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Abstract
Due to the rapid development of manufacturing process technol-
ogy and tight marketing schedule, the chip design and manufactur-
ing always work toward an integrated solution to achieve enhanced
product for fast time-to-market and higher niche profit. Forhigh-
end “high-volume” products, one good option of further improving
chip performance is to add extra metal layers based on an existing
design after all easy circuit fixes and process tricks are already ap-
plied. This strategy has recently been applied by main integrated
device manufacturers. Contrast to most low volume ASIC, addi-
tional metal layer cost is low due to cost averaging over hugevol-
ume (e.g., millions per week for x86 mainstream microprocessors).
In this paper, we address NLM (New Layer Migration) problem
which eliminates coupling capacitance violations for speed push
in a given routing solution by migrating some wire segments to a
newly inserted metal layer under commonly used metal fillingpost
process for manufacturability and coupling control. We first pro-
pose an exact linear-time algorithm to judge whether a feasible so-
lution exists or not. Then we present a provably optimal algorithm
to eliminate as many coupling violations as possible. At thesame
time, the total coupling capacitance on both metal layers ismini-
mized. The time complexity of the algorithm isO(n

3
2 logn). Finally

an LP approach is presented as post processing to adjust segment
positions when the two layers have layer-dependent design spacing
rules.

Category: B.7.2 [Integrated Circuits]: Design Aids - Place-
ment and routing; J.6 [Computer Applications]: Computer-Aided
Engineering - Computer-aided design

Terms: Algorithms, Design, Performance
Keywords: Max-cut, Capacitance coupling, Layer migration

1. Introduction
Semiconductor industry can be divided into several different areas
based on product applications and their market size or profitabil-
ity. The major revenue and profit of semiconductors are generated
by high-volume products such as DRAM and microprocessors. For
these products, the custom design flows and integrated manufac-
turability are commonly seen in industry. The initial design stage
of these products usually is longer than ASIC where most published
CAD optimization algorithms focus on. However, most manufac-
tured products for these high-volume products came from prolifer-
ation of initial design in the modified manufacture processes. For

∗This work was partially supported by the National Science Foun-
dation under grant CCR-0306244.

example, Intel Pentium II/III are proliferated from P6 initial design
and all AMD XP’s are based on K7 initial design.

Proliferation, a process of making a new design by modifying
an existing product, such as product upgrade for speed push,saves
design efforts from designing a totally new chip and produces main
revenue from the initial design. It is a highly constrained design
optimization based on an existing design with tight design schedule
due to time-to-market consideration. Although some relative easy
process tricks like fixing speed path, increasing voltage, tuning pro-
cess recipes, and so on can be applied, the chip performance may
still not meet the speed requirement.

One possible option to tune the chip performance higher is pro-
cess shrink (e.g., from 0.18um to 0.13um). But usually the existing
design needs to be re-designed for compaction and it takes long
design time since all metal layers have different parasiticcharacter-
istics from the original manufacturing process.

An alternative option is to add extra manufacturing cost, such
as adding metal layers, to shorten the time-to-market used in ma-
jor high-end microprocessors [13, 4]. For adding single layer, the
newly added metal layer is right above the target routing layer. Usu-
ally it has a similar process and parasitic characteristic to the exist-
ing target routing layer which helps to save the whole manufac-
turing process generation change. Also before re-design effort is
completed or justified, it is always an option to shift existing design
to a new process that has one extra metal layer than the existing
manufacture process to perform a quick simulation of possible per-
formance gain (or decide which layer or layers to be added). For
high-volume products, the manufacturing cost is quite low (e.g.,
the die cost is about 10∼ 20 cents/mm2.) [17]. Especially, dif-
ferent mask layers have different resolution requirement,and upper
metal layers are comparatively crude [18]. Therefore masksfor up-
per metal layers are much cheaper than many base layer masks [16,
12]. Although an extra metal layer causes additional manufactur-
ing cost, the introduced cost is tiny after it is amortized over large
volume [2, 17]. And the addition of metal layers on existing design
is already applied by main integrated device manufacturers[13, 4].
And for high-end niche design, the cost can be justified by thehigh
profit margin of products. Meanwhile, the shortened design time
helps keep the advantage of the products in market competition.

