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ABSTRACT

A demonstration of the application of non-zero clock
skew scheduling to enhance the speed characteristics of
several functional unit blocks in a high performance pro-
cessor is presented. It is shown that non-zero clock skew
scheduling can improve circuit performance while relax-
ing the strict timing constraints of the critical data paths
within a high speed system. A software tool implement-
ing a non-zero clock skew scheduling algorithm is de-
scribed together with a methodology that generates the
required clock signal delays by replacing clock bufters
from predesigned cell libraries. Timing margin improve-
ments of up to 18% are achieved through the application
of non-zero clock skew scheduling in certain functional
blocks of an industrial high performance microproces-
SOr.

1. INTRODUCTION

Most high performance digital integrated circuits utilize
fully synchronous timing, requiring a reference signal to
control the temporal sequence of operations. This syn-
chronous time reference is provided by a globally dis-
tributed signal, typically called the clock signal. Due to
the vital role of the clock signal in the operation of a syn-
chronous system, the clock signal and the related clock
distribution network require careful planning and design.
As the on-chip feature sizes are reduced concurrently
with increasing chip dimensions, the on-chip intercon-
nect impedances have become increasingly significant,
of greater importance than the active device delay. Due
to the interconnect impedances, the delay of the clock
signal arriving at different locations within a circuit may
vary significantly, possibly causing synchronization fail-
ures. Enhanced design approaches are therefore required
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for efficiently implementing the clock distribution net-
work in order to prevent any deleterious effects within
the circuit.

Many of the techniques that have been developed
to improve the performance and design efficiency of a
clock distribution network target minimal (or zero) clock
skew between each pair of sequentially-adjacent regis-
ters [1]. This design methodology is called zero clock
skew scheduling and is implemented in many different
ways such as inserting distributed buffers within the clock
tree [2], using symmetric distribution networks, such as
H-tree structures [3] to minimize the clock skew, and ap-
plying zero skew clock routing algorithms [4, 5] to auto-
matically layout high speed clock distribution networks.

Minimum (or zero) clock skew scheduling has been
used in many high performance circuits. Intel Corpo-
ration applies a minimum clock skew methodology with
localized tuning in the design of their latest microproces-
sors, including the ItaniumT 1 the first processor in the
Intel’s IA-64 microarchitecture family [6,7]. Simula-
tions on a high performance processor demonstrate that
a significant improvement in circuit performance can be
achieved while minimizing the likelihood of race con-
ditions with the application of a non-zero clock skew
schedule.

The effectiveness of the application of non-zero clock
skew scheduling [1,8] to a high performance indus-
trial microprocessor is demonstrated in this paper. It
is shown that significant improvements in circuit speed
can be achieved with clock skew scheduling. The pa-
per is organized as follows. Background information on
clock skew and data path timing constraints and hazards
is summarized in Section 2. An algorithm that specifies
the optimal clock skew schedule for a circuit and a re-
lated software implementation is described in Section 3.
In Section 4, simulation results illustrating the speed im-
provements are described. Finally, some conclusions are
presented in Section 5.
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2. BACKGROUND

A digital synchronous circuit is composed of a network
of functional logic elements and globally clocked regis-
ters. Two registers, R; and R;, in a synchronous digital
circuit are considered sequentially-adjacent if there ex-
ists at least one sequence of logic elements and/or inter-
connect connecting the output of the initial register R; to
the input of the final register R;. A pair of sequentially-
adjacent registers together with a logic block and/or in-
terconnect make up a local data path. A data path con-
sisting of one or more local data paths is called a global
data path. A local data path composed of two registers,
R; and Rj, driven by the clock signals, C; and C; re-
spectively, is shown in Fig. 1.

Figure 1: A local data path.

