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Developmental fab in tight loop
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Density Control for CMP

o Chemical-mechanical polishing (CMP)
o appliedto interlayer dielectrics (ILD) and inlaid metals
¢ polishing pad wear, slurry. composition, pad elasticity: make. this
avery difficult process step
o (Cause ofi CMP variability
pad deferms evermetal feature
greater LD thickness; over denseiregions ofilayaut

“dishingi“in sparse regions;ofilayout
huge partef chipvariability budaet used up (€:g:, 4000AVLD
variation'acress:die)

ICCAD Tutorial: November 11, 1999

Min-Variation Objective

o Relationship between oxide thickness and local feature
density

oxide thickness

?fiuini
min_min_max density
o Minrmizing varateninwindew density everiayout
preferabletersatisiyinglowerand upperdensit/ eunds

ICCAD Tutorial: November 11, 1999




Density Control for CMP

o lLayout density control
o density rules minimize yield impact
¢ uniform density achieved by poest-praocessing, insertion of
dummy, features
o Performance verification (PV) flow implications

accurate estimation ofifilling|isineeded|in BD; BV/tools (else
broken perfermance analysis: flow)

filling geemetries affect: capacitance exiraction by > 50%

IS a multilayer preblem (ceupling te)criticalinets; contacting
restrictions; active/layers; etherinterayerdependencies)

ICCAD Tutorial: November 11, 1999

Density Rules

Maodern foundry rules specify layout density bounds to minimize
impact of CMP: on yield

Density rules contral/local feature density for, w xw: windows

s €.g., on each metall/layer every; 2000um % 2000um window must: be
between 35% and|70% filled

Filling|= insertion of "dummy/* features;te improve. layout density,

o typicallyviailayeut:pest-pracessing|in PV/.//TICAD tagls
) boolean operations; on layout:data

o aliectsvitalldesignicharacteristicsi(e:a:, RE extraction)

o) accurate'knoewledge ofifillinglisireguired during physicalldesigniand
VETification

ICCAD Tutorial: November 11, 1999




Need for Density Awareness in
Layout

o Performance verification flow:

Timing/Noise
Analysis
o Filling/slotting geometries affect: RC extraction

-15
VICTIM LAYER TOTAL CAPACITANCE (10 F)
Same laver-i Fill lavers _ _
£¢=39 e=27

neighbors? i-1,i+1?
243 (1.0 1.68 (1.0)
3.73 (1.54) 2.58 (1.54)
4.47 (1.84) 3.09 (1.84)

Up to 1% error in extracted capacitance
Reliability also affected (e.g. slotting of power stripes)

o Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh

Need for Density Awareness in
Layout

o Performance verification flow:

Timing/Noise
Analysis

e Can be considered as single-layer* prehlem

15

Middle Victim Conductor Total Capacitance (10 F)
Fill layer offset  Fill geometry =39 =27

10x1 3776 (1.0) 2.614 (1.0)
1x1 3.750 (0.99) 2.596 (0.99)

10x1 3.777 (1.00) 2.615 (1.00)
1x1 : L . L

¢ Caveat: contacting, activetgate layers, other layer interactions

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh




Limitations of Current Technigues

o Current techniques for density control have three key.
weaknesses:

(1) only the average overall feature density is constrained,
while local variation in feature density is ignored

(2)/density analysis does not: find true extremal windew densities
- instead; itfinds extremal window,densities only; over:fixed|set
ofiwindew: poesitions

(@)filliinsertion|inte)layeut:dees net minimize the: maximum
variation mwindew density,

