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ABSTRACT

This paper presents a new pseudo pin assignment (PPA)
algorithm with crosstalk noise control in multi-layer gridless
general-area routing. We propose a two-step approach that
considers obstacles and minimizes the estimated number of
vias under crosstalk noise constraints. Without crosstalk
noise control in PPA, the average noise after detailed routing
of our test cases is 0.13-0.22 Vp p with up to 8% of nets larger
than 0.3 Vpp. However, if the noise constraint of each net is
set to 0.3Vpp in PPA, the average noise reduces 15%-31%
to 0.11-0.15 Vpp with no crosstalk noise violations. Even
without rip-up and reroute, the detailed routing completion
rate is 95%-99% and the ratio of vias to nets is only 0.7-1.2.

1. INTRODUCTION

In a typical hierarchical routing system, a global router de-
termines wirings in a rough scale (in terms of routing re-
gions) and a detailed router determines the exact wirings
within each routing region. In order to build the bridge be-
tween global routing and detailed routing, we need to deter-
mine the wire crossing locations on the region boundaries. A
wire crossing point is called a pseudo pin in this paper. The
problem of determining the pseudo pin locations is called
the pseudo pin assignment problem. Because pseudo pin
assignment determines the wire ordering and spacing to a
large extent, it can be used effectively for wire length mini-
mization, via minimization, and crosstalk noise control. We
are interested in the problem of pseudo pin assignment with
via minimization and crosstalk noise control in hierarchical
multi-layer gridless general-area routing.

In [10], a two-layer grid-based pseudo pin assignment algo-
rithm is discussed. Their heuristic algorithm optimizes the
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alignment of pseudo pins but does not consider crosstalk.
There are some studies on controlling crosstalk noise in de-
tailed or channel routing (e.g., [1] [2] [7] [8] [9] [12] [16]),
or in global routing (e.g., [19] [20]). Although the crosstalk
noise estimations during detailed routing can be accurate,
the freedom to control crosstalk noise is restricted. On the
other hand, although crosstalk noise control in global rout-
ing may have more flexibility, the estimations can not be
very accurate without detailed considerations on wire or-
dering, spacing and the complications from obstacles and
gridless layouts. In [17], crosstalk noise is considered in a
pseudo pin! assignment step. Their algorithm inserts pseudo
pins on each boundary one by one with a priority ordering
and then performs a space relaxation algorithm to further
separate pseudo pins. Their greedy algorithm may lack a
global view to align the pseudo pins of the same nets.

In this paper, we propose a new pseudo pin assignment
(PPA ) algorithm to control the crosstalk noise and minimize
the number of vias in multi-layer gridless general area rout-
ing. Our algorithm absorbs the obstacle consideration by de-
composing the tile boundaries into intervals and then solves
the PPA problem in two steps: coarse pseudo pin assign-
ment (CPPA) and detailed pseudo pin assignment (DPPA).
In CPPA, each pseudo pin is estimated with a crosstalk-
safe spacing from its noise constraint and assigned to an
interval. Our CPPA algorithms are efficient graph routing
algorithms that minimize vias and ensures that every inter-
val has enough space for all the pseudo pins assigned to it.
In DPPA, each pseudo pin is assigned to an exact location
and crosstalk noise constraints must be satisfied. Our DPPA
algorithm determines pseudo pin ordering and then aligns
pseudo pins of the same net under crosstalk constraints.

2. PROBLEM FORMULATION

We are interested in the pseudo pin assignment (PPA) prob-
lem for a multi-layer gridless area routing system with ob-
stacles. The inputs of the problem consist of a multi-layer
global routing solution, a set of design rules, and a set of
crosstalk constraints. We assume that the global router uses
a reserved layer model which means each layer has a pre-
ferred routing orientation (horizontal or vertical); obstacles
are also allowed. We also assume that the global router
divides the routing area regularly into an array of rectan-
gular tiles. For each net, the global routing solution deter-
mines which tiles and layers it should go through without
giving the exact wire crossing locations. We need to de-
termine the wire crossing locations before a detailed router

