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Abstract

 This paper addresses the minimum-skew clock rout-
ing problem in general cell designs. We present a
bottom-up construction method for clock distribution
trees based on a generalized maiching computation in
channel intersection graphs. The clock routing trees
produced by our method atiain almost zero skew with
only modest wirelength penally. Ezperimental results
show that clock skew of our routing tree is no more
than 2% of that of a minimum spanning tree, while on
average the cost of the tree is only 50% more than that
of a minimum spanning tree.

1 Introduction

. In synchronous high-performance VLSI systems,
limitations on circuit speed are determined by two fac-
tors: the delay on the longest path through combina-
tional logic and the maximum clock skew among the
synchronizing components. Due to advances in VLSI
fabrication technology, delay through combinational
logic has decreased considerably, and thus the clock
skew induced by non-symmetric clock distribution has

become a more significant limitation on circuit perfor-
mance.

A number of researchers have recently studied clock
skew minimization. H-tree constructions have been
used extensively for clock routing in regular systolic
arrays (1] [4] [5] [13]. Although the H-tree structure
can significantly reduce clock skew [4] [13], it is appli-
cable primarily when the synchronizing components
are identical in size and are placed in a regular array.

_Ramanathan and Shin [10] proposed a clock dis-
tribution scheme for building block design where all
blocks are organized in a hierarchical manner. They
assume that a clock entry point is given at each level
of the hierarchy and, moreover, that the number of
blocks at each level is small since an exhaustive search
algorithm is used to enumerate all possible routes.

Jackson, Srinivasan and Kuh LG] presented a clock
routing scheme for circuits with many small cells.
Their algorithm recursively partitions a circuit into
two equal parts, and then connects the center of mass
of the whole circuit to the centers of mass of the
two sub-circuits. Their algorithm is efficient and easy
to implement. However, although it was shown that
the maximum difference in path length from the root
to different synchronizing components is bounded by

O(%‘-) on average, one may construct examples for

which wirelengths between clock source and clock pins
in their solution may vary by as much as the entire
chip diameter.

We recently presented a clock routing scheme for
cell-based designs that achieves very small clock skews
while still using a reasonable amount of wire {7]. This
routing solution constructs a binary routing tree via
recursive geometric matching. We showed that on av-
erage, the total wire length of such a path-balanced
tree is within a constant factor of the wirelength for
an optimal Steiner tree; in the worst case, the trce cost
is bounded by O(y/n) when the n leaves are arbitrar-
ily distributed in the unit square. Empirical results
on both random examples and industrial benchmarks
were very promising: near-zero average clock skew was
achieved using similar or even shorter total wire length
than the method of [6].

In this paper, we study the high-performance clock
routing problem in general cell designs. In general
cell design style, a circuit is partitioned into a set of
general cells (also referred to as blocks). Routing is
carried out in the channels between blocks and rout-
ing over blocks is prohibited. Feasible routing regions
are represented by the channel intersection graph {3].
Hence, cell-based routing methods do not apply since
the routing cost between two points can no longer be
approximated by the Manhattan distance between the
points. Moreover, blocks are usually of different sizes
and are not placed in a regular array structure; thus
the H-tree clock routing scheme cannot be applied. In
this paper, we extend the matching-based approach
of [7r to clock routing for general cell designs. Our
algorithm minimizes skew using a bottom-up recur-
sive matching scheme to construct a clock tree that is
balanced with respect to root-leaf pathlengths in the
tree. Experimental results are very favorable: our al-
gorithm achieves near-zero pathlength skew with only
a modest penalty in wiring cost. SPICE simulation
results show that the skew of our clock tree is much
less than that of a minimum spanning tree.

