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Abstract— This paper considers the problem of de-
signing the topology of a clock distribution network
in a synchronous digital system so as to enforce non—
zero clock skew. A methodology and related algorithm
for synthesizing the topology of the clock distribution
network from a clock skew schedule derived from the
circuit timing information is presented. The applica-
tion of the algorithm to benchmark circuits shows that
improvements of the minimum clock period ranging up
to 64% can be achieved. These improvements are at-
tained by exploiting non—zero clock skew throughout
the synchronous system. Mathematically, the problem
of designing the clock distribution network is formu-
lated as an integer linear programming problem which
is efficiently solvable. The algorithm for synthesizing
a clock tree is demonstrated on an example circuit.
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I. INTRODUCTION

The prevailing synchronization paradigm for most
digital VLSI systems is a fully synchronous environ-
ment. These synchronous digital systems require a
global clock signal to synchronize and temporally or-
der the functional events. For the system to func-
tion properly, the clock signal must be delivered to
every register at a precise relative time. This deliv-
ery function is accomplished by the clock distribution
network. For a modern VLSI-complexity circuit con-
taining millions of transistors, the clock distribution
network may be required to transmit the clock sig-
nal to several tens of thousands of registers scattered
throughout the integrated circuit. A clock signal from
a single clock source is typically delivered to every
clocked register by a circuit and interconnect system
which structurally resembles a tree. Thus, clock dis-
tribution networks are often referred to as clock trees.

As feature sizes continue to decrease and die area
increases, the quality of the on-chip clock signals has
become one of the primary factors limiting circuit
performance. Interconnect parasitic impedances de-
grade waveform shapes, effectively increasing inter-
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connect delay, such that the interconnect delay can
be greater than the gate delay [1,2]. Also, as the to-
tal capacitance driven by the clock distribution net-
work increases, the power dissipated within the clock
distribution network has become a prohibitively large
portion of the total on-chip power budget, e.g., 40%
of the power of the DEC Alpha chip is dissipated
within the clock distribution network [3]. Addition-
ally, avoiding clock hazards at circuit frequencies sig-
nificantly greater than 200 MHz can be an enormous
design challenge. As a consequence, the design of the
clock distribution network, particularly in high per-
formance applications, may require a significant in-
vestment of both time and effort in order to achieve
these high performance goals [3].

Many different approaches to designing the clock
distribution network of a synchronous digital system
have been proposed and applied. With a few excep-
tions [4-6], these approaches have as a final objective
a clock tree with minimal or zero global clock skew.
This objective may be achieved by the application of
different routing strategies [7-10], by buffered clock
tree synthesis, the use of symmetric n-ary trees (most
notably H-trees), or a distributed series of buffers con-
nected as a mesh [3,11].

This paper is organized as follows. First, relevant
notations are introduced and the problem is formu-
lated in section II. The proposed methodology and
algorithm are presented in section III. The applica-
tion of this algorithm is demonstrated on a practical
circuit in section III, while some concluding remarks
are offered in section IV.

II. PROBLEM FORMULATION

In this section, certain important properties of a
synchronous digital system are outlined, the model
used in this paper to describe these systems is formu-
lated, and the notations used throughout this paper
are introduced. Specifically, in section I1.A, the con-
cepts of clock scheduling are reviewed, in section I1.B,
the tree structure of the clock distribution network is
described, and in section II.C, the optimization prob-
lem for synthesizing the clock tree is formulated.
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A. Clock Scheduling

Previous research has established the possibility of
permitting a synchronous digital system to operate at
higher clock frequencies by exploiting non-zero clock
skew within each local data path [4-6,11-13]. Fish-
burn suggested an approach in [14] for computing a
set of clock signal delays in a synchronous digital sys-
tem. This set of delays is called a clock schedule which
can be used to improve circuit performance while re-
ducing the likelihood of creating race conditions.

A sequentially-adjacent pair of registers or a local
data path (a pair of registers with only combinational
logic between the registers) is shown in Figure 1a. The
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Fig. 1. Illustration of clock skew affecting the performance
of a local data path. (a) A local data path. (b) Timing
diagram of a local data path with positive clock skew.

clock signals C; and Cf synchronize the registers R;
and Ry, respectively. These clock signals originate at
the clock source and are delivered to the registers R;
and R by the clock distribution network with delays
T4(i) and Ty(f), respectively. Positive edge-triggered
flip-flops are assumed.

As shown in Figure 1b the clock signals C; and Cy
may not arrive at their respective destination registers
at the same time, thereby creating clock skew. Clock
skew can be defined as follows:

Definition 1: Let R, and R; be a sequentially-
adjacent pair of registers synchronized by the clock
signals C; and C}, respectively. The clock skew be-
tween R; and Ry is defined as

Ts(i, f) = Ta(@) — Ta(f), (1)

where T4(i) and T4(f) are the delays of the signals,
C; and Cy, from the clock source to the registers R;
and Ry, respectively.

