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Abstract

In this paper, we address the interconnect-driven floorptanprob-
lem that integrates OPC-friendly bus assignment with flizorp
ning. Buses consist of a number of horizontal/vertical wingth
identical widths. The positions of buses must be carefudlyighed
so that the related blocks can connect to the buses with sbost
nections. Meanwhile, as technologies march into deep Satem
sub-wavelength lithography causes many issues in lithpddgearo-
cesses. Off axis illumination (OAI) brings up the forbiddeitch
issue, which could lower the yield substantially. In thipea we
first propose a litho model so that the optimal pitch can be effi
ciently computed for each bus. Then we present an exactigigor
to find the optimal position of a bus such that the total lermfth
bus connections, i.e., connections from block centersadtises,
is minimized. The running time i©(kInk) wherek is the num-
ber of blocks that the bus connects. Next, we propose a linear
programming based algorithm to exactly resolve overlapsrgm
buses as well as minimizing bus connections. Furthermofasta
heuristic approach is presented to speed up the overlap/etpro-
cess. The bus assignment algorithms are smoothly integatie
the simulated annealing process of floorplanning to prodiexam-
pact floorplan with OPC-friendly buses. This work is the fose
to consider litho impacts during the early floorplanninggysta

Ideng@uiuc.edu

1. Introduction

As the complexity of chip design increases dramaticallijpsive-
come more congested and the connections among differembmac
blocks are huge. Floorplan, a very early stage in a desiglecyc
determines the block positions on a chip. The topology of the
block placement heavily affects the connection routabditd per-
formance. This makes interconnect-driven floorplanningpbee a
critical problem in physical design.

Buses take the major responsibility of communication among
blocks, and bus routing has become more and more important du
to increasingly demanding performance requirements. eSihe
positions of module blocks greatly affect the placement ufds,

a good floorplanning strategy, which integrates bus planmith
block packing, is highly desirable in the early stage of thggical
design process.

In [17, 5], the authors proposed a bus-driven floorplannesa |
feasible floorplan solution, buses are realized as a 0-besdile.,

a horizontal/vertical bus going through all blocks relai@the bus.

[9] extends the work to allow 0-bend, 1-bend and 2-bend bu=sas
certain critical buses, the bend constraints are good. tBatriot
necessary to apply the bend restrictions on all buses. Edigec
these constraints may affect floorplan quality greatly. Aawen in
Figure 1, there are 9 blocks, and a bus connects all thes&sbloc
Figure 1 (a) shows a placement without any deadspace. But no
feasible 0-bend, 1-bend, or 2-bend bus can be found to cotireec

ven Floorplanning

Li-Da Huang Martin D. F. Wong
Magma Corp. ECE Dept, UIUC
Austin TX Urbana IL

lhuang@magma-da.com mdfwong@uiuc.edu

9 square blocks. In Figure 1 (b), we can assign a 2-bend btih)dou
floorplan has large deadspace. Although the floorplan inrEigu
(c) has zero deadspace, and a 0-bend bus can be assignéizto rea
the bus, the floorplan ratio (1 : 9) is not acceptable.
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Figure 1: A floorplan problem with 9 blocks. One bus connects
these 9 blocks. (a) A floorplan with zero deadspace. But tise bu
has 4 bends. (b) A floorplan with a 2-bend bus. But the deadspac
is large. (c) A floorplan with a 0-bend bus. Although the dpade

is zero, the floorplan ratiois 1 : 9.

In this paper, we extend the bus structure so that a bus ignot r
quired to go through the blocks that are related to the busdedal,
a bus runs horizontally or vertically over the floorplan, doholcks
connect to the bus with short connections. In some sensesbus
act as “highways” such that macro blocks can reach the buiy eas
and efficiently. As shown in Figure 2, a bus (the red line) ams
6 blocks. The blocks are connected to the bus with the shoet bl
lines. This kind of bus structure is simple and efficient, aad
be easily adopted in later design stages. For each bus, riet ta
is to shorten the bus length and minimize the total connedi®-
tween buses and blocks. Since bus assignment is closelgddta
the block placement, careful design of buses during floarptey
stage is definitely needed in order to ease bus routing arid axe
necessary iterations of the physical design cycles. Inpder, we
propose efficient bus assignment algorithms to decide bsitiquus
on a given floorplan.
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Figure 2: A floorplan with a bus connecting 6 blocks

