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Abstract— A modern standard cell is embedded with extra
space, called inter-cell margin, on its left and right ends. Margins
are sometimes redundant, and so margins between some cell
pairs can be removed for the benefit of area. Lithography
simulations on whole layout to identify redundant margins take
excessive amount of time, and thus are impractical. We propose
to determine in advance the redundancy of margins between
each cell pair; a few methods of approximation are introduced to
accelerate the process, e.g. grouping cell pairs of similar boundary
patterns, refining each group with geometry parameters, etc.
Experiments indicate that the redundancy of margin is accurately
determined in 93.7% of cell pairs; the remaining 6.3 %, which are
actually redundant, are declared irredundant by our method, so
our method is inaccurate for those cell pairs yet is still safe. We
take advantage of redundant margins and address the problem
of routing congestion reduction. Placement is locally perturbed
to identify more redundant margins; the cells in high congestion
region are spread out after the margins in low congestion area
are removed. The proposed method was evaluated on a few test
circuits using 28-nm technology. The number of routing grids
with congestion overflow was reduced by 43% with no impact
on total wirelength.

I. INTRODUCTION

As technology node shrinks down to 32-nm and below, a
pattern failure from lithography process, e.g. contact bridge
and metal short, is more likely to occur. A standard cell is
carefully designed to avoid from any such failure through
repeated layout modification, retargeting and OPC (optical
proximity correction), and lithography simulation [1]-[3]. In
addition, an extra space called inter-cell margin is attached to
both sides of a cell as illustrated in Fig. 1(a) [4]; this is to
prevent any inter-cell pattern failure that may arise along cell
boundary. A pair of margins is typically the width of a single
poly pitch and a dummy poly is inserted in the margin so that
polys become regularly placed for better lithography [5], [6].

Margins are introduced to help lithography, particularly in
contact and metal 1 layer, and lithography is pattern dependent.
So, it is tempting to argue that margins between some cell
pairs would be redundant and be taken away for the benefit of
area. This is indeed the case, e.g. margins between NAND2
and INV are redundant. The challenge is that identifying
redundant margins requires many lithography simulations thus
takes a long time. Furthermore, there are numerous cell pairs
if we want to determine in advance the redundancy of margins
between all cell pairs.

We propose to approximate the process. For this purpose,
we group cell pairs of similar patterns along cell boundary, in
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Fig. 1. (a) A typical layout of NAND2 and INV in 32-nm technology, and
(b) after removing margins in-between.

contact and metal 1 layer, respectively. Each group in turn
is parameterized, e.g. vertical distance between two single
contacts. A few lithography simulations are performed for each
group and for each parameter value, which collectively yields
the redundancy of margins as a function of parameter; it then
serves as a basis to determine whether margins are redundant
for each cell pair.

Removing margins yields compact layout as shown in
Fig. 1(b). In this paper, we take advantage of this to reduce
routing congestion. Initial placement and routing, as well as
clock tree synthesis, are performed with standard cells with
margins. To minimize a disturbance of the layout, we aim to
reduce congestion in row-by-row basis. Redundant margins
are identified and removed from the cells of low congestion;
in this process, a few cells are grouped and their positions
are swapped to expose more number of redundant margins.
This lets the cells with high congestion in the same row be
spread out thereby reducing their congestion. In this process,
the extent of spread out in all rows are made as equal as
possible. An experiment on a few test circuits demonstrates
on average of 43% reduction in the number of grids with
congestion overflow with no impact on total wirelength; this
comes at the cost of 21% increase in physical design runtime.

The remainder of this paper is organized as follows. In
the next section, we address the method of characterizing the
redundancy of margins and its validation in 28-nm technology.
Reducing routing congestion and its application to test circuits
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Fig. 2. (a) Contact layout, mask image after retargeting and OPC, and
image contour from lithography simulation; (b) PVB from a set of lithography
simulations with various lithography settings.

are presented in Section III. We draw conclusion in Section I'V.

II. REDUNDANT INTER-CELL MARGIN

Suppose that two cells are placed without margins in-
between as shown in Fig. 1(b). For each layer of contact
and metal 1, we apply retargeting and OPC to obtain mask
image, and then perform lithography simulation, which returns
image contour (see Fig. 2(a)). The process is repeated while we
change lithography settings (scanner focus, exposure energy,
and mask error [7], [8]). The result is aggregated image
contours, called PVB (process variation band), as shown in
Fig. 2(b). The minimum distance between adjacent PVB pairs
along cell boundary, which we call PVB distance, is a param-
eter of our concern. If PVB distance is larger than foundry-
provided threshold [7], [8], all images can be safely patterned
out without any defects, implying that margins are redundant
in that particular layer. Margins are declared redundant if they
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(a) Adjacent contacts along cell boundary, (b) grouping cell pairs, and (c) PVB distance as a function of vertical contact distance y.

are redundant both in contact and metal 1 layer. Otherwise
margins have to be kept as in original cell layout. The whole
process takes roughly three seconds for one cell pair. If a
library contains 1000 cells, total number of cell pairs are 4
million, and runtime reaches 100 days, which is impractical.

