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Supply and Power Optimization in
Leakage-Dominant Technologies
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Abstract—In this paper, we present a methodology for systemat-
ically optimizing the power-supply voltage for either maximizing
the performance of very large scale integration (VLSI) circuits or
minimizing the power dissipation in technologies where leakage
power is not an insignificant fraction of the total power dissipation.
For this purpose, we develop simplified empirical equations that
describe the transistor behavior as a function of power supply and
temperature. We use these models to calculate the full-chip power
dissipation as a function of power supply and temperature. We
then solve the power and chip thermal equations simultaneously
to calculate the chip temperature and power dissipation at a given
power supply. By varying the power-supply voltage, we determine
the optimum VDD value that minimized delay per unit length
in global interconnects and therefore maximizes performance.
Using the same framework, by again varying the supply we find
the optimum VDD that minimized the total power dissipation
while maintaining a given delay per unit length. We show that
for 90- and 65-nm technologies, where leakage power represents
a significant fraction of the total power dissipation, optimum
VDD for maximum performance is lower than the International
Technology Roadmap for Semiconductors (ITRS) specified supply
voltage. This is due to the fact that reducing VDD results in a
large reduction in total power dissipation, and therefore the chip
temperature, which improves performance. This improvement in
performance is greater than the performance penalty incurred
due to reduction in VDD. We also show that as the required
delay per unit length is increased, total chip power consumption
is reduced significantly if the power supply is also reduced as
compared to the case when power supply is fixed at the nominal
value. This change becomes larger with technology scaling due
to the fact that leakage power, which is a very strong function of
chip temperature, becomes a larger fraction of the full-chip power
dissipation.

Index Terms—Chip temperature, leakage currents, nanometer
technologies, power dissipation.

I. INTRODUCTION

A S the channel lengths of metal–oxide–semiconductor
(MOS) devices scale below 180 nm, leakage current be-

comes nonnegligible and off-state current and power dissi-
pation have become important. With technology scaling, the
supply voltage needs to be scaled in order to maintain reliable
operation of the transistors. This forces the threshold voltage of
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the transistors to be scaled in order to maintain performance.
Off-state leakage current increases exponentially as the thresh-
old voltage is scaled. It has been projected that the transistor
off-state current per micrometer of transistor width increases by
∼ 5× per generation [1]. As a result, in the current technology
generation, leakage power has become a significant fraction
of the total power dissipation and this fraction is projected to
increase with technology scaling [2].

Increasing power dissipation increases the cost of the pack-
age and may cause reliability concerns and even failures of
the chip. In a leakage-dominant technology, power dissipation
is extremely critical. For a given package, die temperature is
linearly proportional to the total power dissipation. However,
leakage current, and therefore leakage power, increases ex-
ponentially with temperature. As shown in Section V, if the
thermal conductance of the package is not large enough, for
a leakage-dominant technology, the exponential dependence
of leakage power on temperature will cause thermal runaway
where the die temperature increases unbounded and the chip
fails. Even if thermal runaway does not occur, the operating
temperature of the chip may be larger than the designed value,
which will either increase the package cost or degrade the
performance as well as the reliability of the chip. Therefore,
in leakage-dominant technologies, it is essential to control the
leakage power and the temperature of the die.

One viable method for optimizing the performance or min-
imizing total power dissipation for a given delay of very large
scale integration (VLSI) circuits in leakage-dominant technolo-
gies is to vary the power supply. Reduction in power supply
degrades performance but also results in a quadratic reduction
in switching power [3] and an exponential reduction in leakage
current, and therefore leakage power, due to reduction in drain-
induced barrier lowering (DIBL) [4]. Furthermore, for a given
package, reducing power dissipation results in reduction of die
temperature, which further reduces the leakage current expo-
nentially [4]. The resulting reduction in temperature will im-
prove the performance and can compensate for the performance
degradation due to lowering of VDD. Furthermore, for a given
interconnect delay, reduction in VDD allows the buffer size to
be reduced and interbuffer interconnect length to be increased,
which reduces the total repeater power dissipation. Reduction
in VDD also results in switching and leakage power of the arith-
metic and logic blocks in the circuit and therefore, the overall
power dissipation is reduced. In Section VII, we show that
reducing the supply voltage slightly results in an improvement
in performance for the 90- and 65-nm technology nodes.