Meanwhile, as CMOS technology is scaling down into the sub



100nm regime, it pushes the manufacturing to a limit, especially
the photolithography. With the 18& wavelength light, resolution
enhancement techniques (RET) have to be intensively useatkfo
sired features. Though most RETs are now used for the poéy,lay
it will soon impact the design of higher metal layers. Moregvea-
tures on metal layers are typically dense. To print bettapsh, off-
axis illumination (OAI) and Optical proximity correctio®PC) are
adopted in metal layers [1]. However, OPC techniques gréatl
crease the mask cost. Layout designs obtained by tools neafa
OPC could lead to more corrections and thus higher costs. Zema
routing algorithm is proposed in [7] to reduce the OPC casf10],
detail routing algorithm is proposed to reduce the edgeeptent
error (EPE). Ripup and rerouting techniques are also uspdst
routing optimization. All these techniques are based ortriei-
tional on-axis illumination model.

With OAl and OPC used in sub-10t technologies, “forbid-
den pitch” [14] becomes a critical issue. The interactioasveen
features will not simply become better with a larger distari€the
pitch is in the range of forbidden pitches, the depth of fa@26F)
drops dramatically. Since the contrast and slope of ligtanisity
are very poor, the lens aberration and the variations frootgh
resist will cause a large variation on the features. Igrgp@Al in
early designs will lead to more expensive OPC, or even bsidgel
pinch errors.

Buses are usually implemented as a set of parallel wires with
an identical width. Therefore, if we can carefully desige ghtch
for wires inside a bus to maximize the contrast and slope, ave ¢
get better printed wire features and minimize the variation this
paper, we determine the optimal pitch for buses to derive -OPC
friendly buses. This work is the first one to consider lithgaunts
during the early floorplanning design stage.

The rest of the paper is organized as follows. A formal dedinit
of the problem is given in Section 2. In Section 3, a litho nasle
proposed to identify the optimal wire pitch in buses. Themnlths
driven floorplanning algorithm is presented in Section 4 péfik
mental results are given in Section 5, and Section 6 consltite
paper.

2. Problem Formulation

We assume that there are two layers reserved for bus rouding.
for horizontal buses, and the other for vertical buses. TREO
friendly bus driven floorplanning problem can be defined ds fo
lows.

Given:

1. Asetofnmacro block®8 = {by,by,...,bn}, where each block
bi has a widthw; and a heighty (i =1,...,n).

2. A set ofmbusedJ = {uy,uy,...,um}. For each busi, ¢ is
the number of wires inside, t; is the wire width, and block
setB;j includes all of the blocks that should connect. Let

|Bi] =ki.
The goal is to get a floorplan with OPC-friendly buses assigne

floorplanning stage, the pins on block boundaries may notxed fi
and the exact bus connector routing may not be applicabledeAle
fine the length of a bus connector as the distance betweetatie b
center and the center line of a bus.

Since buses include multiple identical width wires, we fast
ply litho analysis to find the optimal pitch of each bus. Thegide
the position of macro blocks and buses such that the totplatieia,
the total bus length and the total bus connector length ang mi
mized.

3. OPC-Friendly Bus

Bus structures are typically groups of long wires. If we ignthe
small region at the ends of the lines, the main concern on faenu
turing is to print better shapes of wires with smaller vaoias. Thus
the post-layout or post-OPC simulation could be accurategimto
estimate the yield.
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Figure 3: The mask and the aerial imadgax, Imin, Slope and
EPE are measures for yield.

Edge placement error (EPE) is widely used to measure if the de
sired features are printed correctly. Reducing EPE can G&@
features needed on the mask, and thus reducing the maslkubest s
stantially. However, potential printing issues are notyaralated
to EPE. Full process window model and critical failure optiaile
check (CFORC) [3] have been proposed to ensure real robnstgr
patterns. The maximum, minimum and slope of light intendisy
tributions are also needed for measuring the pritabilitylafyer
slope is preferred as it indicates higher contrast and 1&dgy-.