A. Contact Layer

There are two forms of contact: single or double. A double
contact is two contacts laid out very close, which eventually
become one big contact after manufacturing. Double contacts
are used to improve lithography yield of contact layer.

Two adjacent contacts along cell boundary are thus one
of the three shown in Fig. 3(a). The distance in horizontal
direction is constant (at minimum value) because polys are
placed in regular pitch and contacts are located in between
two polys. Thus each case of Fig. 3(a) is further classified
with the vertical distance between contacts as a parameter (see
Fig. 3(b)). One cell pair may have more than one adjacent
contact pair at minimum horizontal distance, so it may belong
to more than one group.

In each group of Fig. 3(b), we randomly pick 50 cell pairs
and obtain PVB distances through lithography simulations.
The minimum value of all PVB distances is then compared
to foundry-provided threshold, which guides us to declare
whether the margins of all cell pairs in that group are redun-
dant or not. We have observed the followings in our 28-nm
technology library, which are also illustrated in Fig. 3(c):

o The margins between two double contacts are always
redundant.

o The margins between a double and a single contact are
redundant if they are separated by more than 17nm in y
direction.

o The margins between two single contacts are redundant
if y distance is larger than 38nm.
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Fig. 4. Assessment of margins (a) when two signal wires face each other and (b) power wire and signal wire are adjacent at cell boundary.

B. Metal 1 Layer

When M1 wire is used as a signal wire within a cell, it
connects two contacts on different diffusion layers so it runs
vertically along cell boundary as shown in Fig. 4. If it is used
as a power wire, it connects a contact to nearby power rail so
it runs in short distance.

Cell pairs can be grouped in two cases in metal 1 layer. If
two signal wires face each other at cell boundary (Fig. 4(a)),
the horizontal distance x is a parameter that determines the
redundancy of margins. If signal wire faces power wire as
shown in Fig. 4(b), both horizontal and vertical distance
(between the two rectangular wire segments closest to cell
boundary) become parameters. Two power wires may face
each other, but we do not consider this case because they
always connect to the same power rail.

Similar to Section II-A, we randomly pick 50 pairs from
each group, obtain PVB distances, choose minimum value, and
compare it to foundry-provided threshold. We have observed
the followings:

o In Fig. 4(a), margins are redundant if x is larger than
55nm.

o In Fig. 4(b), margins are redundant if (x, y) is located in
the upper right region.

C. Experiments

The proposed procedure was applied to our library in
28-nm technology, which consists of 1043 cells. Note that
there are more than 4 million combinations of cell pairs and
cell orientations (cell pairs for short). Our method, which is
approximation, has to be conservative in a sense that redun-
dant margins may be declared as irredundant but irredundant
margins have to be declared correctly. For this purpose, we
heuristically increase the foundry-provided threshold by 5%
in contact and metal 1 layer, respectively.

The results are illustrated in Fig. 5. Each bar indicates the
case we have classified in each layer; the white region of bar
corresponds to redundant margins. The collective percentage
of redundant margins is 77% in contact and 41% in metal
1 layer. The margins are eventually redundant if they are
redundant in both layers; 35% of cell pairs belong to this
category.
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Fig. 5. Experimental results in 28-nm technology (a) in contact layer and

(b) metal 1 layer.

To assess the accuracy of our method and to make it sure
that our method is indeed conservative, we verified whole cell
pairs in 6 groups near the threshold, which are indicated as
red boxes in Fig. 3(c), Fig. 4(a) and (b). About 110000 cell
pairs were picked, and the redundancy of margins of each
cell pair was determined through lithography simulations, and
compared to the redundancy estimated by our method. Out
of the whole pairs, 31.1% have irredundant and 68.9% have
redundant margins. All irredundant margins were correctly
estimated. Out of 68.9%, 62.6% were correctly estimated
to be redundant, and the remainders (6.3%) were estimated
incorrectly but in conservative way as we expect.

III. POST-PLACEMENT OPTIMIZATION TO REDUCE
ROUTING CONGESTION

A. Overview

The overall flow to reduce routing congestion (congestion
for brevity) is shown in Fig. 6. Standard steps of placement,
clock tree synthesis, and routing are first performed using
conventional cells having inter-cell margins. Layout is divided
into a set of square grids (see Fig. 7); congestion is the
number of occupied routing tracks divided by the number
of available tracks, and is calculated for each grid; the grids
whose congestion exceeds 100% are called overflow grids.