ICCAD Tutorial: November 11, 1999

* find slack (available areafor filling)
_ ineachwindow

Fill synthesis
. comﬁute amounti locations of dummi fill

ICCAD Tutorial: November 11, 1999




Exact Max-Density Window Analysis

o For each pivot rectangle R do
o find density of wxw window W that abuts R on top
and right
» While'W intersects R do

o slide W right:till intersection with ather: rectangle edge
o record changesiindensity,

s Ok aloonthmiferkirectangles

= 7\ Andrew

ICCAD Tutorial: November 11, 1999 (.\ -) Me

Fixed r-Dissection Regime

o Feature area density bounds enforced only for fixed set
of w X w windows

o Layout partitioned by rZ distinct fixed dissections
o Eachw xw window is partitioned in r2 tiles

fixed r-dissection
withr =4

overlapping

windows

~—\ Andrew B. Kahng
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Drawbacks of Fixed r-Dissection
Analysis

o If all w x w windows of fixed r-dissection have
density < U, there may be floating w: x w.
window with density min{l, U + 1/r -1/(4r2)}

Fixed-dissection algerithmis

Exact algonthmiis =10J(&)

~—\ Andrew B. Kahng
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Shrunk and Bloated Windows

= fixed r-dissection w x w window
= arbitrary w: x w window
Bloated window, = standard windew bloated by one tile
= standard windoew, shrunk: by ene tile
Any, is contained injone bloated/window,
and contains

~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (.\ -) Mdjid Sarrafzadeh




Multilevel Approach

o Estimation:

o max floating window, density: < max bloated window density.

o min floating window, density: = min shrunk windew: density,
o ZOOMING

s remoye; standard windoews; in underfilled bleated windews

o subdivideremaining tiles and/findlareaiefinew bloated windews
s lErminate’subdivisionwhen eitier:

s Hofirectangles)isismall (runexactdensityanalysis)) of;

s (maxbleated density)/(maxstandard density)i= &1 (say; €=1%)

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (\ -) Mdjid Sarrafzadeh

Multilevel Algorithm

= list of all windows (r =1)
Accuracy = o
While Accuracy > 1+ €
find are in each bloated and standard window
MAX = max area of;standard window.
BMAX = max area ofi bleated/window

refine = [ist efi tiles: from) bleated windews; afi area
= MAX

subdividereachitilenn inte4'subtiles
AcGcuracy:= BMAXIIMAX
@uiputimax standard Window density = MAX/WE

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (\ -) Mdjid Sarrafzadeh




Filling Problem

o Given design rule-correct layout
of k disjoint rectilinear features in nxn region

o Find design rule-correct filled layout

nofilllgeemetry is added within distance B off any,
layout feature

nofilllis;addediinterany: windew that has density =U

minimumwindew density/imn thetilled [ayoutis
maximized (errhas density: = lowerhound L)

~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (.\ -) Mdjid Sarrafzadeh

Filling Problem in
Fixed-Dissection Regime

o Given
o fixed r-dissection of layout
o feature arealT] in eachtile T
o slack{T] = area available for; filling in T
o Maximum windoew, density: U

o Find total filllarea p[i] teradd in each If s.t.
anywxwiwindew\Wihas,density = Uland
mif2 1 my @realiil == plil)isimaximized

~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (.\ -) Mdjid Sarrafzadeh

10



Fixed-Dissection LP. Formulation

o Maximize M (= lower bound on window density)
o Subject to:
o For any tile T: 0= p[T] = pattern X slack{T]
o For any window: W:
> 1w, PRI+ areall] = Ubxwz
M= oy (R[] = arealTH)
(pattern = maxiachievable patiern area density)

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (\ -) Mdjid Sarrafzadeh

Fixed-Dissection LP. Formulation

one variable and
two constraints
per tile

two constraints
per window

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (\ -) Mdjid Sarrafzadeh
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Hierarchical Density Control

o Hierarchical filling = master cell filling

Subcells

~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 \~/ Mgjid Sarrafzadeh

Hierarchical LP. Formulation

For any cell instance C of master cell C and tile T,
VIC,T] is portion of slack[C] in intersection of C with T:
VIC, 1] = slack(C nT)/slack{C]
New variable d[C] per. each master. cell C:
o|[6 = C
New: constraints:
o fontetallamountoffilling added|inte tile: i

PITED2 ¢ o AICI VG
s feramoeuntefifillingraddedlinte)eachmaster; cell E:

OI=d[C]= xislack(e]