In [17], pseudo pin is called crosspoint.
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Figure 1: Impacts of pseudo pin assignment

can route each tile independently. Since these wire crossing
locations act just like pins in detailed routing, we shall call
them “pseudo pins” in this paper. On the other hand, we
call the original pins “real pins” to distinguish them from
pseudo pins. The problem of determining the locations of
pseudo pins is called the pseudo pin assignment problem.
Assignments of pseudo pins may have significant impacts on
the crosstalk noise and the number of vias in the final lay-
out generated by the detailed router. For example, Figure 1
shows two pseudo pin assignments of the same global rout-
ing solution on 3 x 4 tiles. The tile boundaries are shown
as dash lines. Pseudo pins are labeled 1-12; real pins are
labeled al, a2, b1, b2, cl, and c2; the grey areas are keep-
out-regions. The possible detailed routings according to the
pseudo pin assignment are also shown in the figure. The
dotted lines represent wires on layer 1 and the solid lines
represent the wires on layer 2. The shaded areas indicate
the space between the wires of net b1-b2 to the wires that are
separated by the minimum spacing to them. We can see the
total coupled length (length of shaded areas) is roughly 4
(tile widths) in Figure 1(a), but decreases to 2 (tile widths)
in Figure 1(b). The detour on net bl — b2 is roughly 1 (tile
height) in Figure 1(a) and 1.5 (tile height) in Figure 1(b).
This example shows different PPA solutions can lead to con-
siderably different via counts, wire lengths, and coupling
between nets.

Our objectives of the pseudo pin assignment are to deter-
mine the locations of pseudo pins such that the estimated
number of required vias is minimized and the crosstalk con-
straints are satisfied. Because crosstalk noise usually only
needs to be controlled in a safe range and via minimization
is usually desired, our objectives of PPA are to minimize
the estimated number of vias under the crosstalk noise con-
straints. Note that minimizing the estimated number of vias
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Figure 2: Crosstalk calculation

means more alignments on pseudo pins and less routing re-
sources used by vias, thus generating more routable problem
instances for detailed routing.

First, we explain how the crosstalk noise is estimated. The
details of via estimation are explained in Section 3.1.

2.1 Crosstalk Noise Estimation

To estimate the crosstalk noise in PPA, we need to estimate
the routing of each net and compute the resistance and ca-
pacitance from the estimated routing. The routing of each
net is estimated by a set of wire segments that correspond
to pseudo pins. If a pseudo pin is on the boundary between
tiles 71 and T5, the length of the wire segment is estimated
by the center-to-center distance between tiles 77 and T5.
Under this assumption, we can estimate the resistance and
capacitance for each wire segment. If a pair of pseudo pins
on the same boundary were assigned adjacent to each other,
we could know the coupling length and separating distance
between these two wire segments. Therefore, we can esti-
mate the coupling capacitance by a table lookup method
[6] (used in our approach). Alternatively, we may also use
analytical formulae.

From the above estimated resistance and capacitance to-
gether with driver and receiver characteristics information,
we can estimate the crosstalk noise in PPA by any crosstalk
modeling, including those in [6] [11] [15] [16] [18].

In our implementation, we use a simple closed-form for-
mula for two-terminal nets described in [16] to calculate the
crosstalk noise on each wire segment.” According to [16],
the peak crosstalk noise Vioise for the circuits in Figure 2
can be estimated by the following formula:
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Vioise =

where the aggressor is driven by a step voltage source of Vpp
with intrinsic resistance of Roy:,4; the victim is connected
to ground via its intrinsic resistance Royt,v. The intrinsic
capacitances of the two lines are C, and C,, and line resis-
tances are R, and R, ; and the coupling capacitance between
the aggressor and victim is C,.

We assume the system clock is divided into n user-defined
windows (time bucket) [13]. The noise effect in one window
will not last to another window. Therefore, we do not need
to add up noise on different windows. For each victim net,
we only need to add up the noise from its active neighboring
aggressor nets within each window. The user may specify
whether there is noise concern between any pair of nets and

2If there are multiple-terminal nets, we calculate the noise as
if all the wire segments of the same net were on a simple path
to simplify the noise computation and give a conservative
upper-bound estimation on crosstalk noise.
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Figure 3: Net ordering on adjacent layers

in any window according to their logic switching behaviors.
Our default assumption is that the noise between every net
pairs should be considered in any window.

We use a simple assumption that the crosstalk noise on a
net is the summation of all the crosstalk noise on all the seg-
ments of the net. In the case that a more accurate crosstalk
modeling is used (e.g., it needs to penalize coupling at the
receiver more than coupling at the driver), we can use a
weighted sum to calculate the crosstalk with a proper choice
of weights.

