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1 Introduction

Scaling integrated circuit (IC) dimensions has significant
‘impact on the performance of VLSI systems. Although
switching performance and power consumption can be im-
proved, interconnection delays are becoming more dominant
in future technologies. It is necessary to suppress the per-
formance degradation due to the increased interconnection
delays in scaled technologies. Scaling the interconnection
and the insulator thickness by factors smaller than the scal-
ing factor, using multilayer interconnections, and dividing
wires by means of repeaters are the mainly used methods
1.

Due to its average-case behavior and nonexistence of
clock skew, asynchronous systems are suggested as an alter-
native for current synchronous systems. This paper analy-
ses the clock skew in synchronous systems and the average-
case behavior of asynchronous systems in detail. Based on
th-is analysis, comparison of synchronous and asynchronous

systems is made for different technology generations.
2 Clock Skew

Clock skew due to variancesin line parameters and supply

voltage can be expressed as

T ln 1—-% ~F In 1—%%
where 7 1s the time constant of the clock line. For 26% vari-
ance clock skew is equal to 0.697, whereas for 10% variance
it is equal to 0.347 [2].

Furthermore, this time constant is dependent on the path
length of the H-tree clock tree, which can be approximated
for die size, Lg, as 52 + &2 + B0 + 2 ... x La.

If repeaters, usually referred as clock buffers, are used
and line thickness and insulator thickness are increased by
a factor of 2 for upper k levels, the resulting clock line will
have a line constant equivalent to a line of length

Ld Ld Ld Ld
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For instance, for & = 2, i.e. two levels of thicker intercon-
nections are introduced, resulting line constant is approxi-
mately 0.34L4. By similar calculations line constant can be
obtained as 0.092L, for k == 4, and 0.18L4 for k = 3.

In present-day processors, additional 3 or 4 layers of
metal is used for interconnections. Since x- and y-
dimensions require different layers, this corresponds to hav-
ing k= 2.

For 200 MHz DEC ALPHA processor, clock skew is
This value
is 0.33L4 for 80 MHz PowerPCT™ processor, 0.55L4 for
100 MHz Pentium?™ processor, 0.22L4 for 500 MHz NEC
processor, and 0.13L4 for 300 MHz Alpha RISC processor.

They all agree with the value of 0.34L4 for k = 2.

equivalent to a line delay of length 0.34L4.

3 Comparison in Scaled Technology
If the set-up and hold times of storage elements are ig-

nored for simplicity, the possible clock period for a syn-

chronous system can be formulated as
Ts = Maz[GateDelay + WireDelay + ClockSkew),

which can be rewritten as dg, + w7°” + 5i;, where d is the
basic gate delay, g, is maximum number of gates between
two registers, w;®* is maximum wire delay between two
registers, and s,; is maximum value for clock skew.

A similar equation can also be derived for the asyn-

chronous basic data processing time:
T4 = Mean[Closed PathGate Delay+Closed PathWire Delay)

which can be rewritten as dg, + w’?

¢ where gq is average

number of gates between two registers and w;;'? is average
line delay.

For the synchronous case, maximum line distance be-
tween two registers may be approximated as 2L4. To de-
crease the maximum wire delay, repeaters and thick wires
may be used for long distance global interconnections. If
we use k repeaters, total RC constant of the maximum wire
can be diminished to a line of length 2L4/k. For k = 4, RC
constant of maximum length wire becomes proportional to
L4/2, and for k = 16 Ly/8. Furthermore from Section 2,
maximum clock skew due to line parameters is equivalent
to a line delay of length between Ly/3 and L4/6. There-
fore, possible clack period for the synchronous case can be
rewritten as dg, + (0.50 ~ 0.13L4) + (0.33 ~ 0.17Ly), or

Ts = dg, + (0.56 £0.27)Lg Note that T4 = dga + w?j"g



188

Delays for 0.u feaure size

oral Get2y (psec)

BB 58 g8 EE 8

il

g
g

Delays for 0.25 fealwe size

Delays for 0u fealure size

[3

, wi;e leng;lh {mm)

;/ire’lengﬂ; () ’

H s 7 [ 3

wielengh {mm)

Figure 1: Data rates in 0.6p, 0.254, and 0.1p tech.

3.1 Evaluations for TITAC I chip
TITAC I is an asynchronous version of an 8-bit von Neu-

man microprocessor based on the delay-insensitive model
with the isochronic-forks assumption [3]. TITAC has been
fabricated as a CMOS gate array using 1.0p-rule silicon gate
technology.

To find the effective average wire length and logic depth
of TITAC I chip, instruction set measurements are used for
evaluation. For this purpose, the hypothetical DLX ma-
chine [4] is taken as the base machine. To calculate av-
erage values, first, wire lengths and logic depths for each
instruction of TITAC I is calculated. After mapping the in-
structions of TITAC I with instructions of DLX, weighted
average values are calculated. Average logic depth is 31
against the worst-case value of 65, and average wire length
is T4mm against the worst-case value of 138mm. Therefore,
it can be concluded that average gate delay and wire delay

values are half of the corresponding worst case values.
3.2 Comparison for Different Generations
Figure 1 give the data processing times of synchronous

and asynchronous processors for three technologies. The size
of a reasonable chip varies from 10 to 15 mm. The difference
between two curves for the same wire length is due to extra
gates needed by asynchronous logic. In the these figures, a
logic depth of 13 is assumed for the synchronous processor,
whereas 25 for the asynchronous counterpart. Therefore,
asynchronous processors are to compensate their extra logic
delay by having shorter average path delays.

When the Figure 1 is observed in detail for wire lengths of
3-12 mm, it can be concluded that asynchronous processors
cannot reach the performance of synchronous processors in
0.6y technology. Because gate delays are much larger than
wire delays in that technology sizes. As the technology size
is scaled down, the lag between curves for synchronous and
asynchronous processors becomes smaller.

This is due to smaller gate delays in scaled technologies.

Therefore, in scaled technologies asynchronous processors
will be comparatively more feasible. For instance, for a
typical maximum wire length of 6 mm, synchronous proces-
sors will have a data rate of 400 MHz in 0.10x. Having an
average wire length smaller than 5 mm in 0.10p technology
will be enough for an asynchronous processor to perform

better than synchronous counterpart.
4 Conclusion
With the estimated ultimate feature size of - 200

Angstroms, there is still a tenfold miniaturization potential
from todays one quarter micron technologies. However, in-
terconnections are becoming the bottleneck, thus the main
challenge, in ultra high-speed VLSI systems.

If the average wire delay of asynchronous systems could
be reduced to the orders of a line delay of length one fifth
or one tenth of the chip size, they can compete and.even
surpass their synchronous counterparts in advanced tech-
nologies. For this purpose, methods applied for reducing
RC constants of clock lines in synchronous systems should
also be employed in asynchronous systems. Therefore, mul-
tilayer interconnections with very thick layers and repeaters
should be applied and migrated to asynchronous design
methodology, which constitutes the primary candidate for
future continuation of this work.
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