~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (.\ -) Mdjid Sarrafzadeh
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Synthesis of Filling Patterns

Given area of filling pattern p[i,j], insert filling
pattern into tile Ti,j] uniformly over available
area

Desirable properties ofi filling pattern
o UnIferm| coupling te)long| conductors
e elthergrounded orfloating

~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (_\C/) Majid Sarrafzadeh

Basket-Weave Pattern

]

-

41;
=
=

/1

e
i

Eachvertical/herizontal crosseverline nasisame; GVernap
capacitancetofill

ICCAD Tutorial: November 11, 1999
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Grounded Pattern

.

.

ElwithThoerizental SiipeS;
tienspan withwerticalllines

ICCAD Tutorial: November 11, 1999

OPE and PSSV

ICCAD Tutorial: November 11, 1999
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Subwavelength Optical Lithography
— Technology Limits

Implications of Moore's Law for feature sizes

Steppers not available; WYSIWYG (layout = mask =
wafer) fails after .35um generation
Optical lithography.
o Circuit:patternsioptically’ projected ente,wafer
o feature size limited by diffraction effects
o Rayleighilimits
o resolution Rt preparticnal oA/ NA
o depthiofifocus DEE preportional tayA//INAZ
Availablerknehs
o amplitudeN@penure)s ORE
o pliaser BSM

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh

Next-Generation Lithography and
the Subwavelength Gap

= U)V/
X-rays
E-beams

Allfat least: 10/ years away;
reguire significant: R&ID;
major infrastructure
changes

> 30)yearsefiinfrastructure
and experience supporting
apticalllithegrapfy,

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh
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Optical Proximity Correction (OPC)

o Corrective modifications to improve process control
e improve yield (process latitude)
e Improve device perfarmance

No OPC With OPC
——

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (\C/) Majid Sarrafzadeh

Optical Proximity Correction (OPC)

Mostly cosmetic corrections; complicates mask
manufacturing and dramatically increases cost (with
little benefit?)

Post-design verification is essential

Rule-based OPC M odel-based OPC
apply corrections based on a use process simulation to
set of predetermined rules determine corrections on-line
fast design time, lower mask longer design time, increased
complexity mask complexity
suitable for less aggressive suitable for aggressive
designs designs

=\ Andrew B. Kahng

ICCAD Tutorial: November 11, 1999 \C/ Majid Sarrafzadeh
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OPC Features

Serifs - for corner rounding

Hammerheads - for, line-end shortening

Gate assists (subresolution

scattering bars)) - —— =
for CD) contral Saril [rre———— Diffusion
Gate biasing - for, CD 1 . L
control

|SSues forcustom,

fiierarchicalland HE gys= l I
reuse-hased [ayout A

methoedelegies Polysilicon

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh

OPC Issues

o WYSIWYG broken - (mask) verification
bottleneck

o Pass functional intent down to OPC insertion
o make corrections that win $$$; reduce. perfermance. variation
o OPC insertion Is for; predictable: circuit perfermance; function

o Pass limits; ofi manufacturing up: te) layout
o donitmake corrections;that can't be: manufactured erverified
o) MaskiErraer Enhancement: Factor, etc.
o [Layeutneeds moedels oif OPE INSEerion Process

s GEGMELY/ EffECIS On|castiofirequired @R E o) Vield functon

s GOSiS Glhreaking hierarchy (beyoendiknewn Verification,
chiaraGleriZzationCoests)

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh
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Mask Types

e Bright field masks Dark field masks
opaque features defined by e transparent features defined

chrome o background is opaque
background|is transparent (chrome)

used, e.g., for. paly and metal used, e.g., for. contacts

used also for,damascene
metals

ICCAD Tutorial: November 11, 1999

Photoresist Types

o Positive resists Negative resists

e material is removed from e material is removed from
exposed areas during unexposed areas during
development development

most widely used less mature

A b b e b

¥ Silicon—>

Post development profile for positive and negative photoresists

ICCAD Tutorial: November 11, 1999
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Phase Shifting Masks

conventional mask phase shifting mask
glass

BN B B «Chone”
Phase shifter —

I I O
PUALAYN
0 E at wafer O

& 01 at wafer oM

ICCAD Tutorial: November 11, 1999

Phase Shifting Masks

no phase shifting: poor. contrast due to diffraction

phase shifting by 180°: reverse electric field on mask, destructive
interference yields zero-intensity on wafer; (high contrast)