On the other hand, since the decision window is very limited,
the utilization of the newly added metal layer is a challenging task
for design re-optimization. In this paper, we address the NLM (New
Layer Migration) problem for the re-assignment optimization of the
target routing layer in order to minimize coupling capacitance af-
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Figure 1: (a) A routing design has coupling violations. The upper
coupling bounds for all segment pairs are 40, while the coupling
betweens3 and s4, s3 and s5, s5 and s6, s6 and s7 is larger than
the given bound. (b) An optimal solution. Two segmentss3 and
s6 migrate to the new layer. The gray dotted lines are metal-filled
wires to maintain the metal density.

ter adding a new routing layer while keeping the same interconnect
topology with all other metal layers untouched. Since the new metal
layer is added for alleviating coupling capacitance, it hasthe same
routing direction as the original metal layer where signal wires are
routed tightly and cross coupling capacitance contribution in para-
sitic is high. This is different from conventional process node ad-
venture (e.g., from 0.18um to 0.13um) where an extra top metal
layer is usually added with the routing direction orthogonal to its
lower metal layer. In particular, we consider the metal-fillprocess
that is commonly used as a post-design process to increase man-
ufacturability [14, 15] and interconnect coupling [9] if hooked on
power mesh. We assume the newly added layer has a similar metal-
fill requirement as the original metal layer. Metal fill in high-end
design are very dense due to smaller pitch in deeper submicron pro-
cess.

For convenience, we assume a new metal layerL is added above
layer M which is used for horizontal tracks. Figure 1 illustrates
an example. OnM, there are 7 wire segments. Suppose the re-
quired coupling bounds for all segment pairs are 40. The numbers
in Figure 1 are the coupling capacitance between two segments. As
we notice that the coupling betweens3 and s4, s3 and s5, s5 and
s6, s6 and s7 all exceeds the required bound. After adding a new
metal layerL, we want to move some segments toL so that no
coupling violations exist in the new design. At the same time, the
total coupling of the two layers is minimized. Since wire segments
are moved to the new layer, some metal-filled wires are inserted on
both layers in order to maintain metal density. Figure 1 (b) illus-
trates an optimal solution. Two segmentss3 ands6 migrate to the
new layer and the new design has no coupling violations. The gray
lines represent metal-filled wires and they cause no coupling effect
to other segments. On the other hand, if we move any other set of

segments to the new layer, either coupling violations stillexist or
the new design has larger total coupling than that of the solution in
(b).

For short, we say a solution is feasible if there are no segment
pairs such that the coupling between the two segments exceeds the
required bound. If the coupling capacitance between two segments
is larger than the required bound, then one and only one segment
must migrate to the new layer. It is easy to solve one pair of seg-
ments which has coupling violation. However when several pairs
are involved, unwise choice of migrating segments may lead to in-
feasible solutions. In some cases, there is even no feasiblesolution
to a given NLM problem. Figure 2 shows an example. There are
5 segments onM and the numbers in the figure are the coupling
capacitance between two segments. Suppose the required coupling
upper bounds for all segment pairs are 40. Therefore, segment pairs
(s1,s2), (s1,s3), (s2,s4), (s4,s5) and(s3,s5) violate the coupling re-
quirement. Then one and only one segment in each pair should mi-
grate to the new layer. However, no feasible solution can be found
to this NLM problem. For instance,s1 is moved to the new layer,
thens2 ands3 have to stay on the original layer. Sinces2 is onM,
s4 should be placed on the new layer and this makess5 on M. On
the other hand,s3 is onM ands5 have to migrate to the new layer
in order to resolve the coupling violation betweens3 ands5. This
leads to contradiction.
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Figure 2: An NLM problem which has no feasible solution.

In this paper, we first present an exact linear time algorithmto
judge if a feasible solution exists or not. Then we present another
optimal algorithm which not only eliminates as many coupling vi-
olations as possible, but also minimizes the total couplingcapaci-
tance of both layers. The running time isO(n

3
2 logn), wheren is

the number of segments onM. Fast and optimal algorithms also
propose a useful scheme to search which layer to chose by run-
ning the program on each layer and making cost-result trade-off
management decision. Furthermore, we consider the case when the
new layer and the original layer have different design spacing rules.
We propose an efficient LP approach to adjust the positions ofseg-
ments onL to satisfy design spacing requirement while minimizing
changes at the same time.

2. New Layer Migration (NLM)
In general, each segment has coupling effects to all other segments.
However, the coupling capacitance decreases dynamically if the
segment is out of the neighborhood of the other segment [11, 19].
Therefore, we only consider the coupling capacitance between two
neighboring parallel wires, and the coupling capacitance can be cal-



culated by the following formula:

c = α
length

distanceβ

whereβ is a constant approximate to 2. Furthermore, after some
wire segments are moved to the new layer, metal-filled wires are in-
serted at the corresponding positions in order to maintain the metal
density. These metal-filled wires have no coupling effects to other
wire segments. Therefore, the adjacency of two wire segments is
not changed if two segments are still on the same layer, i.e.,the
coupling capacitance between two wires on the same layer is not
changed, and no new capacitive coupling will be introduced after
metal-filled wires are inserted.

