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Abgract

A novel globd clock didribution network design with zero
asymptotic power dissipation for the GHz frequency range is
proposed. Power dissipation and clock skew of the new globa clock
digribution network are analyzed. A smple experiment on a
transmission line, as a scaled mode of a clock distribution network,
demonstrates a 97% reduction in power dissipation.

Introduction

Clock digtribution has become an increasingly chalenging problem
for digital systems. As clock frequency continues to increase toward
the GHz range, a large percentage of chip power disspation is due
to the clock distribution network. For example, the 300 MHz Alpha
microprocessor clock consumes 20 W, which is about 40% of the
total chip power dissipation [1]. Since by technology devel opments
device size shrinks while chip Sze enlarges, interconnect capecitance
in globa clock digribution networks becomes more dominant
compared to gate input cgpacitance [2]. Therefore reducing the
power dissipation of clock distribution networks can significantly
reduce the overall system power consumption.

In order to enhance clock digtribution performance and reduce
power disspation, a globa clock digtribution based on low loss
package interconnect has been proposed in [3]. Using low resistance
off-chip global clock digtribution networks that are driven with fast
trangition times of clock signals, leads to treating clock interconnects
asided transmission lines. A sdient property of transmission lines
is used here to asymptoticaly diminate globa clock wiring power
dissipation. Compact models for power dissipation, and clock skew
for the new clock distribution network are derived. To verify the
method, the results of asimple experiment are presented.

Asymptotically Zero Wiring Power Dissipation

It has been shown previoudy that the most efficient method for
driving trangmisson lines in CMOS circuits is the source end
termination, which eiminates dc power dissipation [4]. However, as
depicted in Fig. 1, power is gtill consumed within the trangition of
period 2t;, where t; is the ided transmisson line time of flight. As
2t; becomes closer to the pulse width (half of the clock period), the
power dissipation becomes more significant.

If the interconnect length is designed such that the reflected clock
pulse, after 2t;, arrives at the source precisely at the beginning of the
next clock period, then the power dissipation is reduced to zero.
This is because the energy for each clock period is virtudly
provided by the reflected pulse from the previous clock period as
shown in Fig. 2. This advantage is achieved when the following
condition is obtained:
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where ¢ istheinterconnect length, ¢, is speed of light in free space,
f. isthe dlock frequency, g is the didlectric constant of the insulator,

and n is any integer number. For example at 3GHz clock frequency,
the best length for on-package dock digtribution wiresin Alumina
media €=9.5) is 1.6 cm, which is in the range of contemporary
microprocessor dieSize.

The length of clock interconnect can be adjusted to ¢ by using
baanced clock tree (BCT) gructure shown in Fig. 3. Figure 3-a
illugtrates a globd clock distribution network supplying four points
of the chip utilizing on-package multilevel interconnects. In order to
prevent radiation from clock wires, a ground shielding is provided
by power supply distribution network as shown in Fig. 3-b.

Clock Skew Analysis

Clock skew, by definition, is the variation of timing sgna delay
in the clock digribution network. For off-chip globa clock
digtribution of Fig. 3, thedelay is

TDelay =t = f"/lz (2)

where | and ¢ are the wiring inductance and capacitance per unit
length respectively. Due to variaions of interconnect dimensions
and non-uniform return peths, clock dday variations aise.
Asuming smdl variationsfor | and ¢, clock skew can be expressed
asadeivative of (2), whichis
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where DI/l and Dc/c are the rdative variations of inductance and
capacitance in clock digribution network. Using the ground
shidding of Fig. 3, reduces DI/l and Dc/c resulting in a very smdl
clock skew.

Power Disspation Analysis

Although the nomina wiring power disspation is designed to
asymptoticaly approach zero, non-ided effects cause power
consumption. Figure 4 shows a SPICE smulation to illustrate the
impact of non-ided effects on clock power disspation. In this
figure, (b) shows the ided case of source current compared to clock
pulse waveform, (8), using the typica parameters given by Table .
The source current waveforms (c), (d), and (€) are for the cases of
2.2 dB/cm lossy line (=25 W/cm), 10% mismatch of wire length
(¢ =1.1cm), and 50 fF loading capacitance, respectively.

Assuming asmadl deviation from the ided case, the expresson for
total clock power dissipation is derived as

Vi
16R,
where the firgt, second and third terms represent the impact of
wiring loss, devietion of time of flight from nomina vaue, and
capacitance loading & the end of theline, respectively. In (4), Ry is
thetotd line resstance, Z, isthe line characterigtic impedance, R; is
the source termination resistance, and G is the load capacitance
which istheinput capacitance of asub-block clock driver.
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Experimental Results

The feashility of the new dock digtribution network is
investigated by building an up-scded mode using a 30m long coaxid
cable with 50W characteridic impedance. Figure 5 illugtrates the
measurement results where Chl and Ch2 are connected to the source
and near end nodes, respectively. M1 is the voltage across source
termination resistor (M1=Ch1-Ch2) that is proportiona to source
current.

For the case of T.=2t;=320ns shown in Fig. 5a, the source
current is 3.36mA which resultsin a power dissipation of 0.56mW.
Using aconventiond criterion of 2t;=0.1Tc=320ns [3] shown in Fg.
5-b, the source current is 25.6mA and power dissipation is 32.8mW.
Therefore a 97% reduction in power disspation is achieved by the
new design method.

Conclusion

Based on recycling the energy of reflected pulsesin transmission
lines, an asymptoticaly zero power dissipation clock distribution
network is proposed. Compact models for power dissipation and
clock skew are derived. A smple experiment, by building an up-
scaled moddl, demonstrates a 97% reduction in power dissipation.
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Fig. 1 Power dissipation in source termination transmission line
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Fig. 2 Recycling the reflected clock pulse energy
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Fig. 3 Global clock distribution structure using BCT
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Fig. 4 Theimpact of non-ideal effects modeled with SPICE
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r=1 Woan =5 nH/cm c=2 pFcm

¢=1 om | f=5 GHz R=27,=50 W

Th2 5.00V &% M 200ns CA3 F 2.6V
00V 200ns

EF K0V &% Ch? 5.00V & MI1.000s ChaF 3.6V
Ch3 500V &
200V 1.00us
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Fig. 5 Experimentd results