Returning to Figure 1, the rising edge of Cy must
not arrive at R; before the data has propagated
through the logic and successfully latched within Ry.
If the maximum propagation delay of the logic be-
tween the pair of registers is denoted by D(3, f), Cf
must clock By no earlier than D(4, f) time after R;
has been clocked by Cj, i.e., the clocking edge of Cf
should occur after the non-safe (lightly-shaded) re-
gion in Figure 1b. If Ty4(¢) # Ty4(f), a non-zero clock

skew exists within this specific local data path. In
this particular case, T4(i) > Ty(f), thus creating a
positive clock skew. If the condition is not satisfied, a
clock hazard has been created. This hazard is known
as zero clocking [11,14]. To remove this hazard, the
minimum clock period must be increased.

Analogously, a situation may arise (not shown in
Figure 1), where Ty(i) < T4(f), i.e., the clock skew
Ts(i, f) is negative. If the minimum logic delay be-
tween a sequentially-adjacent pair of registers is de-
noted by d(i, f), and T4(#) + d(i, f) < Ta(f), it is pos-
sible to clock the identical data signal through two
registers with the same clock edge. This type of clock
hazard is called double clocking [11,14], and causes a
catastrophic race condition to exist.

If the clock signal delays T4(¢) and Ty(f) are such
that a clock hazard is created, some measures may
be taken to eliminate this condition. For example, in
Figure 1b a zero clocking condition is created since
the clocking edge of Cy arrives before the data signal
arrives. However, by increasing the length of the clock
period—clock signals C; and C} in Figure 1b—it is
possible to latch the data signal into Ry before C
arrives. Increasing the clock period is equivalent to
reducing the frequency of the clock signal, thereby
decreasing system performance.

If the clock period is Top, the following two rela-
tionships must be satisfied for every local data path
in the circuit in order to avoid these clock hazards:

Ts(i, f) = Ta(t) — To(f) = —d(,f) (2)
—Ts(i, f) =Tua(f) —Ta(?) > DG, f)—Tcp (3)

B. Organization of the Clock Distribution Network

The clock distribution network is typically orga-
nized as a tree structure [4,11,15] as illustrated in
Figure 2. The unique clock source is the root of the
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Fig. 2. Clock distribution network with tree structure.

tree. Every node of the tree branches to a fixed num-
ber of successor nodes. This number is called the
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branching factor and is denoted by f. In the method-
ology presented in this paper, every node of the clock
tree can either have f successors (i.e., an internal
node), or not have any successors at all (i.e., an ex-
ternal node). In the latter case, the node is a leaf of
the tree. The branching depth b; of a specific node
¢ is the number of branches on the unique path that
exists between the root of the tree and a leaf node.
Note that the depth b; is also equal to the number of
nodes on the path between the root of the tree and
the node ¢, excluding 4 itself. In Figure 2, internal
nodes are represented by empty circles and leaves are
represented by crossed circles.

The physical interpretation of the different elements
of the tree is as follows. All internal nodes represent
buffer elements which drive either successive buffers in
the clock tree or registers in the synchronous system—
the leaves of the clock tree therefore correspond to the
registers. The branches of the clock tree represent in-
terconnections between the outputs of buffers and the
inputs of other buffers (or registers). The black circles
in Figure 2—called dummy nodes—are buffers which
do not drive any successive nodes. These dummy
nodes are necessary to ensure that the branching fac-
tor of each internal node is f. Note that the number
of dummy nodes at any given depth of the clock tree
can be an integer in the interval {0,..., f —1}.

C. Timing Constraints and Problem Formulation

The timing model is based on the following assump-
tion: the signal propagation delay through a node, i.c.,
a buffer, is a constant and is denoted by Ay. Note that
the quantity A, includes both the gate delay of the
buffer and any interconnect delay of the branch im-
mediately preceding this buffer. Therefore, the prop-
agation delay from the clock source to any node i at
depth b; is 6; = b; x Ay. If the node i is a leaf, i.e.,
i is a register, the delay from the clock source to this
register is the clock signal propagation delay Ty(i),
i.e., Tg(i) = 6 = b; x Ap. Substituting this expres-
sion into (2) and (3), the necessary conditions to avoid
either clock hazard can be rewritten as follows:

Ts(i, f) = (bi —bp)Ay > —d(i, f) (4)
—Ts(i, f) = (by —=b;)Ay > D(i, f)—Tcop. (5)

Therefore, the problem of designing the topology of
the clock distribution network can be formulated as
an optimization problem of minimizing Tcp subject
to the constraints (4) and (5).