In this work, we develop a methodology to estimate the
optimal supply voltage that maximizes circuit performance.
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This methodology is unique since it takes into account the
change in the die temperature as the total power dissipation
of the chip varies. This framework is also used for calculating
the minimum supply voltage for a given circuit performance
that minimizes the total power dissipation. For this purpose, we
first develop simplified empirical models for device equivalent
resistance, parasitic capacitance, and output capacitance as a
function of temperature and VDD, which results in a model
for circuit performance as a function of VDD and temperature
(Section III). We use the temperature dependence of the leakage
current and threshold voltage to derive the temperature depen-
dence of total power dissipation as a function of temperature
(Section IV). By solving the power dissipation equation and the
package thermal equation, we find the die temperature, power
dissipation, and delay per unit length for a given VDD. By vary-
ing VDD, we find the optimal supply voltage that maximizes
performance. Furthermore, by minimizing the expression for
power dissipation subject to the package thermal equation, we
find the die temperature, optimum buffer size and interbuffer
interconnect length, and total power dissipation that results in a
specified delay per unit length. We consider two typical cases in
global-interconnect optimization: 1) when the buffer insertion
can be optimized for the target VDD and temperature; and
2) when buffering scheme is fixed and is designed to be optimal
at nominal supply voltage and at a temperature of 105 ◦C.
We show that the optimal supply voltage that reduces power
dissipation is smaller than the nominal VDD for the 90- and
65-nm technology nodes.

II. PREVIOUS WORK

Several techniques have been proposed for reducing the
off-state current [5], [6] and optimizing repeaters for reduced
delay and power [7], [8]. These include reducing power supply
[9], [10], using nonminimum channel-length transistors [11],
using stacked transistors [12], [13], and reverse body bias
[14]. A comprehensive analysis of the effectiveness of these
techniques was presented in [1], but the authors did not take into
account the change in temperature due to reduction in power
dissipation and therefore the improvement in performance.
They concluded that increasing the effective channel length and
stacking transistors is the most effective method for reducing
leakage power. However, these power minimization techniques
did not consider the temperature effect, which is going to be
crucial for nanometer-scale technologies where subthreshold
leakage can be significant. It has been recently shown that
strong electrothermal couplings between supply voltage, fre-
quency, power dissipation, and junction temperature exist in
leakage-dominant nanometer-scale technologies, mainly due
to the exponential dependence of subthreshold leakage current
on temperature, which can significantly impact various power-
performance–reliability-cooling cost-optimization schemes
[15]. A systematic power-optimal repeater-insertion method-
ology was proposed in [2] where, for a given delay penalty,
optimum repeater size and interbuffer interconnect lengths were
calculated for various International Technology Roadmap for
Semiconductors (ITRS) technology nodes, which minimized
the total interconnect power. A few follow-up works focused on

Fig. 1. Interconnect of length l between two identical inverters. (a) Schematic
representation. (b) Equivalent resistance–capacitance (RC) circuit.

simultaneous repeater area and power optimization [16], buffer
insertion and sizing, and wire sizing [17]. However, all these
approaches assume that the chip is operating at 100 ◦C and
nominal VDD and do not comprehend the reduction in power
dissipation, and therefore temperature (which further reduces
leakage power), in a self-consistent manner. In this work we,
consider the reduction in temperature due to reduction in
power dissipation and, hence, the subsequent improvement in
performance due to reduction in power-supply voltage, and
unlike [1], we show that for leakage-dominant technologies,
reducing power-supply voltage to some extent improves the
performance.

III. INTERCONNECT DELAY MODEL

Consider a uniform interconnect of resistance r per unit
length and capacitance c per unit length buffered by identical
repeaters as shown in Fig. 1. Assume that for a minimum-
sized repeater, the input capacitance is c0, the output parasitic
capacitance is cp and output resistance is rs. Therefore, for a
repeater of size s, the total output resistance Rtr = (rs/s), the
total output parasitic capacitance Cp = cps, and the total input
capacitance is CL = c0s. If the line segment is of length l and
the repeater size is s, then the time constant of that segment
is [18]

τ = rs(c0 + cp) +
rs

s
cl + rlsc0 +

1
2
rcl2 (1)

and the latency or the delay of that section is τ log 2.
Now, consider a long interconnect of a given length L that

is uniformly buffered with interbuffer interconnect length l.
Therefore, the total number of segments is L/l. The total delay
through that line is given by

delay =
L

l
× τ log 2 ∝ τ

l

where τ/l is the delay per unit length, which is given by

τ

l
=

1
l
rs(c0 + cp) +

rs

s
c + rsc0 +

1
2
rcl. (2)
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TABLE I
INTERCONNECT PARAMETERS AND NOMINAL SUPPLY VOLTAGE

FOR DIFFERENT TECHNOLOGY NODES BASED ON ITRS

Note that optimizing the delay of the interconnect of a fixed
length is equivalent to optimizing τ/l. This delay per unit length
is optimal when [18]

lopt =

√
2rs(c0 + cp)

rc
sopt =

√
rsc

rc0
(3)

and is given by

(τ

l

)
opt

= 2
√

rsc0rc

(
1 +

√
1
2

(
1 +

cp

c0

) )
. (4)