2.2 Layer by Layer Approach

We observe that the assignment of pseudo pins in one layer
has little affect on pseudo pin assignments on different lay-
ers. For example, Figure 3 shows that we can permute
the pseudo pins on the vertical layer without changing the
pseudo pin assignment on the horizontal layer. Note that
the estimated number of vias and total wire lengths are not
changed in these two assignments, although the noise esti-
mations on the horizontal layer will change slightly. How-
ever, such change is usually much smaller compared to the
change due to ordering or spacing of the pseudo pins on the
same layer.

Assigning pseudo pins one layer at a time can reduce the
problem complexity and does not sacrifice too much solution
quality. Furthermore, because each pseudo pin is confined
on a single tile boundary, we do not need to work on the
entire layer, assigning pseudo pins one row (or column) at a
time is good enough. Because the assignment on a row or a
column is similar, we will focus on the pseudo pin assignment
on a row of tiles in the later discussions.

3. PPAALGORITHM

The crosstalk constrained pseudo pin assignment problem
is an NP-hard problem even only considering a degenerated
problem which determines if a feasible pseudo pin assign-
ment exists on a single tile boundary. This can be proved
by a simple reduction from the Hamiltonian path problem
(similar to that in [8]).

Our pseudo pin assignment algorithm is a heuristic algo-
rithm that consists of a tile boundary decomposition, a coarse
pseudo pin assignment step, and a detailed pseudo pin as-
signment step. The algorithm flow is similar to the one in
the pin assignment algorithm used in [3].

3.1 TileBoundary Decomposition

We first decompose boundaries to a set of intervals by max-
imum horizontal strips. The mazimum horizontal strips,
which were first defined in [14], are strips (rectangles) that
form a partition on the empty space in a routing region such
that no strips are horizontally adjacent to any other strips.
In our algorithm, the rectangle objects are obstacles, real

Figure 4: Tile boundary decomposition and via estimations

pins, or the projections of real pins from adjacent layers.®
Figure 4 shows an example of the maximum strips formed
on a row of four tiles. The grey areas are rectangle objects,
which are obstacles or real pins. The decomposed intervals
are labeled 1-19.

The above tile boundary decomposition allows us to accu-
rately estimate the minimum number of required vias under
the reserved layer model without knowing the exact pseudo
pin locations. We use the following approximation to sim-
plify the estimation: we only consider obstacles (keep-out-
regions) on the same layer and assume the space on the
adjacent layers is always available for making connections.

If two pseudo pins p1 and p2 are on the same layer and
assigned to intervals of strips s; and s», we only need to
check on if s; and s» horizontally overlap. If p; is on a
horizontal layer and p» is on a vertical layer, we only need
to check on if s; horizontally overlaps with ps. Figure 4
shows several examples of the via estimation patterns on
boundaries Bl and B2. The via estimations are 0, 2, 4, 1,
and 3 for nets a, b, ¢, d, and e, respectively.

3.2 CoarsePseudo Pin Assignment

Our CPPA algorithm first estimates a crosstalk-safe spac-
ing for each pseudo pin and then assigns the pseudo pins
to intervals with the objective of minimizing the estimated
number of vias. A coarse pseudo pin assignment is feasible
if all the intervals have enough space for the pseudo pins
assigned to them. The CPPA problem is an NP-hard prob-
lem which can be proved by a simple reduction from the bin
packing problem to a CPPA problem on a single boundary.
The crosstalk-safe spacing for a pseudo pin is estimated
by assuming that the pseudo pin is adjacent to a pair of
pseudo pins which have the average capacitance, resistance,
driver/receiver characteristics. We assume each pseudo pin
has a noise budget that can be calculated from the noise
constraints.*. If a pseudo pin has a noise budget B, with
the estimated total capacitance, resistance, driver/receiver
characteristics, we can calculate the maximum allowed cou-

pling capacitance C, = (Rwlitllftu/zc‘l + Cy)B/Vpp on
this pseudo pin from Equation 1. From C,, we can find
the minimum separation distance to its neighbor by inter-
polation in the capacitance lookup table. This calculated
minimum separation distance is our estimated crosstalk-safe

spacing for the pseudo pin.