Reducing congestion should be done for the grids that are
neighbors of overflow grids as well as for overflow grids them-
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selves. For this purpose, we calculate the average congestion
of the grids that are within a circle with each overflow grid at
a center; we gradually increase the size of the circle until the
average congestion does not increase anymore; corresponding
set of grids are treated as high congestion region as illustrated
in Fig. 7.

The cells in the high congestion region should be spread out
uniformly, because substantially different amount of spread out
in different rows may lead to large increase of wirelength. In
order to prevent this, we calculate the amount of spread out for
each row so that when actual spread out is performed it is done
uniformly in all the cells of high congestion region, which
corresponds to how many redundant margins are required in
each row.

In each cell row that contains the grids of high congestion
region (the top five rows in Fig. 7), we define the grids as
low congestion ones if their congestion is smaller than some
threshold (70% in our experiment) and if they do not lie in
high congestion region. We then scan the cells, which belong
to the grids with low congestion, from left to right within a
cell row; group a few of them and adjust their placement, i.e.
swap their locations and flip the orientation, in a way that
more redundant margins are identified (this is named local
placement perturbation in Fig. 6 and its details are addressed in
Section III-B). We repeat this process until required number of
redundant margins are generated. The redundant margins are
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Fig. 8. (a) A matrix to denote redundancy of margins, and (b) taking a
square of matrix yields the best placement.

then taken out so that the cells in high congestion region can
now be spread out (called whitespace redistribution in Fig. 6).

Some cells may have been displaced after local placement
perturbation and whitespace redistribution, so clock tree is
re-built through CTS optimization. ECO routing is finally
performed to re-connect disconnected wires.

B. Local Placement Perturbation

We are given n adjacent cells, and we want to determine
the best placement (the order of cells and the orientation of
each cell along y-axis) maximizing the number of redundant
margins. There are n!2" combinations we need to examine;
we introduce a matrix to simplify the process.

Let n = 3 and A, B, and C be the name of cells. The
redundancy of margins between all cell pairs is arranged as a
matrix shown in Fig. 8(a). The margin on the right and left
of each cell is denoted by superscript R and L, respectively.
If margins between X and Y are redundant, the entry (X, Y)
takes Y as a value; otherwise it takes 0. Note that the entry
(AR, C®) implies C flipped along y-axis; note also that the
row and column of matrix are indexed in different order, i.e.
the column starts with A" while the row starts with AR,

To obtain the best placement of three cells, we multiply the
matrix by itself as shown in Fig. 8(b). It is easy to see that the
entry (X, Y) takes ZY as a value if both margins between X
and Z and between the opposite side of Z and Y are redundant;
otherwise it takes 0. Therefore, all the entries with non-zero
value correspond to the best placement. We pick the one that is
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TABLE I
COMPARISON OF STANDARD PLACEMENT AND ROUTING, AND OUR METHOD TO REDUCE ROUTING CONGESTION

Circuit Standard P&R Proposed method
Name # Cells | Util Wirclength # Overflow grids Runtime Wirelength | # Overflow grids | Runtime
(mm) (sec)
tv80 4612 | 0.70 46 287 327 0.96 0.47 1.13
mem_ctrl 5006 | 0.82 55 186 313 0.99 0.80 1.23
bl15 5234 | 0.65 49 91 379 0.97 0.36 1.18
ac97 7005 | 0.54 78 26 310 0.99 0.27 1.19
usbf 7194 | 0.64 105 605 437 0.97 0.61 1.27
bl4 7771 0.8 67 172 372 0.98 0.66 1.24
b20_1 10650 | 0.75 94 42 488 0.95 0.55 1.23
b21_1 10879 0.8 85 61 435 0.98 0.61 1.26
aes_cipher | 13070 | 0.56 164 554 736 0.98 0.38 1.19
bl17 15837 | 0.80 142 192 688 0.97 0.71 1.10
b20 16056 | 0.75 136 101 750 0.96 0.66 1.19
b22_1 16462 | 0.75 143 251 759 0.97 0.49 1.27
b21 16467 | 0.75 134 199 731 1.00 0.66 1.27
b22 24214 | 0.70 207 201 999 0.96 0.65 1.24
\ Average \ \ 0.98 | 0.57 | 121 ]
High congestion region = iy 2000 Starldard P&R
&) 1
£ 1500 !
- . g ”, Pr(;!aosed method
= 1000 [
6 ” /// |_’_‘
* 500 LS
(a) (b) (©
T L
Fig. 9. High congestion regions: (a) ac97, (b) bl5, and (c) mem_ctrl. 025 050 1.00 200 4.00
Aspect ratio
(height/width)
closest to the initial placement of cells. Note that some entries
have two values added up, e.g. the entry (AR, BL) and (BL, Fig. 10. Congestion reduction in aes_cipher with varying aspect ratio of

AR), which implies there are two solutions.

