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Pipelined H—Trees for High—Speed Clocking of
Large Integrated Systems in Presence of

Process Variations

Mohamed Nekili, Guy Bois, and Yvon Savaria, Member, {85

Abstract—This paper addresses the problem of clocking large
high-speed digital systems, as well as deterministic skew mod-
eling, a related problem. A conventional method for clocking a
large digital system is to use a set of metallic lines organized
as a tree. This method is limited by the bandwidth of the
clock network. Another limitation of existing solutions is that
available skew models do not directly take into account process
variations. in order to provide a reliable skew model, and to
avoid the frequency limitation, we propose a novel approach
that distributes the clock with an H-tree, whose branches are
composed of minimumsized inverters rather than metal. With
such a structure, we obtain the highest clocking rate achievable
with a given technology. Indeed, clock rates around 1 GHz
are possible with a 1.2 pm CMOS technology. From the skew
modeling standpoint, we derive an analytic expression of the
skew between two leaves of the H-tme, which we consider to
be the difference in root-to-leat‘ delay pairs. The skew upper
bound obtained has an order of complexity which, with respect
to the H-tree size D, is the same as the one that may be
derived from the Fisher and Kung model for both side-to-
side and neighbor-to-neighbor communications, Le, a Q{D2),
whereas. the Stciglitz and Kugelrnass probabilistic model predicts
@(D x \/l.ug ll}. In an H-tree implemented with metallic lines,
the leaf-to-lcat' skew is obviously bounded by the delay between
the root and the leaves. However, with the logic based H-lree
proposed in this paper, we arrive at a nonobvious result, which
states that the leaf-to-leaf skew grows faster than the root-to-
leai‘ delay in presence of -a uniform transistor time constant
gradient. This paper also proposes generalizations of the skew
model to l) the case of chips in a wafer subject to a smooth,
but nonuniform gradient and 2} the case of H-tree configurations
mixing logic and interconnections; in this respect, this paper
covers the H-tree configurations based on the combination of
logic and interconnections.

Index Terms—~H-trec, high—speed clocking, pipelining, process
variations, skew.

I. INTRODUCTION

HE evolution of VLSI chips toward larger die sizes andTfaster clock speeds makes clock design an increasingly
important issue. A striking example of what can be accom-
plished with aggressive clock design is the DEC alpha chip 11],

Manuscript received March 24, l994; revised September 22. [995. This
work was supported by the INI (lostitut National de formation on informa-
tique) in Algiers. CIDA (Canadian Intemational Development Agency), and
strategic grant and operating grants from the Natural Sciences and EngineeringResearch Council of Canada.

The authors are with the Department of Electrical Engineering, Ecole
Polytechnique of Montreal. Station "Centre-Ville," Monti-cal. P.Q. li3C 3A7,Canada.
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clock skew becomes a very significant problem. Available
literature dealing with skew ['2]—[8], [10], [I ll approaches the
problem both from deterministic and probabilistic standpoints.

In the deterministic approaches, Friedmann and Powell [6]
emphasize the use of a hierarchical clock distribution, while
others [2], [3], [8], [ll] suggest the length equalization of the
different paths followed by the clock throughout the circuit.
Shoji [5] suggests an approach that guarantees a synunetry
beIWeen paths that contribute to propagate “0” and “1." This
symmetry ensures proper operation despite some types of
process variations [5]. Except for the work of Fisher and Kong
[4'], which provides bounds on skew, the other authors do not
deal with the analytic modeling of system skew.

In the probabilistic approaches, Kugelmass and Steiglitz [7]
consider the delay of a clock signal along a given path as a
sum of delays along path segments, each of these segments
behaving according to a probabilistic law. Then, by assuming
independence between these delays, the total delay, as well as
the skew, can then be described by a normal law. By assuming
independence and the linearity of delay with line length, their
approach becomes an oversimplification of the reality. Other
authors [10] consider the skew as a dispersion in the physical
parameters of a circuit (e.g., geometrical dimensions) and in
the process (e.g., sensitivity to temperature).

The work that is most directly related to that presented in
this paper is the work of Fisher and Kong [4]. These authors
have developed two deterministic skew models {the difference
model and the summation model), from which they determined
bounds on skew. However, these models do not directly refer
to a process variation model. The difference modeltends to
be unrealistically optimistic, whereas, under the summation
model, Fisher and Kung reached a pessimistic result which
states that, from a skew standpoint, synchronous systems are
not feasible with large two—dimensional arrays.

In order to avoid the frequency limitation when using
metallic lines, we propose a logic-based H-tree structure
that provides the highest clocking rate achievable with a
given technology in Section II. To provide a reliable skew
model, Section III suggests a model based on delay difi‘crences
combined with a model of electrical variations in the process
parameters. Under this model, we derive an analytic expression
of the skew between any leaf pair, which we consider to
be the difference in root-to-leaf delay pairs. Even though the
model of electrical variations described in this paper assumes

1063~«8210I97$10.00 © 199’? IEEE
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