3In fact, each rectangle is expanded by half of the minimum
spacing on that layer.

“In our implementation, we evenly distribute the noise con-
straint of each net to its pseudo pins according to their rep-
resenting lengths. However, any clever algorithm which dis-
tributes noise budgets can be used.
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Figure 5: Coarse routing graph for CPPA

3.2.1 Coarse Routing Graph

To solve the CPPA problem, we first generate a coarse rout-
ing graph G = (V, E) from the boundary decomposition.
The vertex set V consists of the intervals and the connec-
tion points which are either real pins or pseudo pins. The
edges in E connect vertex pairs which can reach each other
without crossing a tile boundary.®

For example, Figure 5 shows the routing graph for a layout
in Figure 4 with two connecting points s and ¢ representing
a net that needs to go through boundary B1-B3. Each edge
(v1,v2) in the routing graph is assigned a cost which is the
estimated number of vias to connect pins on v; and vs.

It is easy to show that a coarse pseudo pin assignment for
a net connecting from v to u corresponds to a path from v
to u in the coarse routing graph, and the estimated number
of vias of this net is the sum of the edge costs of the path.
Therefore, for a subproblem of the CPPA that assigns a
single net, we can use the shortest path algorithm to find
the minimum via assignment.

3.2.2 Assignment of a Sngle Net

The CPPA for a single net can be solved by the shortest
path algorithm for directed-acyclic-graph (DAG) in O(V +
E).5 Since the graph is very dense (i.e., E = O(V?)), the
complexity is O(V?). We have developed an algorithm to
cut down the complexity of the shortest path algorithm to
O(dV +2V), where d is the maximum edge cost, and z is the
maximum number of edges with zero-cost coming out from
any vertex. Since d and z are small numbers (d = 4 and
z = 1in our formulation), we have a linear time algorithm in
practice. The key idea of our algorithm is to avoid explicitly
generating and visiting all the edges while maintaining the
optimality of the shortest path algorithm.

We denote the distance (cost) between two vertices v, v as
d(v1,v2). Given a vertex v, we denote the shortest distance
from source s to v as D(v). Remember that a vertex v on
boundary % corresponds to an interval I, we denote r(v)
as the farthest location that we can push I, horizontally
toward boundary ¢ + 1 without hitting any obstacles. For
example, in Figure 4, we have r(6) < r(3) =r(4) <r(5). In
our via estimation, if r(v) > r(u), we have d(v,z) < d(u, )
for any vertex x on the next boundary except for the case

5In order to make uses of the intervals which are too short
for assigning any pseudo pin, our routing graph has more
vertices. For each interval I,, we introduce two vertices v,
and wvp;. If a pseudo pin p is assigned to vio (vns), it means
p is aligned to the bottom (top) of I, and may cover several
short intervals if v is too short for p.

SFor a set S, we will just use S for | S | in the big-O notation
when there is no confusion.

that d(u,z) equals to zero (in this case, r(u) = r(v) and
they both reach next boundary i + 1).

For a vertex u and a vertex w on the same boundary, all the
edges coming out from u will be pruned if the first condition
of the following is satisfied; all the none-zero-cost edges will
be pruned if the second condition is satisfied.

1. D(w) +d < D(u).
2. D(w) < D(u) and r(w) > r(u).

In the first case, any edge (u,z) is pruned because a path
consists of a shortest path from source to w and (w,z) is
always shorter than a path goes through u to z. In the
second case, any edge (u, z) which is not zero-cost is pruned
by a similar reason. We say u is dominated by w and w
dominates u if any of the above conditions is satisfied.

Our multi-stage shortest algorithm is basically a modifica-
tion of Dijkstra’s shortest path algorithm with pruning. We
assume that the number of stages (the number of bound-
aries) is k, any edge cost c is an integer and 0 < ¢ < d, and
the maximum number of edges with length zero coming out
from any vertex is z. We use D(v) to denote the shortest
distance from source s to v. We use V* to denote the vertex
set in stage ¢ (on Boundary i). We use Q, to denote the
vertex set in V* whose shortest distance to s is n. Our algo-
rithm starts from the source s and puts any reachable vertex
v in stage i to Q% if the current shortest distance from s to
v is n. We go through the vertices of Q% from smaller n to
larger n. That is, as in Dijkstra’s algorithm, we scan ver-
tices with smaller shortest paths before vertices with larger
shortest paths. Instead of visiting all the neighbors of any
vertex v scanned and updating their shortest paths (done by
procedure Relax), we only visit those neighbors connected
by zero-cost edges and we only visit all the neighbors of v if v
is not dominated by other vertices. If a vertex has a shortest
path larger than any vertex by d + 1, none of its neighbors
are visited because all the edges to them are pruned. The
details of our multi-stage shortest path algorithm is shown
in Figure 6.