The difference in clock signal arrival times between
two sequentially-adjacent registers is called the local clo-
ck skew [1]. More specifically, given two sequentially-
adjacent registers, R; and R, the clock skew between
these two registers is defined as Tskew = Top; — Top;,
where Top, and Top, are the clock delays from the
clock source to the registers, R; and R; , respectively.
If the clock delay to the initial register T¢p, is greater
than the clock delay to the final register T p, , the clock
skew is described as positive. Similarly, if the clock de-
lay to the initial register T p; is less than the clock delay
to the final register T¢p; , the clock skew is described as
negative. Waveforms exemplifying positive and negative
clock skew for the local data path shown in Fig. 1 are il-
lustrated in Fig. 2 [1].
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(a) Positive clock skew (b) Negative clock skew

Figure 2: Examples of positive and negative clock skew.

The strategy of minimizing clock skew has been a
central design technique for decades in digital synchro-
nous circuit design methodologies. Zero (or minimal)
clock skew methods require the clock delay from the
clock source to each register of the system to be ap-
proximately equal. As described by Fishburn in [8], fur-
ther optimization of the circuit performance and reliabil-
ity can be achieved by applying non-zero clock skew in
some (or all) of the local data paths. The individual clock
skew for each local data path is determined by satisfying
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Table 1: Timing relationships for a local data path R; to B;

Tcrp 2 Tsk:ew + TPD,.‘.mm (1)
TpDin 2 Tokew + Thotd 2)
TPDpgr = TC“Qi + TLOQiC@m) + Tint + Tset—up 3)
TPDmin = TC“Qi + TLogic(min) + Tint + Tset—up 4)

specific timing relationships and conditions in order to
minimize the system-wide clock period while avoiding
all race conditions. For the local data path from register
R; to register R, shown in Fig. 1, these timing relation-
ships are listed in Table 1.

In the inequalities listed in Table 1, Tsgeq, is the clock
skew between registers R; and R;. Tpp,,.. TPD,:n)
is the maximum (minimum) propagation delay between
registers, R; and R;, shown in (3) and (4), respectively.
T1ogic(maz) (TLogic(min)) i the maximum (minimum)
propagation delay of the logic block between the reg-
isters R; and R;. Thoua is the time that the input data
signal must be stable at register R; once the clock signal
changes state. Tses—yp is the time required for the data to
successfully propagate to and be latched within the reg-
ister R;. T @, is the time required for the data signal to
leave R; once the register is enabled by the clock pulse
C;. Tins represents the temporal effect of the intercon-
nect impedance on the path delay between the registers,
R; and R; [9,10]. T p is the minimum clock period.
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Figure 3: Timing hazards in synchronous digital sys-
tems.



From the inequalities listed in Table 1, (1) guarantees
that the data signal released from R; is latched into R;
before the next clock pulse arrives at R, preventing zero
clocking [8]. Also, (2) prevents latching an incorrect data
signal into R; by the clock pulse that latched the same
data signal into R;, or double clocking [8]. This race
condition is created when the clock skew is negative and
greater in magnitude than the path delay. If the clock
skew is negative but smaller than the path delay, this ef-
fect can be used to improve circuit performance. This
method of improving performance is called clock skew
scheduling [1,8,12,13]. Timing relationships that pre-
vent double and zero clocking are shown in Figs. 3(a)
and 3(b), respectively.

For a given clock period T¢p, (1) and (2) determine
a range within which each local clock skew Tspeq, can
vary. This tolerance range is described here as the per-
missible clock skew range [10, 11] between the minimum
permissible clock skew Tskew(miny and the maximum
permissible clock skew Tpey(maz). The permissible
clock skew range varies for different data paths since
Tpp,.;, and Tpp, .. depend on the delay characteris-
tics of each local data path. Tsgeq(maz) is zero for those
critical local data paths that limit the minimum clock pe-
riod T¢ p of the entire system.

The inequalities (1) and (2) listed in Table 1 are suf-
ficient conditions to determine an optimal clock skew
schedule, the associated minimum clock path delays, and
the allowed variation of the clock skew for each local
data path. In this way, the minimum clock period is
determined such that the overall circuit performance is
maximized while eliminating any race conditions.