Background

¢ invented in 1982 by L.evenson at IBM

o interestin early; 1990s, but near wavelength — no pressing need
Many:forms; ofi phase-shifting|propesed
Key issues: manufacturability; designiteels

Tieday: sulbwavelengtiigap ferces ESMIinte everny process
(examples Moeteraela 9enm gates using 248nm|stepper; anneunced
Inearly;1999)

ICCAD Tutorial: November 11, 1999




Forms of PSM

o Bright Field Phase-Shifting

e single exposure
¢ phase transitions required, e.g., 0-60-120-180
0r:90-0-270te avoid printing phase edges
o throughput-unaffected
o, limitedlimprovement.in process latitude
¢ mask manufacturing difficult; mask cast:very high
o, douhbleexposure
PSMwith|0)and/180 degree phiase stifters

definelaenlycritical featuresi(tlocally bright:fieldF) restefimaskis
chireme

secondlexposurewiticlearsield binan/maskapretects critical
Ieatures; definesnon:critical features asiwell

excellentiprecessilatitude
decreaseintireughpuideukielexXpoesure)

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh

Gate Shrinking and CD Control
Using Phase Shifting

Binary Mask
(020 ym) _
Original Prints
Design | 0.11 pm gates

Dark Ficld Prints 0.11
pm lines

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh
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Double-Exposure Alternating PSM

1. Alternate PSM Mask 2. Trim Mask (COG)

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh

Applicability of OPC and PSM

[ wavelength

Bl Feature Size

0.1 | ;
L f T

f f " I
1992 1994 1996 1998 2000

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 Majid Sarrafzadeh
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The Phase Assignment Problem in
PSM

Assign 0, 180 phase regions such that
o (dark field) feature pairs with separation < B have opposite phases

o (bright field) features with width < B are induced by adjacent phase regions
with opposite phases

b = minimum separation or width, with phase shifting
B = minimum separation or width, without phase shifting

43 =\ Andrew B. Kahng

ICCAD Tutorial: November 11, 1999 (\C/) Majid Sarrafzadeh

Phase Conflict and the Conflict

Graph

o \ertices: features (or. phase regions)

o Edges: “conflicts” (necessary phase contrasts)
(feature pairs with separation < B)

=\ Andrew B. Kahng

ICCAD Tutorial: November 11, 1999 (\C/ Majid Sarrafzadeh
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Odd Cycles in Conflict Graph

o Self-consistent phase assignment is not possible. if
there is an odd cycle in the conflict graph

o Phase-assignable = bipartite. =no odd cycles

ICCAD Tutorial: November 11, 1999

Phase Conflict and the Conflict
Graph

o Self-consistent phase assignment is not possible if there
is an odd cycle in the conflict graph
Phase-assignable = bipartite = no odd cycles
e thisiis a globallissue!
o features onioene side of chip can affectfeatures on the other,
side
Breaking|odd cycles: must change the layout!
s Chiange feature dimensions; and/er change spacings

s degreesiafifreedomiincludeayerreassignmentior,
IMErConnEeGts

ICCAD Tutorial: November 11, 1999
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Conflict Graph

o Dark Field: build graph over feature regions

o edge between two features whose separation is < B
o Bright Field: build graph over; shifter. regions

o two edge types

o adjacency edge between overlapping phase regions::
endpoints must:-have same phase
o essentially; these regions must be “merged; intoe single
phase: shifter:
o DRE-like (gap; netchitype) lacal rules mustiikely e
appliediteisuch “mergmar
o conflictiedge’hetween|shifiers eniepposite’sidelaficritical
features endpoinis must:liave eppesitepliase
s Sien 38 simplereductionito previeus (darksield) NEein
So|UTIENE eachdolied edgeIReECOmES a 2=chaln (Intreduce
GREIExtraverntex)