The complexity of the algorithm is analyzed below. The
initialization on Lines 1 to 9 takes O(kd) time. The run
time of Lines 10 to 19 is dominated by the loop in Lines
13-15 and the loop in Lines 16-18. Because there are at
most zV zero cost edges and each one is visited at most
once in Lines 13-15, the total time spends in Lines 13-15
is bounded by O(2V). Because there are at most d + 1
vertices per stage (boundary) that are not dominated by
other vertices, any vertex can appear at most d + 1 times
in Line 17. Therefore, total time spends on Lines 16-18 is
bounded by O(dV). From the above discussions, the run
time of the algorithm Multi-Stage Shortest Path is bounded
by O(dV + 2V + k%d). In fact, the O(k*d) time spends in
line 1 to 5 can be further reduced to O(kd) because we only
need to keep d + 1 different cost groups in each stage. We
can modify the Relaz procedure to let it run in amortized
constant time and use only d + 1 cost groups per stage.
Therefore, the run time can be bounded by O(dV +2V +kd).
Since k < V, we have an O(dV + zV) algorithm. We have
the following theorem.

THEOREM 1. Coarse pseudo pin assignment on a single
net can be done in O(dV + 2V).



ALGORITHM Multi-Stage Shortest Path
for i <1 to k

Qe < V°

MinCost" + oo

for j < 0 to kd

Q0

Qg + {s}
foreach v € V1!

Relax(s, v, 0)
n<+0
10. while D(t) > n
11. foreach i € {x | Q}, # 0} in increasing order
12. if n < MinCost’ +d
13. foreach u € Q7,
14. foreach v € Vit and d(u,v) =0
15. Relax(u, v, )
16. foreach u € Q;, not dominated by other vertices
17. foreach v € Vit?
18. Relax(u, v, )
19. n+<—n+1

©PN® o=

Relax(u, v, 7)

1. if D(v) > D(u) + d(u,v)

remove v from Q’;'(}J)

D(v) + D(u) + d(u,v)

if D(v) < MinCost'*!
MinCost't! « D(v)

insert v to Q’;'(i)

DO As W N

Figure 6: Multi-stage shortest path algorithm

3.2.3 Coarse Pseudo Pin Assignment Algorithms
Based on the efficient CPPA algorithm for a single net, we
implemented two approaches to solve the coarse pseudo pin
assignment problem. The first one is a net-by-net approach
which just applies the shortest path algorithm to assign nets
one by one (with the capacity of each vertex considered).
Because it is a straightforward implementation using the
shortest-path algorithm in the previous section, we will not
discuss its details. The second one is an iterative deletion
approach (similar to the concept first used in global routing
[3]), which works one boundary at a time and simultane-
ously assigns all the unassigned nets crossing the boundary.
The algorithm iteratively picks the most crowded unassigned
boundary to do the assignment. The details of the iterative
deletion on a single boundary is described below.

1. For each pseudo pin of an unassigned net on the bound-
ary, find all the vertices on the boundary that admit
the shortest paths. Put an assignment of the pseudo
pin to every vertex found.

2. Tteratively delete the assignments of pseudo pins un-
til no interval is overflowed. Each deletion first finds
the most crowded interval and then removes the as-
signment of the pseudo pin with the most number of
undeleted alternative assignments.

3. For each pseudo pin p with an assignment not yet
deleted, if the corresponding net can still be assigned
with a shortest path found in Step 1, assign the net
with the shortest path.

4. If all nets are assigned, stop. If the set of the unas-
signed nets is not changed since the last time it was
checked in this step, stop. Otherwise, repeat Step 1.