Since NLM is actually a non-trivial re-assignment optimization
problem due to added metal layer based on the existing completed
design, detailed timing verification and noise verificationare avail-
able for all signals. Thus, from the evenly distribution or from some
budgeting heuristic (e.g., a percentage of reduction of existing cou-
pling capacitance of wires belonging to critical nets), foreach pair
of segments, there is a coupling capacitance upper bound that de-
signers want to achieve based on new performance target.

Suppose there aren segmentsS = {s1, ...,sn} on M. Let ci j

denote the coupling capacitance for the pair of segments(si,s j)

(i, j ∈ [1..n]), and bi j be its coupling capacitance upper bound.
For a segment pair(sk,sl), if bkl < ckl , we say the two segments
violate coupling requirement. Define coupling violation set R =

{(sk,sl)|bkl < ckl ,k ∈ [1..n], l ∈ [1..n]}.
In order to solve the coupling problem, one new metal layerL

is inserted aboveM. Our target is to decide which segments onM

should be moved toL so that the number of coupling violations in
the new design is minimized. At the same time, the total coupling
capacitance of both layers (M andL) is also minimized.

3. NLM Algorithms
In this section, we first introduce how to construct a “coupling
graph” which represents the coupling between segments. Based on
the coupling graph, we propose two optimal NLM algorithms. The
Fast-NLM algorithm determines which segments should migrate to
the new layer in linear-time so that the new routing design has no
coupling violations as long as a feasible solution exists. Then an-
other optimal Max-Cut-NLM algorithm is presented to eliminate
as many coupling violations as possible while minimizing the total
coupling capacitance of both layers at the same time.

3.1 Coupling Graph
For convenience, a horizontal segment can be represented as(x1,x2,y)

where(x1,y) and(x2,y) are the coordinates of the two end points of
the segment. For any two segmentsA(xa1, xa2,ya) andB(xb1,xb2,yb),
let [x̄1, x̄2] = [xa1,xa2]∩ [xb1,xb2] and(ya < yb). If [x̄1, x̄2] 6= φ and
no other segments overlap with the rectangular area(x̄1,ya, x̄2,yb)

where(x̄1,ya) and(x̄2,yb) are the coordinates of its bottom-left cor-
ner and up-right corner respectively, then the rectangulararea is
called “C-Region”.

According to our coupling capacitance model, only adjacent
segments may have coupling effects. To represent the coupling
capacitance between segments, we construct an undirected graph
“coupling graph” as follows.
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Figure 3: (a) A routing solution; (b) The corresponding “coupling
graph”.

Each horizontal wire segment is represented by a node. With-
out misunderstanding, we use the same notation for segmentsand
nodes, and refer to a node as its corresponding segment, viceversa.
For any two segmentsu andv, if the coupling effect is non-zero,
one edge(u,v) is added to the graph. Figure 3 shows an example.

The number of nodes in a coupling graphG is n (the total num-
ber of segments onM). For any two nodes in the graph, if there
is an edgee between them, the two segments must be adjacent and
a “C-Region” must exist. Since no other segments go across the
“C-Region”, no edges cross edgee. Therefore,G is a planar graph.
According to the property of planar graph, the number of edges in
G is O(n).

Lemma 1. The corresponding coupling graph of a given NLM

problem is a planar graph.

3.2 Fast-NLM Algorithm
In this section, we propose an exact linear-time Fast-NLM algo-
rithm to test if we can find a feasible solution to the given NLM
problem.

According to the coupling capacitance model, if one segment
migrates to the new layer, the remaining segment pairs are not af-
fected in terms of coupling capacitance since the distance between
two segments onM are not changed. At the same time, if two
segments are moved to the new layer, the coupling capacitance
between them is still the same as that onM. Therefore, no new
coupling capacitance between any two segments will be introduced
when some segments are moved toL.

To check if a feasible solution exists to a given NLM problem,
we only need to consider the segments involved in coupling vio-



lations. Similar to the construction of the coupling graph,we can
build a “violation graph”Ḡ = (V̄ , Ē). If a segment appears in a
segment pair(sk,sl) ((sk,sl) ∈ R), it is represented by a node. And
the segment pair(sk,sl) is represented by an edge connecting two
nodessk andsl . SinceḠ is just a subgraph of the coupling graph,
the number of nodes and edges is alsoO(n).