The remainder of this paper is organized as follows.
Section 2 defines a number of basic concepts and gives
a precise formulation of our skew minimization prob-
lem. In Section 3, we present the clock routing algo-
rithm in detail. Experimental results of our algorithm
are presented in Section 4.
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2 Preliminaries

A synchronous VLSI circuit consists of two types of
elements: synchronizing elements and combinational
logic gates. The synchronizing elements are connected
to one or several system-wide clock signals. Every
closed path in a synchronous circuit contains at least
one synchronizing element. The speed of a synchroniz-
ing circuit is mainly determined by the clock periods.
It 1s well known [2] [6] that the clock period Cp of
each clock signal net satisfies the inequality

CP 2 tg +lskew + Lou + Las

where t4 is the delay on the longest path through com-
binational logic, 1,4, is the clock skew, i, is the set
up time of the synchronizing elements (assuming that
the synchronizing elements are edge triggered), and
t4s is the propagation delay within the synchronizing
elements. As VLSI feature sizes become smaller, the
terms t4, t,,, and t4, all decrease considerably. There-
fore clock skew becomes a more dominant factor in
determining circuit performance.

Given a routing solution for a clock signal net, the
clock skew is defined to be the maximum difference
among the delays from the clock entry point (CEP)
to synchronizing elements in the net. The delay from
the CEP to any synchronizing element depends on the
wire length from the CEP to the synchrounizing ele-
ment, RC constants of wire segments in the routing,
and the topology of the solution (assuming that the
load capacitance at the gate of each synchronizing el-
ement 1s the same). Usually, the clock routing may
be described as a RC tree [11], and we commonly use
the first-order moment of the impulse response (also
called Elmore’s delay) to approximate delay in an RC
tree. The formulas derived in [11] give both upper and
lower bounds on delay in an RC tree, thus yielding a
more accurate approximation.

However, although both the formula for Elmore’s
delay and those in [11] are very useful for simulation
or timing verification, they involve sums of quadratic
terms and are difficult to compute and optimize during
the layout design process. Thus, a linear RC model,
where the delay is proportional to the wirelength be-
tween CEP and the synchronizing element, is often
used to derive a simpler approximation for circuit de-
lay (e.g., [10] [9]). In this paper, we also use wire
length as a simple approximation of the delay in a
routing solution. The clock skew is defined to be the
maximum difference in pathlength from the CEP to
synchronizing elements in the clock signal net. The
SPICE simulation results in Section 4 confirm that
minimizing pathlength difference leads to clock trees
with very small skews.

In general cell designs, a clock routing solution is
represented by a rooted (Steiner) tree in the channel
intersection graph whose root is the CEP and whose
leaves are the clock pins of synchronizing elements in
the clock signal net. Each internal node of the clock
routing tree is a channel intersection point. Note that
each edge lies completely in a channel. The length, or
cost, of an edge in the tree is the span of the edge in

the channel. The tree cost is the sum of all edge costs
in the tree.

Definition: The pathlength skew of a tree is defined
to be the maximum difference of the pathlengths in
the tree from the root to any two leaves.

A tree is called a perfect pathlength balanced tree if
its pathlength skew is zero. Note that it is not diffi-
cult to construct a perfect pathlength balanced tree if
we are allowed to waste an arbitrary amount of wire.
However, such a construction will lead to a routing
tree with very high cost, implying a large RC constant
that may distort the clock signal. Thus, we wish to
construct a clock routing tree whose pathlength skew
is as small as possible, while the total tree cost is not
too large. With this in mind, we formulate the clock
routing problem as follows:

The Path Balanced Tree (PBT) Problem: Given
a clock net N and real numbers B and S, find a clock
routing tree such the pathlength skew of the tree is no
more than S and the tree cost is bounded by B.

It is not difficult to show that the PBT problem
is NP-complete [7]. The objective of this paper is to
present an efficient heuristic algorithm for the PBT
problem in general cell designs.

Given a graph G with a cost function on the edges,
we let minpathg(z,y) denote the minimum cost path
between nodes z and y, and use distg(z,y) to denote
the cost of minpathg(z,y). We define the concept of
a generalized matching as follows:

Definition: Given a graph G = (V,E) with a cost
function on the edges, a generalized matching M in
G is a set of shortest paths connecting m mutually
disjoint node pairs, i.e., M = {minpathc(z1,11),
minpathg(za,y2), ..., minpathg(zm,ym)}, where the
z;'s and y;’s are all distinct.