If an unroutable net is detected, a rip-up and reroute algo-
rithm on the coarse routing graph is applied to rip-up the

problematic boundary and re-route all the nets pass through
that boundary. During the rip-up and reroute, we will make
some cost adjustments and possibly some adjustments on
crosstalk-safe spacing of some pseudo pins.

3.3 Detailed Pseudo Pin Assignment

The detailed pseudo pin assignment works consists of two
steps: (i) determine the ordering and spacing of pseudo pins
inside each strip, (ii) align the pseudo pins in each strip
under crosstalk-safe spacing without changing ordering.

3.3.1 Ordering and Spacing Algorithm

Our ordering and spacing algorithm works on one strip at a
time. It is a simple algorithm that assumes pseudo pins of
one net are aligned as one single wire segment. The algo-
rithm packs the segments either to top or bottom depending
on which side can result in a shorter wire length in detailed
routing. For the wire segments preferred to be packed to the
bottom, the packing algorithm iteratively finds a segment
that can be assigned to the lowest location and assigns it.
The lowest location is determined by the crosstalk-safe spac-
ings to the segments already packed to the bottom. Packing
segments to the top can be done similarly.

In DPPA, the minimum crosstalk-safe spacing between ad-
jacent pseudo pins from their crosstalk constraints is calcu-
lated as done in coarse pseudo pin assignment, except that
we now have exact data on neighboring nets. It may not be
the same value as previously estimated in CPPA. Therefore,
it is possible that the spacing requirement in some interval
exceeds the available space although it did not happen ac-
cording to the previous estimations in CPPA. If this hap-
pens, we will adjust our spacing estimation, redo the coarse
assignments for the affected nets with the new spacing esti-
mations, and redo the ordering and spacing assignment on
the affected strips.

3.3.2 Alignment Algorithm

The alignment algorithm works one strips at a time. For
each strip, we first check if the ordering and spacing algo-
rithm has already generated a feasible pseudo pin assign-
ment. If so, no further changes will be done. Otherwise, our
alignment algorithm aligns pseudo pins one boundary at a
time. It starts from the most crowded boundary and works
on the boundaries toward its left and right.

For pseudo pins pi, p2, ..., pn from bottom to top on a
boundary, we developed an optimal dynamic programming
algorithm which finds the maximum number of alignments
between the pseudo pins on the boundary and their neigh-
boring pins of the same nets.

‘We use ms; to denote the minimum separation distance be-
tween p; and p;+1. For a pseudo pin assignment o that as-
signs pseudo pin p; to location loc, we define ALY (loc) the
number of alignments for pseudo pins p1, p2, ..., pi. We de-
fine M L;(loc) the maximum of ALY (loc) among all feasible
assignments and M A;(loc) = {o | ALY (loc) = M L;(loc)}.
Please note that the maximum of M L, (loc) for all feasible
locations of pseudo pin 7 is the maximum number align-
ments.

It is obvious that M L;(loc) can also be recursively calculated
by M L;(loc) = ai(loc) + maz{ML;_1(b) | b+ms;—1 < loc},
where a;(loc) is the number of alignments on p; when it is
assigned to location loc. Our alignment algorithm basically
use this formula to calculate ML; for i = 1 to n on all
feasible locations.
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Figure 7: Pseudo pin alignments on a boundary

We call a location loc; a redundant location for py if there
exists a location loca such that locy > loca, and M Ly (locy) <
MLy (locz). Because for any feasible assignment oy that as-
signs pr to loci, we can find an assignment o such that
it assigns px to loca with greater or equal number of to-
tal alignments to o1. We can construct ¢ by combining
o1 and g2 € MA(locz) this way: o(i) = o02(i) for ¢ < k
and o(i) = o1() for ¢ > k. For any pseudo pin p, we
can restrict it to be assigned to non-redundant locations
without losing the optimality. Please note if p, has m non-
redundant locations locg,1 < locg,2 < --- < lock,m, we must
have MLy (lock,1) < MLg(lock,2) < -+ < MLg(lock,m).
Therefore, to find the maximum ML;_, below loc, we only
need to find the maximum non-redundant location of p;_1
that is smaller than loc.

For pseudo pin p;, we can assume that the boundary B is
partitioned ¢; intervals, I; 1, I;2, ..., I;c, such that loca-
tions of the same interval have the same alignments and lo-
cations on adjacent intervals have different alignments, For
example, in Figure 7, we show pseudo pin p; wants to be
aligned with d at 40. The partition for p; is [0, 40), [40, 40],
and (40,100] with alignments 0, 1, and 0, respectively.

