 2. The largest number of resistors are created for
global signals such as the clocks and o fow frequently woed
coatral lines. The second major group of nets are located in
the pade. Dutput pade fail because the final drivars have loag
polysilicon gates with substantial resistance. The next growp
containe part of one bus that was wired ia polysilicon to save
space. Finally, the inputs 10 structures such as PLA's and
Waeiaberger arrays are rua ia polysilicon asd also hil

Rasaiag MIPS-X through REDS oa a VAX-11/780 required
sbout 137 minutes of CPU time. Interestingly, fattening the
pets takes mast of the time, while the actual extraction is rel-
stively cheap. This suggests that spesding REDS up substan.
tially will be fairly dificult becanse the database routines are
already beavily optimised.

4 Conclusion

Digital simualation places two main constraints oa a resistance
extractor: extraction must be fast s0 that the turnaround time
oa chaages is short, and the extracted network should oaly
contain resistors that significaatly affect performaace. REDS
rens quickly by reduciag the aumber of sodes requiriag ex-
traction via a simple flter and extracting resistances using
a square-based axtraction algorithm that effectively utilizes
Magic's cormer-stitched database. REDS reduces the sise of
its output by distilling the original aet into a smaller analogue
that coatains caly the essential information. This combination
makes REDS & wseful tool in the simulation process.
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