Off-axis illumination is introduced recently to improvestdense
features. It allows high order frequency information oftpats
pass through the illumination system. Therefore, the abitity
for a certain pitch can be improved. However, OAIl brings thedlw
known forbidden pitch problem. Figure 4 shows the aerialgena
simulation from the Calibre [2]. The line width is set to ben@®
Larger pitch makes the contrast worse. It is clear thangditch
leads to much sharper images thanad®®itch. With OAI, such as
annular or quadrupole illumination, the process windoweatfires
becomes very small in some regions. DOF is even smaller than

The buses are the dominant connections among related blocksisolated features. This is due to the destructive intevadtetween

and they are connected through short wires to blocks. Forecon
nience, we call the connections between buses and blockssas b
connectors. The routing of bus connectors is not requiredeto
strictly horizontal/vertical, and it can be easily handisda router
without introducing any routing violations. Since the busicec-
tors are short, a little bit detour does not hurt. Furtheenat the

neighbor features. So the width and spacing of bus wiresldhou
be carefully designed to avoid the forbidden pitch. To fertre-
duce the geometry variation of wires, the aerial image ofviiuss
with higher contrast and larger slope is desired. Howeveceshe
width of bus wires varies for different buses, using Califtkto
simulate all possible pitches in a 2-D environment are cjifte



consuming, and the long running time makes it hard to embed th
litho simulation into floorplanning.

pitch= 300nm pitch=400nm

Figure 4: Simulation results for forbidden pitch from Cadib
when the wire width=80m, NA=0.75,A = 1931m andfy = 0.4.
Lighter region corresponds to larger light intensity.

To find the optimal pitch for a bus, we need to find out the light
intensity distribution. Then the contrast and slope cardbeutated
to measure the printability of the aerial image. Since a jpisally
consists of long wires. We can simplify the problem to oneetim
sion. The mask spectrum of one wire considering OAD($ — fy),
wheref corresponds to the off axis light source [15]. The electric
field of aerial image can be obtained by convolution of the knas
spectrum and the transfer function of optical system:

Eo(X)

1.0 . 4 PN
/ O(f — fo)e 23y f
-1

/l /+oo 6()2)el2ﬂ(f\—on))?e—IZTIfA)A(d)zdf‘
1J-w

)d)

e7|2nf“d ]?7

/_ 11 dsinc((f — fo 1)

whered(X) is the mask pattern with normalized unit,
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This is the electric field of featuresxt= 0 with a widthd. It can
be superimposed with those from other features. Thus, dotrial
field E(X) = 3 Ei(X) for the whole region can be calculated. The
light intensity of the aerial image is

1 if-9<r<d,
0 otherwise,

OFR) =

(%)

1(%) = [E(0)? @)

The aerial image of a bus can be calculated by the equations
discussed. With the light intensity distribution, we casigaget
all max, Imin @and slope of the aerial image. A bus consists of lines
with the same width and pitch. Therefore, only the pitch sdede
decided for optimal lithography once the wire width is fix&ince
the optical system of lithography is usually optimized toe tvhole
metal layer, we can change pitch to improve the yield for tie b
Figure 5 shows the results from our model. We can clearly see
the contrast and slope change with pitch identically. ThHegre
the same maximum point. Moreover, the curve is concave hear t
optimal pitch. So we can find the optimal pitch very efficigntl
From Figure 5, it is easy to tell that 30 pitch is a better choice
than 40@imfor a 8hmwide wire as shown in Figure 4.

4. Bus Driven Floorplanning
Simulated annealing (SA) is used to search for a solutioe. CEim-
didate solution is evaluated based on the floorplan aréa/tae
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Figure 5: Contrast and Slope v.s. Pitch

total bus length and the total bus connector length. Thesetbe
cost function is defined as follows.

Cost=0a-A+B-R+y-B+A-C,

whereA is the floorplan are&R is the floorplan ratioB is the bus
length, andC is the bus connector length, aed B, y andA are
defined by users. There are also some other regular objestivh
as wirelength and power, and they can be simultaneouslylénd
with known techniques by using more terms in the cost functio
Therefore, we only foucs on the new issues, i.e., the bugrassnt.