w B. Kahng
ICCAD Tutorial: November 11, 1999 /) Mdjid Sarrafzadeh

Conflict Graph

o Dark Field:

green = feature; red = conflict conflict graph G

e Bright Field: conflict edge

e s e
o o
o
o
o

adjacency edge
B. Kahng
ICCAD Tutorial: November 11, 1999 zadeh
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One-Shot Phase Assignment

conflict graph

ind min-cost edge
set to be deleted
for 2-colorability

compaction
~—\ Andrew B. Kahng

ICCAD Tutorial: November 11, 1999 (.\CJ,) Majid Sarrafzadeh

Breaking Odd Cycles

» Must change the layout:
« change feature dimensions, and/or
 change spacings

25



Phase Assignment: Key Technologies

o Key technologies: incremental gridless routing,
iIncremental compaction

e ISsues for custom, hierarchical and reuse-based
layout methoedologies

~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (_\C/) Majid Sarrafzadeh

Conflict Edge Weight

e Which conflict edges are cheapest to break?

e Critical paths (e.g., in compactor) in x- and y-
directions define layout area

o Conflict edges not on critical path: break for free

|:| critical path

ICCAD Tutorial: November 11, 1999
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Minimum-Perturbation PSM Layout

o Input: layout in, e.g., .25um design rules
o Goal: adjust feature sizes and spacings to
new PSM design rules, e.g., .15um
» keep topology as close to original as possible
o Application teynew design and temigration
s ASSUIMES EXIStENce. ofi a starting layout

s MOpe toratiain rewervielations mvernfication;
require;lessimanualicleanup) el outputiayout

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (\ -) Mdjid Sarrafzadeh

Compaction-Oriented Approach

o Analyze input layout

o Determine constraints for output layout
o New PSM-induced (shape, spacing) constraints

o Compact (e.q., selve LP) with min perturbation
ohbjective
e €.0., minimize sum oer difierences between oldand

NEW POSILiENS e eachiedge

L 1ays Minimiza e st of 2w Consirains,
I.a., orezlcall odd eyelas in corilict ¢raion 0y
clalatinie) 2 rrinirnen nurmoer of adeas,

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (\ -) Mdjid Sarrafzadeh
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Black points - shifters

Thick edges- critical

Bipartization Problem:

etemin # of thin edges
to make graph bipartite

28



Bipartization Problem: delete min # of nodes (or edges)
to make graph bipartite

57

29



Black points - shifter

Bipartization Problem: delete min # of thin edges
to make graph bipartite

Black points - features

Bipartization Problem: delete min # of nodes (or edges)
to make graph bipartite

30



The T-join Problem

How to delete minimum-cost set of edges from
conflict graph G to eliminate odd cycles?

Construct geometric dual graph D=dual(G)
Findlodd-degree vertices i in D

Solve the in D;

o findiminm:=weight edge setiJin Bisuch that

o dllNEVerticesihias degree
s dllfethenVerticesiliave degree

SEIUHeNJ COESPLNUS O dESITEd MIMECOSTEATE
SeinrconiiictarapinG

= ~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (\ -) Mdjid Sarrafzadeh

Optimal Odd Cycle Elimination

blue features/red conflicts conflict graph G

T-join odd degree nodesin D dual graph D

- ~\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (\ -) Mdjid Sarrafzadeh
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Optimal Odd Cycle Elimination

blue features/red conflicts Assign phases:
only green conflicts left

T-join odd degree nodesin D conflict graph

63 - .
7\ Andre
ICCAD Tutorial: November 11, 1999 (.\ -) Majid

T-join Problem in Sparse Graphs

Reduction to matching
e construct a complete graph T(G)
s Vertices = T-vertices
o edge costs = shortest-path cost
o find minimum-cost perfect matching
Typical example = sparse (not always: planar) graph
s notethat.conflict graphs are sparse
s #yertices = 1,000,000
s #Hedges|= 5 X HVErtiCes
s HHEVerticesi=110%) aff #vertices; = 100,000
rawkackatinding alllshieriestpatis e siowand
memory-consuming