3. ALGORITHM IMPLEMENTATION

The optimal clock scheduling problem has been descri-
bed in [8] as a set of linear inequalities which can be
solved with standard linear programming techniques. An
algorithm for determining the minimum clock period ba-
sed on the overlapping of permissible ranges of the clock
skew between different data paths has been described
in [10, 11]. These concepts have been further enhanced,
implemented as an algorithm, integrated into a software
tool [12-14], and applied to a functional unit within a
high performance microprocessor to determine an opti-
mal clock skew schedule. The results of this evaluation
are the primary new results presented in this paper.

The development of a software tool to implement an
optimum clock scheduling algorithm is described in [10~
13]. The input data to this tool are the minimum and
maximum delays of each of the local data paths of the
circuit (as well as the initial clock delays to each of the
registers). With this information, the software tool speci-
fies an optimal clock skew schedule for the circuit; specif-
ically, the minimum clock period that maximizes circuit
performance and the associated clock path delays from
the clock source to the individual registers that satisfy
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the target clock skew schedule. The steps of the imple-
mented algorithm are as follows:

1. A graph model of the circuit is produced that de-
scribes the input circuit C'. Each vertex of the
graph represents a register within C. Each arch
of the graph connecting two vertices represents a
local data path in C.

. The current clock period for the circuit C is de-
termined. The current clock period is the arith-
metic mean of two bounding values. The upper
bound is initially set equal to the maximum delay
of all of the data paths belonging to C. The lower
bound is initially set equal to the greatest differ-
ence between the maximum and minimum propa-
gation delay of each local data path within C.

. Using the clock period specified from step 2, the
permissible clock skew range is calculated from
(1) and (2) for each pair of sequentially-adjacent
registers in C.

. The permissible range of the clock skew of the
global data paths is specified by the intersections
of the permissible ranges of the local data paths
calculated in the previous step. If the intersection
is empty, no feasible clock schedule exists for the
clock period specified in step 2.

. If a feasible clock schedule results from step 4, the
algorithm iterates to step 2, and the current clock
period specified in the previous iteration becomes
the upper bound and is marked as a possible op-

- timum solution. If a non-feasible clock schedule
results from step 4, the algorithm iterates again to
step 2 and the previously specified current clock
period becomes the lower bound.

Iterations of the algorithm between steps 2 and 5
continue until the difference between the upper and lower
bounds of the clock period is less than a specified posi-
tive number €. The last clock period marked as a possi-
ble optimum solution is the minimum achievable clock
period for the circuit C'. Based on this clock period, (1),
and (2), the clock skew between each pair of sequentially-
adjacent registers within C' is computed.

6. The final step of the algorithm assigns the clock
path delay to each of the registers within C. For
each global data path, the individual clock delays
from the clock source to the registers are calcu-
lated by first assigning the delay to the registers
of the local data path with the largest clock skew
value. The delays to the other registers are as-
signed by using the relative clock skew values a-
mong the remaining registers within the global data
path.



The optimality of the solution depends solely upon
the value of the constant ¢ that controls the number of
approximating iterations executed by the algorithm. Re-
ducing the value of € reduces the distance between the
minimum clock period determined by the algorithm and
the minimum clock period set by (1) and (2). The choise
of € is a tradeoff between performance and computa-
tional run time of the algorithm.

4. EXPERIMENTAL RESULTS FROM THE
APPLICATION OF OPTIMUM CLOCK SKEW
SCHEDULING

In a joint research project between the University of Ro-
chester and Intel Corporation, the process of enhancing
the speed and power dissipation [15] of an industrial
circuit through the application of non-zero clock skew
scheduling has been investigated. Specifically, the appli-
cation of clock skew scheduling to certain (highly tuned)
functional blocks within a high performance micropro-
cessor has been evaluated. It is shown here that the ap-
plication of non-zero clock skew scheduling to these cir-
cuits yields an improvement in timing margins of up to
18% within the data paths of certain functional unit
blocks (FUBs).