Figure 6 outlines the algorithm. The first step is to genesate
floorplan which can be derived by a floorplan representatici s
as slicing tree [13], normalized Polish expression (NPB],[$e-
quence pair [11], bounded-sliceline grid (BSG) [12], Cet{&],
B*-tree [4], corner block list (CBL) [6]. Once a floorplan ido
tained, the bus assignment algorithm can be applied to finthuls
positions. Then a cost is calculated for evaluation.

According to the litho model, we can get the optimal wire ppitc
for each bus. Therefore, the width of a bus can be easily elériv
(A little extra space is added to the boundary of each bus &b th
no disturbance can be induced when the bus is placed closiegio o
features.) In the following sections, we present algorghoassign
buses on a given floorplan.

4.1 Single Bus Assignment

A bus is either horizontal or vertical. If a bus is horizontdien
all the related blocks should be able to connect the buscedist
i.e., a vertical connection from the block centers to theaelne
of the bus. The total bus connector length is the sum of afiehe
vertical connections. The similar rule applies for veltibases.
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Figure 6: Bus driven floorplanning flow chart.

The following lemma gives the optimal position of a bus.

Lemma 1 Suppose bus u connects blocks by, ..., b. The
center point of block ibis (x;,yi). If u is horizontal, then the bus
spans[min{x; },max{xi}] (i € [1..K]). If k is an odd number, the
optimal position of the bus is the median ¢f ye., Yist . If k is
an even number, any position betwe{ygl,y%l] gives an optimal
position.

Similarly, if the bus is vertical, the bus spajnsin{y; }, max{y; }|
(i € [1..K]). If k is odd, the optimal position iskal; otherwise, the
optimal position falls ir[x% ,xk%l].

Figure 7 shows examples of optimal positions of horizontas.
The red points represent the center of macro blocks. In Eigya),
there are 7 points, and thejfpositions are frony; to y7, respec-
tively. The bus spans froml to x3. y, is the median of the seven
y-values. When a bus is placedyatas shown with the blue line,
we can get the minimum total bus connectors. In Figure 7 ileyet
are 6 points. Then any position betwegrandy, gives the optimal
position of the bus.
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Figure 7: (a) Optimal bus position when a bus connects 7 Btock

(b) Optimal bus position when a bus connects 6 blocks.

After sorting the block positions, it takes only constantdito
find the optimal bus position. Therefore, the running timehef
single bus assignment @&(kInk) wherek is the number of blocks
that the bus connects.

bus position according to the above lemma. Our target isddeh
the bus and minimize the bus connector lengths. Theref@ean
define a bus cost as
Coshys=H-Bp+V-Be
whereBj, is the bus lengthB. is the total bus connector length,
andp andv are defined by users. Then for each bus, we try the two
options, and compare their costs. The one with less coslestsd.

4.2 Bus Overlap Removal

In the above section, we have discussed how to decide that@rie
tion and position of a bus. Since buses have a width, it is Mezly
that two buses overlap with each other. In this section, wpgsed
a linear programming approach to remove bus overlaps.

Given a floorplan, we decide the orientations and the inttiel
positions according to the lemma. This step also decidesrtter-
ing of buses as well. During bus overlap removal, the adjastm
does not change the bus length and orientation. But the bysiata
be in its optimal position any more, and the length of bus ecan
tors may increase. So the adjustment targets to minimizéotaé
length of bus connectors.

Suppose we hav®! horizontal buses. For each bus (i =
1,...,M), letw; be the bus widthx' andx? be thex-coordinates
of the two end points ofi;, respectively, ang; be the initial bus
position. For any two buses andu;, if [x',x?] N [x},x¢] # @, then
if pj > pj or pi = pj(i > j), we sayuy; is above ofuj. During bus
position adjustment, we maintain the ordering of buses,if.ai-
tially u; is aboveu;, thenu; is still above ofu;j after adjustment. We
can formulate the bus overlap removal problem as follows.