For a violation graph, if we can find two independent setsS̄1 and
S̄2 such thatS̄1∪ S̄2 = V̄ andS̄1∩ S̄2 = φ, then we can conclude that
a feasible solution exists to the given NLM problem. This is equiv-
alent to judge if a violation graph is bipartite or not. As illustrated
by the pseudo code of FAST-NLM algorithm, if a node detects any
node in its neighborhood already labeled with the same layer, the
graph is not bipartite, otherwise it is. At the same time, ifḠ is a
bipartite graph, Fast-NLM returns a partition recorded in an array
layer.

Algorithm Fast-NLM(S, R)
1. Construct violation graph Ḡ(V̄ , Ē)

2. Initialize queue Q = {s1}

3. layer[s1] = 1
3. For each node si in V̄ −{s1}

4. layer[si] = −1
6.
7. While Q is not empty
8. u = DEQUEUE(Q)
9. For each neighbor v of u

10. If (layer[v] == −1)
11. Then layer[v] = (layer[u]+1) mod 2
12. ENQUEUE(Q, v)
13. Else If (layer[v] 6= (layer[u]+1) mod 2)
14. Then return “No Solution”
15. EndWhile
16. Return layer

The construction and initialization of the violation graphtake
O(n) time. For each edge in̄G, it is visited at most once. Therefore
the judgment can be made in linear timeO(n).

Theorem 1. Fast-NLM algorithm can exactly judge whether a

feasible solution exists or not to a given NLM problem in O(n) time
where n is the number of wire segments on the original layer.

3.3 Max-Cut-NLM Algorithm
NLM problem not only requires to remove coupling violations, but
also tries to reduce the total coupling of both layers. Therefore,
if the coupling between two segments is large, it is preferable to
separate the two segments to different layers.

Each NLM problem corresponds to a coupling graphG. To han-
dle coupling violations and to minimize total coupling in a consis-
tent way, we use a large “weight”w to adjust the edge cost inG. For
any two segments(sk,sl) ((sk,sl) ∈ R) whose coupling capacitance
is ckl , let the edge cost bew · ckl . w is set to be a very large number
such thatw · ckl overwhelms the coupling capacitance of all seg-
ment pairs. For example,w can be defined as 1+⌈∑ci j/min{ckl}⌉

where∑ci j is the total coupling capacitance among segments onM

and min{ckl} is the minimum coupling capacitance of a segment
pair in R. In other words, the cost of an edge(sk,sl) ((sk,sl) ∈ R)

is even larger than the total coupling capacitance in the original
design. As to segment pairs not belonging toR, just use the cou-
pling capacitance as the edge cost. Then an NLM problem can be
transformed to a Max-Cut problem. Max-cut problem looks fora
bipartition of a graph so that the total cost of edges connecting the
two node sets is as large as possible. By applying Max-Cut algo-
rithm, we can partition the segments into two sets such that the total
cost of edges inside two sets is minimized. Figure 4 illustrates an
example.
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Figure 4: (a) An NLM problem; (b) Node partition obtained by
Max-Cut.
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Figure 5: An NLM solution by movings3 ands6 to L

In Figure 4 (a), there are 7 segments and 4 coupling violations.
(b) is the corresponding coupling graph supposingw = 10. For
edges related to coupling violations, the edge cost is 10 times of
the coupling capacitance. The gray ellipse shows the partition re-
sult after applying Max-Cut on the coupling graph. Figure 5 is an
NLM solution derived from the Max-Cut partition in Figure 4.This
solution does not have coupling violations.

The Max-Cut-NLM algorithm can be summarized as follows.
S is the segment set andR is the coupling violation set.w is the
weight andthreshold is a constant which is used to judge if an
output is a feasible solution or not. The value ofthreshold could
be w ·min{ckl} whereckl is the coupling capacitance of(sk,sl)

((sk,sl) ∈ R).



Algorithm Max-Cut-NLM(S, R, w, threshold)
1. Construct coupling graph G

2. For each edge e(u,v) in G

3. If (u,v) ∈ R

4. Then cost[e] = w · coupling(u,v)

5. Else cost[e] = coupling(u,v)

6. Apply Max-Cut algorithm on G
7. Move segments in one subset to L

8. If (total coupling ≥ threshold)
9. Then return “No Feasible Solution”

If there is a feasible solution to the given NLM problem, any
two segmentsu and v which are involved in coupling violations
will be separated into different subsets since the cost of edge(u,v)

is huge. On the other hand, if there is no feasible solution, at least
one subset includes an edge whose cost is large. By comparingthe
total cost of the two subsets withthreshold, it is easy to judge if the
new design still has coupling violations or not. Meanwhile,if no
feasible solution exists, Max-Cut-NLM algorithm always returns a
solution which resolves coupling violations as many as possible and
minimizes the total coupling at the same time.

