ABSTRACT
1. INTRODUCTION

2. PRELIMINARIES

Consider an interconnect segment of resistance r per unit length
and capacitance ¢ per unit length buffered by repeaters of unit
driving resistance r,, unit input capacitance ¢, and unit output
capacitance c¢,. Suppose an interconnect segment is of length / and
the repeaters are of size s, then the delay of the segment including
the repeatersis
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and the delay per unit length is
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In equation (1), the driving strength of a repeater depends on the
operating V44 and V4, level. The driving resistance can be approx-
imated as

Via

Idsat (2)
where K is a fitting parameter and 14s,+ is the saturated drain
current of a minimum sized NMOS or PMOS transistor with both
Vys and Vg, equal to Vyg. According to the alpha-power law, Isqt
can be modeled as

]dsat = KQ(Vgs - ‘/th)a
= Ko(Vaa — Vin)® (3)

By plugging (3) into (2), we can obtain r, as afunction of V4 and
Vin.
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For agiven V4 and V4, level, the delay per unit length is optimal
when
T 2rs(co + ¢p) _ [rsc
opt = rc Sowt = TCo
and
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I1f some amount of delay penalty can betolerated, thereisafamily of
solutionsets{Vyq, Vin, 1, s} that satisfy therelaxed delay constraint.
Our objective is to select from the feasible solutions the one which

gives the minimum total power dissipation for the line. For an
interconnect of fixed length L, thetotal power including theinserted
repeatersis Prepeater % ,where PQP%“ isafunction of {Vga, Vin,
[, s}. Therefore, the problem can be fomulated mathematically as
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where f isthe delay penalty.

3. METHODOLOGY

The power dissipation of arepeater is comprised of three parts:
dynamic, leakage, and short circuit. Each of them is described in
the following.

A. Dynamic Power

Dynamic power is the power dissipated when switching input sig-
nals cause the loading capacitance being charged or discharged. It
isgiven by

Pswitching = a(S(Co + Cp) + lC)Vdefclk

where a isthe switching activity of arepeater, and f.;;. isthe clock
frequency.

B. Leakage Power

The primary sources of leakage power come from the subthreshold
leakage and the gateleakage. Accordingtothel TRS 2003 roadmap,
high-K gatedielectricisrequired to control the direct gate tunneling
current for low standby power devicesin process technology nodes
below 90nm. The use of high-K gate dielectric will allow orders of
magnitude reduction in the gate leakage current, soitisnot included
in our leakage current model. The subthreshold leakage current of
aminimum sized NMOS transistor is given by

Ving —Vin)
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where I, 5, and Vi, the reference subthreshold leakage current,
threshold voltage for a given technology; n the slope shape factor;
v thethermal voltage. The model assumesthe transistor isat OFF
state where Vs = 0 and Vs = Vuq. The average leakage power
of arepeater is

Pleakage = VddI.sub
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C. Short-Circuit Power

The short circuit power dissipation depends on the the transition
time at the input and output of an inverter. Assuming symmetric
high-to-low and low-to-high transitionsat the input and output of
the repeaters, the short circuit power is given by

Pshort—circuit = aTrVddem,;nSIshort—circuitfclk

where a is the same switching factor as in the dynamic power
expression. Assuming that Vi, = Vi, =~ (3)Vaa, the transistion
time can be approximated by

Vaa — Vin,
Tloge BT

= 71loge3
Therefore, the total power can be given by
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and f isthe specified delay penalty.

The design space of the problem isfour dimensinal. By express-
ing one of the variablesin terms of the other three variables, we are
abletoforcethisvariableto satisfy the delay constraint. Combining
equations (2) and (1), we can express Vi, as a function of Vg4, I,
and s that satisfies the delay constraint. That is, from equation (2),
we can obtain V4, intermsof V4 and rs.
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And from equation (1), rs can be expressed as a function of [ and
s:
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Thetotal power can thusbe expressed asafunction of threevariables
Vaa, I and s. By solving the gradient of the function % equal to

zero, we can obtain three nonlinear equations of three variables.
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