ICCAD Tutorial: November 11, 1999
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T-Join Problem: Reduction to
Matching

o Desirable properties of reduction to matching:
e exact (i.e., optimal)
e not much memory, (say 2-3Xmore)
e results in a very fast solution

s Solution:
s replace each edge/vertex:withgadgets;sit.
matching|all vertices in'gadgetediaraph
= TEjeinineriginal graph

ICCAD Tutorial: November 11, 1999

T-Join Problem: Reduction to
Matching

replace each vertex with a chain of triangles

one more edge for T-vertices

in graph D: m = #edges, n = #vertices, t = #1

in gadgeted graph: 4m-2n-t vertices, 7m-5n-t edges
cost of red edges = originalldual edge costs

cost of (black) edges in triangles =0
@ @) O
®)

. OOM

ICCAD Tutorial: November 11, 1999

@)

()
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Example of Gadgeted Graph

Gadgeted graph

black + red edges ==
min-cost perfect matching

ICCAD Tutorial: November 11, 1999

Results

Layoutl Layout2 Layout3
Testcase polygons edges | polygons edges | polygons edges
3769 12442 9775 26520 18249 51402
Algorithm edges runtime edges runtime edges runtime
Greedy 2650 0.56 2722 3.66 6180 5.38
GW 1612 3.33 1488 5.77 3280 14.47
Exact 1468 19.88 1346 16.67 2958 74.33

* Runtimes in CPU seconds on Sun Ultra-10

* Greedy = breadth-first-search bicoloring (similar to Ooi et al.)
» GW = Goemans/Williamson95 heuristic
» Cook/Rohe98 for perfect matching

ICCAD Tutorial: November 11, 1999




Conflict Graph for Cell-Based
L a.yn U tS at level of: of conflict

graphs within each cell master,
o each ofithese components is independently phase-assignable
e can be treated as a single “vertex™in coarse-grain conflict:graph

cell master A cell master B
connected component

edgein coarse-grain conflict graph
ICCAD Tutorial: November 11, 1

ahng

Aute-P&R Elow Issues

=\ Andrew B.
ICCAD Tutorial: November 11, 1999 (. C
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Constraints

o PSM must be “transparent” to ASIC auto-P&R
o “free composability” is the cornerstone of the cell-based
methodology!
o focus on poly/layer - we are concerned with placer; not router.
o Campetitive context for. placer:
o extremely competitive runtime regimes; (e.a., 10% cells detail-

placed in 20 min); fasterruntimes;needed in|RIL-planning
methoedoelegies;(Nane/PKS; Tera)

o any nontriviallcest:efichiecking|placement: phase-assignability/is
unaceceptahle
o lleration hetween|placerand a separatetoollis unacecepiahle
o ir;terface 10)aute-P&RIeG]IS IS bulkyi(e:gr, 100s ciMBiie DEE);
slow,

e O KAEWR ConVErgentmethod ierpest=P&RIphase-assignahiity,
chiecksitoldrve PERIe guaranteed Correchisolution (Ve
difficultl)

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 Majid Sarrafzadeh

Guidelines

o Placer
e nNo re-entry into placer, from an external tool
o any needed extra functionality must be built directly into QP
o placer must guarantee a phase-assignable poly when finished
e polygon layout infermation  currently not in placement
vacanulary,
o available relevant abstractions: pin EEQS/LEQs, overlap
layer-geametries
o side files ar; LEE extensions needed faf; €:a., capturing|
Versioning ar; phaselshifters near|eft/right celllbeundaries
o Celllayout

o cellllayouts and/phase;shifiers areassumed fixed/during librany;
creation

o oncthe-fly/cellllayoutsynthesis orlayoeut perturhations
generally/netallowed

s 259n6ssibleVersions ?i.e._, distinctiphase bindings) are available
feralgivVenImasteriGel Witk CoRnECIEd COmpRIEnRSIILS
hasg confiictgraphykd<Ikeeiivhichicontain crticallpelyatcell
OURAany,

s (mpractical el use EEQ@S o) capture VErSIenmg Wit
[erativeNmproyeEment

Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 @ Majid Sarrafzadeh
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Types oft Composability.