We will show next if pseudo pin p;—; has a finite number m
of non-redundant locations and p; partitions the boundaries
to t intervals, the number of non-redundant locations for
pseudo pin p; is at most m +¢. For an interval I, if there are
z locations of the form loc + ms;—1 for some non-redundant
location loc of p;—1, the interval I, can be partitioned to Iy,
I, ..., I, by these x points. Because the locations in each
interval will have the same M L; number, they are all redun-
dant except for the lowest point on each interval. Therefore,
interval I can contribute at most = + 1 non-redundant lo-
cations for p;. Because there are at most m points that
partition ¢ intervals, the total number of non-redundant lo-
cations of p; is at most m + ¢t.

The above proof of finite non-redundant locations also gives
us the procedure on how to compute them. We will use
the example in Figure 7 to demonstrate the calculation. We
assume the minimum spacing is 20 for any pair of pseudo
pins. The non-redundant locations for pseudo pin p; are 0
and 40 with M L;(0) = 0 and M L;(40) = 1. The pseudo pin
p2 partitions the boundary to [0, 50), [50, 50], and (50, 100]
with alignments 0, 2, and 0, respectively. Therefore, we
check on the locations 0+ 20, 50, 40 + 20 for non-redundant
locations. The results are 20 and 50 with ML»(20) = 0
and MLy(50) = 2. Note that the location 60 is a redun-
dant location of p» because M Ly (60) = 1 < M L»(50). The
pseudo pin ps partitions the boundary to [0,90), [90,90],
and (90,100] with alignments 0, 1, and 0, respectively. The
non-redundant locations of p3 are 20 + 20, 50 + 20, and 90
with M L3(40) = 0, M L3(70) = 2, and M L3(90) = 3. If we
assign p3 to 90, p2 to 50 and p:1 to 0, we have an assignment

Table 1: Crosstalk noise estimation in PPA

Noise distribution avg. run

0.1 0.2 0.3 0.4 0.5 0.6 | noise time

mccl nn | 171 483 130 16 2 0| 0.15 10.63
mccl  in 351 433 18 0 0 0| 0.11  26.09
mcc2 nn | 378 1422 2852 2001 459 6| 0.26 80.73
mcc2  in | 1224 2807 2611 466 10 0| 0.19 315.06
mccl  ny 315 465 22 0 0 0 0.12 12.82
mccl iy | 400 390 12 0 0 0| 0.10 36.78
mcc2 ny | 1425 3848 1845 0 0 0| 0.16 128.49
mcc2 iy | 2236 3819 1063 0 0 0| 0.14 784.78

with maximum alignments..

Our algorithm is further enhanced to allow weighted sums on
the number of alignments such that we can have preferences
to the alignments which align pseudo pins to real pins or
pins on a previously processed boundary.

Note that the above alignment algorithm does not change
the ordering of the pseudo pins and the packing algorithm
does not cause wire crossing on any segments. Therefore,
misalignments of the pseudo pins within a strip may be
routed by just introducing jags but not vias.

4. EXPERIMENTAL RESULTS

We tested our algorithms on a 168 MHz SUN Ultra II. We
use the NTRS’97 0.18um technology for the resistance and
capacitance calculations. We have test cases mecl and mec2
of MCM designs. They were scaled down by a factor of 90.90
such that the original 75um pitch in MCM design is scaled to
1.5 times the minimum width (0.22um) plus the minimum
spacing (0.33um) in this technology.

Each test case is run with different CPPA algorithms with
and without noise control. For the experiments with noise
control, the noise constraint is set to 0.3Vpp for each net.
The driver resistance in each net is set to 1800Q2. Table 1
shows the distribution of the estimated crosstalk noise on
each test case. Each entry on the second column consists
of two letters. The first letter is used to indicate which
CPPA algorithm is used (‘n’ for net-by-net, ‘i’ for iterative-
deletion). The second letter is used to indicate whether
noise control is applied in PPA (‘y’ for yes, ‘n’ for no). For
example, an entry “ny” in column two indicates the net-by-
net CPPA algorithm is used and noise control is applied.
A column of 0.d shows the number of nets with crosstalk
noise between 0.(d — 1)-0.d in each case. For example, the
fifth column shows the number of nets with crosstalk noise
between 0.2-0.3Vpp. The arithmetic average of the crosstalk
noise of all nets are shown in the ninth column. The last
column shows the run time measured in seconds.