Let p{ be the new position of bug. Suppose that the macro
blocks connected by bug are defined in the block sd&;, and
(%i,yi) is the center of the macro blo¢k. Then our target is

M

miny (S [P -Yijl)
i; bjeB; I

subject to

it x5, 0E] NP ) # @

and ugis aboveu

Ps— Pt = (Ws+wt)/2

Lettjj = [p/ —yj|. Then the above problem can be transformed to a
linear programming problem.

M

min';(b. .tij)

subject to
P —yj <tij;
—tij <P -V}
tij >0, i=1,..M,
Ps— Pt > (Ws+W)/2;

bj € B
if 63N EOF) £ @
and ugis aboveu

The results of the linear programming problem return thénugdt

Given a floorplan, each bus can be placed in two ways: horizon- position of theM buses such that the total length of bus connectors

tal and vertical. For either orientation, it is easy to find tptimal

is minimized, and no buses have overlap.



4.3 Fast Bus Assignment

During the high temperature period of the simulated anngadio-
cess, the solution candidate is far from optimal. Usualey/ftbor-
plan is not well packed and it has large deadspace. Therdfae
cost is dominated by the floorplan area. (A large floorplan aisgy
lead to longer buses and bus connectors.) Although a prbaose
assignment can help reduce the total cost, the impact itelihaind
the primary target at this stage is to minimize the chip afdeere-
fore, we propose a fast heuristic approach for bus assigntoen
speed up the execution.

Figure 8: (a) Partition buses into two groups. (b) Spreacgbus
resolve overlaps. (c) Shift buses to reduce the connedtietvgeen
buses and blocks.

Given a floorplan, we first get the initial bus positions. K&té
are no overlaps between any two buses, the solution is gotd. O
erwise, some steps have to be taken to resolve the overlagsy |
two buses overlap, they are regarded as one group. Therédiere
first step is to partition buses into groups according to terlap
relationship. Then for each group, we resolve the overlaplay-
ing the buses next to the other. The bus ordering obeys thmali
bus ordering. In this step, the relative positions of thasseb are
set. Next, we find the optimal position for the group so thatlibis
connectors are minimized. Figure 8 illustrates an examipl&ig-
ure 8 (a), there are 8 horizontal buses. They are clustetedvio
groups according to their overlap relationship. Figure)&freads
the four buses in one group to resolve overlaps. Then thebiosas
shift upwards to minimize the total bus connector lengthhasve
in Figure 8 (c). The algorithm is summarized as follows.

Algorithm FastBus Assignment()
1. Assign bus initial positions;

2. While (overlap exists)

3 Partition overlap buses into groups;

4. For each group

5 Spread buses to remove overlaps;

6 Adjust buses to minimize connectors;
7 Endfor

8. Endwhile

Suppose there arel horizontal buses in a group. For a bus
U (i=1,...,M), the width isw;, the initial position isp; and the
x-coordinates of the two end points ateandx?. Assumeu; is
the bus on the bottom, i.e., all other buses are albgverhen we
fix uz, and spread buses from bottom to top. The new posiijon
isp =p_;+ Wi_1+w)/2 (i =2,...,M). This step removes all
overlaps among buses. At the same time, the distance between
anduy is set. Letd; = p{ — p1 (i =1,...,M). Then the target is to

minimize the bus connectors.
M

Le=S(Y Ip-yil),
i;b,e. L

whereB; is the macro block set related to bus andy;j is they-
coordinate of the center of blo¢k. Then we have

M M

Lc=_;(bje iI(r)1+c:|i)ﬂ/1'|) =_;(bie i|p1*(yj —d)))

Bothy; andd; are fixed. Sop; is the only variable. To min-
imize L, the above problem can be transformed to a single bus
assignment problem. In the equivalent single bus assighpmeh-
lem, a bus need connekt= yM | |B;| macro blocks, wher¢B;| is
the number of blocks insidB;. They-coordinate of the center of
these blocks ig; —d;. According to the lemma, whe is an odd
number, the median gives the optimal valuepaf whenK is an
even number, any value between the two middle points rethes
minimum value ofL.

The above procedure resolves the overlaps inside one group.
However, after bus spreading, new overlaps among buses enay b
introduced as shown in Figure 9. In Figure 9 (a), there are two
groups. After resolving overlaps within each group, newrlayes
are introduced between two groups as illustrated in Figu¢e)9
Therefore, all these buses are regarded as one group arpi¢laes
ing process is applied to resolve overlaps. Figure 9 (c) shitn
final solution. Vertical buses can be handled similarly.