The quantities b; and by are integers, since they
denote the number of branches (buffers) from the root
of the clock tree to a particular leaf (i.e., register).
In the general case, this optimization problem can
be described as a mized-integer linear programming

problem (since Tcp can be any real, positive number),
and is difficult to solve. However, if a fixed value for
the clock period T¢p is chosen, the problem changes
as follows. Given a value for T¢op, find a set of integers

{bl,bg, sy bi, . . } such that
(b: = bj)As > —d(i, )
and (bj —b;)Ay > D(i,5) — Tcp (6)

for every sequentially-adjacent pair of registers
(Ri, R;), or determine that no such set of integers
exist.

Once (6) has been solved for a particular syn-
chronous digital system, a clock tree topology such as
the network shown in Figure 2 can be implemented.
Each register I; of the circuit receives its clock sig-
nal from a leaf of the clock tree at branching depth
b = b;, where b; is the integer obtained from solving
(6). Different clock tree structures can be designed by
choosing different values of the branching factor f.

III. SoLUTION AND EXPERIMENTAL RESULTS

Leiserson and Saxe demonstrate in [16] that an
algorithm exists for efficiently solving optimization
problems such as represented by (6). The run time
of this algorithm is O(V(E + V) log V'), where V and
E denote the number of registers and the number of
sequentially-adjacent pairs of registers, respectively.
This algorithm is used in this paper as part of the
design methodology for constructing the topology of
the clock tree.

A binary search of the feasible range for the clock
period is performed to determine the minimum possi-
ble clock period such that (6) has a feasible solution.
The boundary values of the feasible clock period to be
searched consists of the interval from Tynin t0 Tomaz-
The values Tpipn and Thne. are computed from infor-
mation describing the short path and long path prop-
agation delays of each local data path.

The algorithm has been implemented in a 3, 300-
line program written in the C++ high-level program-
ming language. This program has been executed on
the ISCAS’89 suite of benchmark circuits. A sum-
mary of the results for these benchmark circuits is
shown in Table I. These results demonstrate that by
applying the proposed algorithm to schedule the clock
delays to each register, up to a 64% decrease in the
minimum clock period can be achieved.

Once the clock scheduling has been computed, dif-
ferent implementations of the clock tree are possible
for different values of the branching factor f. One
possible implementation of the clock tree of the cir-
cuit 5400 for f = 3 is shown in Figure 3.
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TABLE 1. EXPERIMENTAL RESULTS. For each ISCAS’89 circuit
the number of registers, the bounds of the searchable clock
period, the optimal clock period (Topt), and the performance
improvement (in per cent) are shown.

Circuit Regs | Tmin Tmaz Topt | % Imp.
51196 18 7.80 20.80 | 13.00 17%
513207 669 | 60.40 85.60 | 60.45 29%
51423 74 1 75.80 92.20 | 79.00 14%
51488 6 | 31.00 32.20 | 3I1.00 4%
$15850 597 | 83.60 | 116.00 | 83.98 28%
s208.1 8 5.20 12.40 5.48 56%
527 3 5.40 6.60 5.40 18%
5208 14 9.40 13.00 | 10.48 19%
5344 15 | 18.40 27.00 | 18.65 31%
5349 15 | 18.40 27.00 | 18.65 31%
$35932 17987 34.20 3430 | 34.20 0%
5382 21 8.00 14.20 8.88 37%
538417 1636 | 42.20 69.00 | 42.82 38%
538584 1452 | 67.60 94.20 | 67.65 28%
5386 6 | 17.00 17.80 | 17.80 0%
s400 21 8.40 14.20 8.88 37%
$420.1 16 5.20 16.40 7.45 55%
s444 21 8.40 16.80 | 10.17 39%
s510 6 | 14.80 16.80 | 15.20 10%
5526 21 9.40 13.00 | 10.48 19%
s526n 21 9.40 13.00 | 10.48 19%
s56378 179 | 20.40 28.40 | 22.29 22%
s641 19 | 71.00 88.00 | 71.03 19%
s713 19 | 79.20 89.20 | 72.23 19%
s820 5 | 19.20 19.20 | 19.20 0%
5832 5 | 19.80 19.80 | 19.80 0%
s838.1 32 5.20 24.40 8.76 64%
s9234.1 211 | 54.20 75.80 | 54.24 28%
59234 228 | 54.20 75.80 | 54.24 28%
5953 29 | 16.40 23.20 | 18.96 18%

IV. CONCLUDING REMARKS AND FUTURE WORK

The problem of synthesizing the topology of a
buffered clock distribution network from a top-down
clock skew schedule is examined in this paper. An
integer linear-programming approach based on local
timing information is presented for determining the
clock skew schedule. Different forms of the clock dis-
tribution network are possible for different values of
the branching factor f. The effects of f on the total
area and depth of the clock tree is presently under in-
vestigation as well as adding the capability of varying
f within a clock tree.

The methodology presented in this paper can be
applied to the top-down design of synchronous digital
systems. In this methodology, the buffered clock tree
synthesis process is integrated with the clock schedul-
ing process to achieve a minimum clock period.
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