If the crosstalk noise constraints are not considered, the av-
erage noise is 0.11-0.26 Vpp with up to 34% of nets that have
noise larger than 0.3 Vpp. If the crosstalk noise constraints
are considered, the average noise is reduced to 0.10-0.16 Vpp
and both algorithms successfully reduce all the noise to be
smaller than 0.3 Vpp. Overall, the noise control by iterative
deletion algorithm is better, but the run time is also longer.
We use an internally developed multi-layer gridless detailed
router based on the gridless routing engine presented in [4]
to route the above examples. This detailed router is still
under development, it can do a net-by-net routing, but can
not do rip-up and reroute. The routing results are shown
in Table 2. Note that the net counts in this table are the
local nets within each tile. The estimated number of vias
are lower bound estimations, and we do not include the via



Table 2: Detailed routing results

Total DR routed PPA DR vias
nets nets(%) est. vias
mccl nn | 12941 12876(99.50) 7414 9459
mccl in 12941  12918(99.81) 7378 9120
mcc2 nn | 55403  53737(97.03) 35542 47822
mcc2 in 55403  54776(98.87) 35430 44487
mccl ny 12941 12667(97.88) 7464 11403
mccl iy 12941 12713(98.24) 7426 11243
mcc2 ny | 55403  52811(95.32) 40688 65044
mcc2 iy 55403  53198(96.02) 40144 64724
Table 3: Crosstalk noise calculated after detailed routing
Noise distribution avg.
0.1 0.2 0.3 04 0.5 0.6 | noise
mccl nn 125 557 119 1 0 0 0.15
mccl in 234 552 16 0 0 0 0.13
mcc2 nn 520 2349 3683 565 1 0 0.22
mcc2 in 912 3417 2681 108 0 0 0.18
mccl ny 274 515 13 0 0 0 0.12
mccl iy 326 468 7 0 0 0 0.11
mcc2 ny | 1348 4427 1343 0 0 0 0.15
mcc2 iy 1752 4459 907 0 0 0 0.14

estimation for nets that could be routed within a single tile.
However, the via counting in detail routing includes all the
vias. This explains the big differences between the estimated
and routed via counts. The results of pseudo pin assignment
are highly routable, even though no rip-up and reroute is
performed. The completion rate is 95% — 99% and the ratio
of the number of vias to routed nets is 0.7-1.2.

Table 3 shows the distribution of crosstalk noise after de-
tailed routing. From the detailed routed results, we do a
2-D extraction to find out the line resistance, the line ca-
pacitance and coupling capacitance of the layout. We then
plug in these data to the same noise calculation formula in
Equation 1 to find out the exact noise in the layout. Table 3
verifies that the noise control in the pseudo pin assignment
can be carried out by the detailed routing with high fidelity.
The noise is not as bad as estimated in Table 1. This is be-
cause our noise estimation in PPA is somewhat conservative
on the total capacitance, which results in higher estimated
noise. If no noise control is done in PPA| the average noise is
0.13-0.22 Vpp with up to 8% of nets may exceed the 0.3 Vpp
noise budget after detailed routing. With 0.3 Vpp noise con-
straints for all nets, the average noise reduces 15%-31% to
0.11-0.15 Vpp with no noise violations. The cases that use
iterative deletion for CPPA still give the best noise distri-
bution after detailed routing.

5. CONCLUSIONS

In this paper, we presented a new approach for pseudo pin
assignment with crosstalk noise control in multi-layer grid-
less general-area routing. We proposed a two-step approach
to solve the problem. Our approach absorbs the obstacle
considerations and can efficiently assign pseudo pins to min-
imize the estimated number of vias and control crosstalk
noise. We developed an efficient algorithm for the assign-
ment of a single net in the coarse pseudo pin assignment
and an optimal dynamic programming algorithm for align-
ing pseudo pins on a boundary. Our experimental results
show that our pseudo pin assignment algorithm can generate
suitable pseudo pin assignment to satisfy the crosstalk noise
constraints after detailed routing and achieve high comple-
tion rate in detail routing.
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