@ (b) (c)

Figure 9: (a) Buses in two groups. (b) New overlap is intraxtlic
when resolving overlaps inside groups. (c) Remove overlap.

In FastBus Assignment, the initial position of a bug can be
obtained inO(mn- Inn), wherem is the number of buses amdis
the number of blocks. To remove overlaps, it takes at rxst)
iterations. For each iteration, the running time can be Hedn
by O(m-N-InN), whereN is the total number of bus connec-
tors. Therefore, the total running time of F&&ais Assignment is
O(m?-N-InN).

5. Experimental Results
Our algorithm was implemented in C on a PC workstation (1.8GH
with 1.5GB memory. The test cases are derived from the MCNC
benchmarks for floorplanning. Different numbers of busesaded
to the benchmarks. We compared our algorithms with the élgor
in [17]. Our algorithms also use sequence pair for floorpepre-
sentation as [17]. Since [17] does not calculate bus widtedjrst
use our litho model to get bus widths, then apply the BDF atigaor
in [17]. The optical wavelength is 188y and the line width and
space are based onr@f process.

The test results are listed in Table 1. The last four testscase
include some buses that connect a larger number (8 or 9) ck&lo



Table 1: Experimental Results

Bus Width [17] Our work

File Block | Bus || CPU Time || Assigned| Dead | BusLength| Time || Assigned| Dead | BusLength| Time
(s) Buses Space (um) (s) Buses | Space (um) (s)
apte 9 5 12 5 3.33% 1597.0 14 5 3.25% | 1362.1 4
Xerox 10 6 14 6 3.06% 1441.0 23 6 2.42%| 12121 10
hp 11 14 34 14 4.47% 1512.7 154 14 4.47% | 1519.0 116
ami33-1| 33 8 21 8 7.85% 610.4 59 8 4.01% 531.7 17
ami33-2| 33 18 44 18 7.71% 422.1 171 18 7.56% 498.4 48
ami49-1| 49 9 22 9 6.35% 2437.1 153 9 4.45% | 2537.5 139
ami49-2| 49 12 29 12 6.99% 3290.8 56 12 3.65% | 3985.1 24
ami49-3| 49 15 36 15 7.92% 417.1 111 15 2.87%| 4136.3 44
ami33-3| 33 9 22 6 9.28% - 219 9 7.70% 818.0 81
ami33-4| 33 7 17 5 5.71% - 181 7 5.70% 517.0 50
ami49-4| 49 8 18 6 4.65% - 212 8 3.61%| 3176.6 35
ami49-5| 49 10 24 9 17.54% - 283 10 4.33% | 4265.8 49

For all test cases, our algorithm can assign all buses witdlem 7. References

deadspace in shorter running time, while the BDF algorithi [
has difficulty in finding a floorplan with all buses assignetiebus
lengths are also comparable to those of [17]. The bus lerfgtieo
last four test cases is not provided since not all buses argressl.
As an illustration, Figure 10 displays the final packing tesiith
12 buses.
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Figure 10: Floorplan for ami49-2.

6. Conclusion

In this paper, we propose an OPC-friendly bus driven floorpla
ning algorithm. A litho model is presented to calculate tp&roal
bus pitches. This helps produce OPC-friendly buses so tleait g
efforts can be saved from fixing litho problems in the postigtes
stage. On the other hand, bus positions must be well desigmed
that the related blocks can connect to the buses with shortem
tions. An optimal algorithm is proposed to identify the pisi

of a bus such that the total connections between blocks asesbu
are minimized. The running time B(kink) wherek is the num-
ber of blocks that a bus connects. Two bus removal algoritums
presented. One is based on linear programming, and it gxaectl
solves overlaps among buses as well as minimizing bus ctomec
lengths. The other is fast with running tif@m?-N - InN) wherem

is the number of buses amdis the total number of bus connectors.
The bus assignment algorithms can be smoothly integratedha
simulated annealing process of floorplanning. Experimeatailts
demonstrate the efficiency and effectiveness of our alyorit
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