If the best placement for the three cells is determined, we
include the next cell to the cell group and continue this process
for the four cells. When the fourth cell is not available, we
restart this process for the next cell group. Before proceeding
to next group, we select one among the best solutions, which
is the most similiar to the original placement (the entry (AR,
CY) in Fig. 8(b)).

In general, 2n-by-2n matrix is set up for n cells. Multi-
plying the matrix by itself n — 1 times yields a few non-
zero entries, which correspond to the best placement. In
our experiment, n is restricted to 4, which is empirically
determined for the sake of runtime and minimizing the extent
of cell displacement.

C. Experiments

The proposed method was assessed by using 14 test circuits
from OpenCores [9] and ITC99 [10], which are listed in
Table I. All the experiments are done automatically with the
aid of the commercial EDA tool [11]. For each circuit, a few
iterations of placement were tried to determine the minimum
amount of whitespace while circuit timing constraints are
satisfied; corresponding area utilization is shown in the third
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placement region. Only M3 is used for vertical routing, so the number of
overflow grids increases as aspect ratio increases.

column. Routing layers up to metal 4 were used; this was
intended to cause non-negligible amount of routing congestion,
which we then try to reduce using our method. Columns
4-6 correspond to total wirelength, the number of overflow
grids, and runtime, respectively, when standard placement and
routing are applied.

Corresponding figures (as ratios) after the proposed method
is applied are shown in the last three columns. The number
of overflow grids and total wirelength are reduced to 57%
and 98% on average, respectively. Circuit ac97 benefits most.
As shown in Fig 9(a), its high congestion region is localized
in a small area with enough number of low congestion grids
nearby. In b15, substantial area corresponds to high congestion
region as shown in Fig. 9(b). Fortunately, the region is tall
in vertical direction, and since congestion is reduced in row-
by-row basis, enough number of redundant margins could be
removed in most rows, which explains the great reduction of
congestion. Fig 9(c) corresponds to high congestion region of
mem_ctrl. The region is widespread in horizontal direction,
which explains why the circuit benefits least.
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circuits are synthesized using original library and new library.

The proposed flow shown in Fig. 6 takes 21% more run-
time than standard placement and routing. CTS optimization
and ECO routing are responsible for 16%; local placement
perturbation and whitespace redistribution take only 5%.

In our method, whitespace is redistributed in row-by-row
basis. So if placement is done in taller region and each
row becomes shorter, our method becomes less effective; the
opposite is true as placement region becomes fatter. This is
experimentally verified with aes_cipher as shown in Fig. 10
(Table I is based on aspect ratio of 1.0). This can be alleviated
to some extent if the cells in high congestion region are
allowed to be spread out in non-uniform fashion; this however
comes at the cost of wirelength increase. An improved solution
is left for future investigation.

Layouts of all test circuits have been verified by strict
lithography simulations in contact and metal 1 layers. PVB
distances of all cell pairs in the layout have been examined,
and no lithography defect was detected. PVB thickness is
also a measure of lithography defect [12], so we extracted
its distribution as a histogram from both standard placement
and routing and our method. As shown in Fig. 11, the two
methods achieve almost identical histograms although many
inter-cell margins are removed in the proposed method, which
is understandable consequence of removing only the redundant
margins.

There are 4172 cell pairs that contain 1X NAND?2 gate; the
margins of 74% cell pairs are redundant. A gate 11X BUF
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is also involved in 4172 cell pairs but only 11% pairs have
redundant margins. We dropped such gate as 11X BUF from
the library if percentage of cell pairs (containing the gate)
whose margins are redundant are less than 40%; 578 cells (out
of 1043) were dropped. A design was synthesized with new
library, followed by reducing routing congestion through our
method. The resulting number of overflow grids (white bars)
are shown in Fig. 12 for 5 test circuits, and are compared to
corresponding figures of Table I shown in grey bars. Further
reduction in overflow grids has been expected since circuits
are newly synthesized using only cells that are likely to
have redundant margins and thus are more likely to benefit
from our method of reducing routing congestion. Circuit area
increases due to less choice of gates during synthesis, but only
marginally (about 3%).

IV. CONCLUSION

A systematic method has been proposed to approximately
determine, in advance, whether margins between each cell pair
are redundant or not. In experiments with 28-nm technology
library, the redundancy of margins has been correctly esti-
mated in 93.7% cell pairs; the remaining 6.3% cell pairs have
redundant margins but the method has estimated them to be
irredundant, which on the other hand is safe in lithography
perspective.

We have addressed the problem of routing congestion reduc-
tion by taking advantage of redundant margins. The overflow
grids have been reduced by 43% on average of test circuits.
The current method is applied in row-by-row basis in an effort
to minimize a perturbation in initial placement and routing.
More aggressive methods would benefit future investigation.
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