The clock scheduling tool described in Section 3 [12,
13] has been applied to specific FUBs within a high per-
formance microprocessor. A circuit diagram of one of
these FUBs is shown in Fig. 4 with normalized maxi-
mum and minimum local data path delays. All of the
timing information in the following analysis is described
in terms of these normalized path delays. ‘

The initial clock period for the FUB shown in Fig. 4
is 35 tu (time units). By exploiting the differences in
the maximum delays between data path A and the three
parallel data paths, B, C, and D, the clock period can
be reduced from 35 tu to 28 tu. This 20% performance
improvement can be achieved through application of a
negative clock skew of -7 tu to data path A by adding 7
tu to the clock path delay from the clock source to regis-
ter Ry. In this case, the time available for the data signal
to propagate along data path A is Top + Tspew = 28 +
7 = 35 m. The time available for a data signal to prop-
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Figure 4: Circuit graph of Itanium”™ FUB with normal-
ized data path delays.
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agate along the longest of the data paths between regis-
ters Ro and R3 (data path B) is 28 - 7 = 21 tu. Note that
data paths F and G can also be synchronized by a clock
period of 28 tu without violating any timing constraints.
Thus, an approximately 20% improvement in circuit per-
formance can be achieved by applying a non-zero clock
skew schedule to this specific FUB.

The added delay to the path from the clock source
to register Ry is accomplished by decreasing the size of
the clock buffer (clk2 shown in Fig. 4) that sources the
clock signal that drives this register. This delay change
is accomplished by replacing the clock buffer with an-
other slower buffer from a predesigned cell library. In
this way, the clock signal delay can be increased with-
out requiring the redesign of the original clock buffer.
Several different sizes of predesigned clock buffers that
drive register Ry have been evaluated. The variation of

‘the clock signal delay to different clock buffer sizes is

shown in Fig. 5

As illustrated in Fig. 5, the clock delay from the clock
source to a register is inversely proportional to the size
of the clock buffer. This behavior is due to the increased
output resistance of the smaller sized buffers, resulting
in reduced current flow which introduces additional de-
lay to the clock signal [16]. The clkq buffer that is ini-
tially used in the specific FUB (see Fig 4) is buffer No.
6 with a delay of 9.67 tu (see Fig 5). In order to pro-
duce an additional clock delay of 7 tu to drive register
R;, buffer No. 4 is used. The additional signal delay is
16.27 — 9.67 = 6.60 tu, only a 5.7% error from the tar-
get value of 7 tu. The minimum clock signal period that
is achieved with this clock skew schedule is an 28.4 tu,
producing an 18.8% improvement in speed.

Decreasing the size of the clock buffer in order to in-
crease the delay of the clock line has an additional ben-

Buffer | Normalized | Normalized clock

Number | buffer size signal delay (tu)
1 1.00 2493
2 1.43 20.14
3 1.71 17.79
4 2.05 16.27
5 6.07 10.90
6 10.47 9.67
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Figure 5: Variation of clock signal delay to different
clock buffer sizes.



eficial effect on the power dissipation, since the current
flowing through the buffer is reduced. For the target cir-
cuit that contains the slower clock buffers, the power sav-
ing is approximately 1% of the total power consumed by
this block.

5. CONCLUSIONS

Simulations of specific FUBs within a high performance
microprocessor demonstrate that improvements in the

timing margin of the data paths can be achieved by ap-

plying non-zero clock skew. It is shown that in specific
circuit blocks the timing margin can be increased by up
to 18% by exploiting the differences in propagation de-
lays between sequentially-adjacent data paths. The re-
quired clock delays to the individual registers can be
achieved by replacing the clock buffers that drive these
registers with buffer cells from a predesigned cell library.
A non-zero clock skew scheduling software tool has also
been developed. This tool has been evaluated on a num-
ber of industrial circuits, demonstrating the general util-
ity of clock skew scheduling to improve the timing char-
acteristics of a synchronous digital system.
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