e Same-row composability.

o any cellican be placed immediately adjacent (in the same
row) te,any; other cell

o Adj:row compoesabhility

o any cellican be placed|inianjadjacent cell rew:te any; other,
cell; with the two) cells having Intersecting| x=spans

s [Fourcases oficelllibraries (G = guaranteed; NG =not:
guaranteed)

s Case 1 adjrG) same:-G
s mosi=consirainedicellllayoutsmoestiransparent o) placer;
s (Case2: adjrGh same:-NG
s (Casel 8 adjEN@E) samiese
s Casedi adiEN@Ey same:NG

o [easi=censtrained CellNayouiy [eastiranspareniio)placer:
=\ Andrew B. Kahng
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Case 2: Ad|-G, Same-NG

Blue vertices, edges = graph of phase assignment “ dependencies’

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 Majid Sarrafzadeh
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Case 3: Ad|-NG, Same-G

N\ ahng
ICCAD Tutorial: November 11, 1999 ) Meé Jeh

Case 4: Ad|-NG, Same-NG

Blue vertices,

ICCAD Tutorial: November 11, 1999




Overlap Layer Abstraction in LEF

o Like “teeth of a broken comb! defined for each master:
cell

o Placer makes sure that the teeth don't collide;whenthe
cellsiare placed; I.e:, the two “broken combs™ interlace

o Available today in' LERE standards placer understands
everap layer,

o CUTEntheursticsmaynotscale;wellffimany,
INSIaNCES aVve GVETap GEGMELY,

Traditiona picture of
overlap geometries

=\ Andrew B. Kahng

ICCAD Tutorial: November 11, 1999 (\C/) Majid Sarrafzadeh

Case 1: Ad|-G, Same-G

e Solution 1: “norestrictions on the cell layout”

o create cell abstractions such that placer: runs in “normal’”
mode

e e.0., pre-hbloat (by: 1 site) cells that have. critical poly near.
left/right boundary.

s €.0., create overlap layer obstacles corresponding to
critical poly near. tep/bottom, beundary,

o, Solution 2: smart rules ta restrict:celll layaut
e €.0}, every pairofiboundary-CP features fram the same. cell
must be non=nterfering
o definition: twojfeatures|are non=ntedernglifitheyareiin
differenticennected  compenents eithelCElllS plhiase) confiict
graph
) Noboeundan/-CRfeaturels  near twoeldifierentsidesiafitsicell

# [HESENWOIIESITICHOMS = Compoesability guaranteed(iviedd
GYCIES pPESSINIE)

o) SOlUtieNISE dumbrulesiterestrctcellNayaut
s) alllcellsthaverZsnmewidelomniiase boundany(IBMIstye)

=\ Andrew B. Kahng
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Notation

number ofimaster cells in library
i'master; cell, i=1, ..., M
width ofiitVmastercell, ii= 1, ..., M
number. ofiversions of the/ifmaster celll iI= 1, ..., M
Kiiversion afiifiimastercell, i= 1, ..., Ml and k=11, ..., Vi
numberefimoevahlecells intierewiafinterest
hitiicelllinithe rew efinterest
Sh = mastercell correspondingtethe hil cellinthe row of
Interest
hoeundan/-CPr = criticallpelyeaturersnearthelcelheundany

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 \~/ Mgjid Sarrafzadeh

Cases 2,4: Same-NG

e Each (sub)row checked separately, post-placement
o Basic tool: cell.compatibility table