The graph construction and edge cost assignment takeO(n) run-
ning time. The main part of Max-Cut-NLM algorithm is Max-Cut
algorithm. A general Max-Cut problem is an NP-complete prob-
lem [6, 10]. However, when the graph is a planar graph, the Max-
Cut problem can be translated into a maximum weighted match-
ing problem [1, 3, 8], and it can be solved inO(n

3
2 logn) time [8].

Therefore, the Max-Cut-NLM algorithm can be accomplished in
O(n

3
2 logn) time.

Theorem 2. The Max-Cut-NLM algorithm optimally solves NLM

problems in O(n
3
2 logn) time where n is the number of wire seg-

ments on the original layer.

4. Adjustment for Layer-Dependent
Spacing Rules

Although the newly added layer has similar process and parasitic
characteristic as the original layer, in some cases, the difference in
design specification may still exist. In this section, we consider
how to adjust segment positions when the two layers have different
design spacing rule requirements.

Suppose the design spacing rules forM andL aredM anddL re-
spectively (dM < dL). Then when some segments migrate toL, they
may not satisfy the design spacing rule. For example, if the distance
of two segmentsA andB is dM and both of them migrate to the new
layer, the spacing betweenA and B is still dM while the design
spacing rule forL is dL. If we simply move one or both segments
up/down to increase the spacing between them, other segments may
also be affected. Figure 6 shows an example. Segmentss1, s2 and
s3 are three segments migrating to the new layer. And the spacing
betweens1 ands2 is dM which is smaller than the design spacing
rule dL. Thens2 is moved down so that the spacing requirement
betweens1 ands2 is satisfied. But this causes the spacing between
s2 ands3 less thandL too.

Once some segments migrate to the new layer, it is necessary to
adjust the spacing in order to eliminate spacing violations. At the
same time, we hope the adjustment is as little as possible.
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Figure 6: (a) Three segments migrate to the new layer. But the
spacing betweens1 ands2 is less thandL. (b) s2 is moved down in
order to increase the spacing betweens1 ands2, but this makes the
spacing betweens2 ands3 less thandL.

Suppose there arem segments{a1, ...,am} on L. Let ti be the
original y-coordinate ofai, and yi be its new position. In order
to restrict that the new position of a segment is not too far away
from its original position, we require|yi − ti| ≤ T whereT is a
given constant, i.e., each segment can move only within a range
[ti −T,ti + T ]. According to the above requirements, we have the
following formulation:

min
m

∑
i=1

|yi − ti|

yi −y j ≥ dL, ∀i, j, ti > t j

|yi − ti| ≤ T

yi ≥ 0, i = 1, ...,m

Let zi = |yi − ti|. And |yi − ti| ≤ T can be written as−T ≤

yi − ti ≤ T . Then the above formulation can be transformed to a
standard linear programming problem as follows.

min
m

∑
i=1

zi

yi −y j ≥ dL, ∀i, j, ti > t j

yi − ti ≤ T

yi − ti ≥ −T

yi − ti ≤ zi

yi − ti ≥ −zi

yi, zi ≥ 0, i = 1, ...,m

It is well known that the above LP problem can be solved in
polynomial time [5, 7].

5. Experimental Result and Conclusion
In this paper, we address the NLM problem which solves coupling
violations on one layer by adding an extra metal layer. We first
propose an exact linear-time algorithm to judge if a feasible solu-
tion, which has no coupling violations, exists or not to a given NLM
problem. Then we present another optimal algorithm to determine
which segments should migrate to the new layer so that the num-
ber of coupling violations is minimized. At the same time, the total
coupling capacitance in the new design is minimized. The time
complexity of the algorithm isO(n

3
2 logn). Figure 7 (a) shows a

test file with 281 wire segments. Red areas denote the crosstalk
violations between two wire segments. After migrating somewire



segments to the new layer, no crosstalk violations exist in the new
solution as illustrated in Figure 7 (b). Finally, a linear program-
ming approach is presented as post processing to adjust segment
positions when the two layers have layer-dependent design spacing
rules
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(a)

(b)

Figure 7: (a) A test file with 281 wire segments. Red areas denote
the crosstalk violations between two wire segments. (b) Some wire
segments migrate to the new layer, and no crosstalk violations exist
in the new solution.