A generalized matching on a set of nodes N in G

is complete if m = [l%lj The cost of a generalized
matching M is the sum of the costs of the shortest

paths in the matching, cost(M) = Edistg(:g,y;).

=1
An opiimal complete generalized matchingon N CV
is one with least cost. We can show the following prop-
erties of optimal complete generalized matchings:

Lemma 1: Each edge of G belongs to at most
one shortest path in an optimal complete generalized
matchingon N C V in G.

Proof: Let M be an optimal complete generalized
matching on N. Suppose that edge e appears in both
minpathg(z;,y;) and minpathg(z;,y;). It is not dif-
ficult to show that

distg(zi, z;) + distg(vi, yj) <
distg(z;i, i) + dislG(Ij, yj) -2 COSt(C)
Therefore, we would obtain a complete gener-

alized matching on N with smaller cost if we
replace minpathg(z;,y:) and minpathg(zj,y;) by
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minpathg(z;,z;) and minpathg(yi,y;) in M, which
is a contradiction. O

Henceforth, on we will assume that the circuit lay-
out is in a LxL grid. There are n blocks in the de-
sign and and there are k terminals in the clock signal
net. G is the underlying channel intersection graph
together with the k clock terminals.

Lemma 2: The routing cost between any two clock
terminals in G is no more than 2L.
Proof: Let z and y be two clock terminals in G. Let
Py be a monotone (staircase) path passing through z
and connecting two opposite corners w and w' of the
layout. Clearly, cost(P;) < 2L. Similarly, let Py be
a monotone path passing through y and connecting w
and w'. Then, cost(P,) + cost(P:) < 4L. It follows
that at least one of w or w' can be reached from both
z and y with cost at most 2L. Thus, the shortest path
between z and y has cost no more than 2L. O
It is clear from this lemma that an optimal complete
generalized matching on the clock terminals in G has
cost no more than 2L - [%j < kL.
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Figure 1: Example of the algorithm running on a random
placement of modules with an 8-terminal net. Solid dots are
roots of subtrees in the previous level; hollow dots are roots
of new subtrees computed at the current level. At eachlevel
an optimal complete generalized matching is computed on
the solid points. For clarity, only the newly added wires
are highlighted at each level.

3 A Clock Routing Algorithm

We construct a clock tree on the clock terminals in
G by computing a sequence of generalized matchings.
We begin with a forest of k isolated clock terminals
(for convenience, assume k = 2'), each of which is a
degenerate tree with CEP being the node itself. The

optimal complete generalized matching on these k ter-

minals yields % paths, each of which defines a subtree.

- 0

hd

The optimal CEP into each subtree of two nodes is the
midpoint of the corresponding path, so that the clock
signal will have zero skew between the path endpoints.
In general, at each level, we compute an optimal gen-
eralized matching on the set of CEPs (i.e., roots% of
all subtrees in the current forest and merge each pair
of subtrees into a larger subtree. We choose the root
(CEP) of resulting tree to be the balance point on the
path connecting the two subtrees so that the path-
length skew in the resulting tree is minimized (Figure

Notice that at each level of the recursion, we only
have to match half as many nodes as in the previous
level. Thus, in [ = [log k| matching iterations, we
obtain a complete clock tree topology. If k is not a
power of 2, then there is an odd number 2j+1 of nodes
to match at some level. In this case, we compute an
optimal complete generalized matching on 2; nodes,
then match j + 1 nodes at the next level. Figure 2
gives a formal description of the algorithm.

T=10

P=N

while |P| > 1
M = opt complete generalized matching on P
P=0

for {p),p2} € M do
Ty = subtree of T rooted at p;
T> = subtree of T rooted at p,
= balance point on minpathg(p1,p2)
minimizing the skew of the tree
Th U Ty Uminpathg(py, p2)
P' = P u{p}
T =TU{{p,p},{p.p2}} )
P = P’ plus an unmatched node if |P| is odd
CEP = Root of T = single remaining point in P

Figure 2: The recursive matching-based clock tree algo-
rithm for a set of terminals N in general cell design.