» library is precharacterized by M? two-dimensional arrays A;;,
one array, for.each passible pairing of: cells with C; ta the! left of
G

o AjSP,d> = minimum site separation at which C;; can be placed
adjacentto G, (p=1, ..., V; andg =1, ..., Vj)
o) exampler M= 500 with' 16 versions; ofjeach master.celll =
< 30/ VIB}sterage

s Goals:

o (I)iTiphase assignment:pessilhie; return Sel 6l VEersiens; for;
each afithie cellfinstances

) ()N pessikle; retufi seleiVersions plusisetehinsented
ieedilireughs (extralsites) suchtiatiminimum Perureation
IS achieved

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 \~/ Mgjid Sarrafzadeh
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Cases 2,4. Same-NG Example
Sol'n

o Shortest-path finding in a simple graph (actually, a DAG) :
s for eachversion j of each cell'R;, create node <R;,|>,
=1, ....,Nandj=1, ..., Vri
s Create source node <Ry 0> andtermination nede: <Ry .;,0>
s create directed edges|(<R;|>=Ri..k>) foralllversions j of cell
Riand versions k:oficell Ri+1E (Welght'= cost: ofi perturhing
placement te)achieve minimum allowed site separation)
create zerorweight directed edgesi(sRy,,05,<Ry.i>)forall
Versions; jloficelllRy and (=Ry1>; <Ry .1.02) ferallversions)
oficelllRy
o) MinfmumEperturhation selution i (SPECIfieS CompatinIEVersions;as
welllasireguiredichigngesiinicelllpesitions) aiven by shorestpati
MO <RG0 o) <Ri 0>

=\ Andrew B. Kahng
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Cases 3,4: Adj-NG Example Sol’'ns

o Basic cause of problem: horizontal poly near shared
rails

o complex cells that push the cell height (#pitches),
e.d., latch/EE, adder, mux

o Solution 1: partial'amelioration by layout constraints
s €.0:, for hoerizontal criticallpoly: near. power rail, the
outsidesshiitermust be: 0-phase: (INijF style)
o can be dene siently by version compatioity; eic.

s Solutien2s albstractw/existing/ LEE GVeriapiayer:
CONSTUCE

=\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 Majid Sarrafzadeh
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Manufacturing Process Issues

o Clean abstractions of process

e OPC: a“rectangle” has 26 edges in 3 polygons

e PSM: cell layouts and legal routes not freely
composable

~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (_\C/) Majid Sarrafzadeh

Manufacturing Process Issues

o Mask inspection / validation bottleneck

o if Layout # Silicon but the circuit is still functional...
is it really an error ?

o must the Design ~ Mask boundary change ?

ICCAD Tutorial: November 11, 1999
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Manufacturing Process Issues

e Tool flow

line end extensions in the router
hammerheads in the library generator
OPC insertion in physical verification

RC extraction for timing signoff in P&R
post-P&R density control (filling and cheesing)

~—\ Andrew B. Kahng
ICCAD Tutorial: November 11, 1999 (_\C/) Majid Sarrafzadeh

Manufacturing Process Issues

 “Life changes” for circuit and layout designers

only particular geometries and pitches ?
self-adapting circuits ?

huge verification guardbands ?

reuse-based design at risk -- at all levels ?
again, relative cost of custom decreases !

ICCAD Tutorial: November 11, 1999

43



Implications of Technology

Hard IP reuse is difficult
o divergent foundry pracesses
o design: and|context-specific variants of cells, macras, cores
filling densities
thermal;, noise sensitivity: contexts
layerrusage and local region porasity constraints; physical access
Incempatibility; ofiseparate pfiase salutions; or-phase;solutions + local routing
togltspecific variantsi(e:q., ferdifferent:aute-routers)
diffusien|sharing; continueus device sizing; twning (dual\Vi; multiplersupply,
voltages (thermali IR drep centexis)) differentinputarival times/slews;::.)
Hardrreuser Andeal thatimusthe tempereds (abandened?)

@UStOmEOnEe=yAsinattral consequUeEnce o gy, PENCPIS;
mMigraueny seii= andinm: Pireuse

87 ~—\ Andrew B. Kahng
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