The worst-case clock tree cost produced by the algo-
rithm can be bounded as follows:

Theorem: Given n blocks in the LxL grid and &
terminals of a clock signal net, the cost of the clock
tree created by our algorithm is at most 2kL.
Proof: According to Lemma 2, the cost of an general-
ized matching on & terminals is bounded by kL. After
each iteration, the number of nodes to be matched is
reduced by half. Therefore, the total clock tree cost is
bounded by kL + &k + 2L 4 KL 4 < kL. o
In order to compute an optimal generalized match-
ing on a set of nodes N in G, we construct a weighted
complete graph G’ on N such that weight z,yg =
distg(x,y) for each pair of nodes z and yin N. Then,
we may apply the O(n3) algorithm for computing an
optimal complete matching in general graphs [8]. This
leads to an O(k3logk) time routing algorithm for a
clock net of size k. However, this complexity will
result in long runtimes for large problem instances.
In order to achieve an efficient implementation, we
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use the greedy matching heuristic {12}, an approach
that proved successful in [7]. The complete general-
ized matching solution based on the greedy heuristic
is improved by removing overlapping edges of shortest
paths, as in the proof of Lemma 1, so that no edge is
used in more than one shortest path.

4 Experimental Results

Our algorithm was implemented in ANSI C on Sun
SPARC workstations. Code is available from the au-
thors. We have tested our algorithm on two sets of
test cases. One set of examples contains clock nets of
size 4, 8, and 16 on 16 blocks, and the other set con-
tains clock nets of size 4, 8, and 16 on 32 blocks. For
each net size, 100 instances were generated randomly;
we compare the skew and cost of the routing trees pro-
duced by our algorithm with corresponding minimum
spanning tree (MST) values. Results are shown in Ta-
bles 1 and 2. Clearly, the skew of our clock tree is
very close to zero. In no case it is more than 2% of
that of a MST. The increase of total wirelength of our
routing tree varies from 24% to 77% when compared
with a MST.

We also ran SPICE simulations on a number of
examples (using MOSIS 2.0 CMOS technology and
0.3pF gate loading capacitance). The actual skew of
our clock tree is consistently much smaller than that of
a minimum spanning tree. For a typical 16-pin clock
net in a 16-block design, the skews of our clock tree
and the MST are 18ps and 69ps, respectively. The
wirelengths of the two trees are 1775 and 1043, re-
spectively.

For the routing tree produced by our algorithm,
we may have overlapping edges in a channel because
matching paths at different levels may use the same
channel. However, by Lemma 1, no channel will ap-
pear in more than one path in a single matching.
Therefore, there are at most [logk] overlapping edges
in each channel. The last column in Table 2 shows
the average edge density in channels, computed as
the average of non-zero local column densities over
all columns in all channels.

5 Concluding Remarks

We presented a bottom-up approach for construct-
ing clock routing trees in general cell designs. Skew
minimization is achieved by carefully balancing the
pathlengths from the root to all leaves. We are also
investigating the possibility of varying driver sizes and
using short poly lines to further minimize the skew.
These techniques have the potential of completely
eliminating clock skew with very little or no increase
in routing cost.
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# of net skew cost

modules | size MST | ours || MST | ours
16 4 511.0 0.8 1537 | 1921
16 8 794.9 | 12.9 || 2328 | 3478
16 16 1101.5 | 22.1 || 3332 | 5873
32 4 445.0 0.4 1401 | 1729
32 8 804.4 4.4 2261 | 3407
32 16 1136.9 | 12.0 || 3357 | 5847

Table 1: Average clock tree costs and pathlength skews, in
grid units, of our method and those of the MST, respec-
tively. For each row, 100 random instances were generated
and routed on a 1000 by 1000 grid.

# of net | clock | tree | edge density
modules | size | skew | cost | in channels
16 4 0.00 1.26 1.24
16 8 0.02 1.49 1.40
16 16 0.02 | 1.77 1.63
32 4 0.01 1.24 1.21
32 8 0.01 1.52 1.36
32 16 0.01 1.74 148

Table 2: Average clock tree costs and pathlength skews
of our method, normalized (per instance) to corresponding
MST values. For each row, 100 random instances were
generated and routed on a 1000 by 1000 grid.
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