Note that the optimal size of repeater sopt, optimal interre-
peater length lopt, and optimal delay per unit length (τ/l)opt

are functions of repeater parameters rs, c0, and cp, and inter-
connect parameters r and c, which, in turn, depend on supply
voltage and temperature. Therefore sopt, lopt, and (τ/l)opt are
functions of supply voltage and temperature. The interconnect
resistance per unit length is given by

r = r0 (1 + κ(T − Tnom))

where r0 is the resistance per unit length at nominal temperature
Tnom, κ is the temperature coefficient with unit of ohms/kelvin,
and T is the operating temperature. Interconnect capacitance c
is assumed to be independent of VDD and temperature.

Repeater parameters at various temperatures and supply volt-
ages were extracted using simulation program with integrated
circuits emphasis (SPICE) simulations similar to [19]. A five-
stage ring oscillator with a given length of global interconnect
of width Wmin (see Table I for values of Wmin for various
technology nodes) in between each stage was simulated. The
interconnect length l and inverter size s were varied to obtain
the minimum stage delay per unit length. rs, c0, and cp were
calculated from these values of sopt, lopt, and (τ/l)opt for a
given supply voltage and temperature. Fig. 2 plots rs, c0, and
cp as the power supply is varied ± 20% from the nominal value
and the temperature is varied from 25 ◦C to 125 ◦C. Note that,

Fig. 2. Temperature and supply-voltage dependence of buffer parameters for
the 130-nm technology. (a) rs as a function of temperature and VDD. (b) c0
as a function of temperature and VDD. (c) cp as a function of temperature
and VDD.
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as expected, the dependence of c0 on VDD and temperature is
very weak. Using curve fitting, we generate the expressions of
rs, c0, and cp in terms of supply voltage and temperature.

IV. POWER MODEL

In this work, we will consider two cases: 1) global intercon-
nects are optimally buffered for the targeted power supply and
temperature; and 2) global interconnects are optimally buffered
for operation at the nominal power supply and temperature.
For scenario 1), changing the temperature and supply voltage
will change sopt and lopt, which, not only changes the power
dissipation of each repeater, but also changes the number of re-
peaters. We therefore separate the full-chip power consumption
into two parts

Ptotal = Plogic + Prepeater (5)

where Prepeater denotes the total power dissipated in the buffers
and global interconnects driven by these buffers and Plogic is
the remaining power. For this work, we assume that for each
technology node, 30% of total power dissipation is repeater
power.

The power consumption of both logic circuits and repeaters
can be expressed as the following [10]:

P = Pswitching + Pshort circuit + Pleakage.

We need to determine the switching, short-circuit, and leakage
power for logic circuits and repeaters. We assume that for logic
blocks, the load capacitance is dominated by input capacitance
of logic gates whereas the load capacitance of repeaters will
have both interconnect capacitance and input capacitance of
other repeaters. Therefore, the percentage of switching, short-
circuit, and leakage power will be different for logic gates and
repeaters. We also need to determine how each of the above
three components of power change as temperature and supply
voltage are varied.

The switching power of a repeater in Fig. 1(a) is given by [3]

Pswitching = α (s(cp + c0) + lc) V 2
DD fclk

where VDD is the power-supply voltage, fclk is the clock
frequency, and α is the switching factor (or activity factor),
which is the fraction of repeaters on a chip that are switched
during an average clock cycle. α can be taken as 0.15 [10]. For
optimally sized and placed buffers, CL is given in [2]

CL = sopt(c0 + cp) + clopt

which is a function of supply voltage and temperature since sopt

and lopt are functions of supply voltage and temperature.
For the logic blocks, we assume that the load capacitance

does not vary with temperature and VDD. It is a valid as-
sumption since the fan-outs of gates of the functional blocks
are usually greater than 1 in general. The loading capacitance,
therefore, is dominated by gate capacitance, which has a very
weak dependence on temperature and VDD.

The clock frequency fclk is inversely proportional to the
delay of the critical path of the circuit. It has been shown

Fig. 3. Voltage and current waveforms of a CMOS inverter. (a) CMOS
inverter. (b) Voltage and current waveforms.

in [20] and [21] that the performance is dominated by global
interconnects. Therefore, fclk can be assumed to be inversely
proportional to (τ/l)opt, which in turn is a function of supply
voltage and temperature.

The second component is the short-circuit power. This power
consumption is incurred when both pull-up and pull-down
networks are simultaneously on. Consider the simplest static
complementary MOS (CMOS) logic circuit, an inverter, which
is shown in Fig. 3(a). When the N-channel MOS (NMOS)
transistor turns on due to a rising waveform at the input and
the P-channel MOS (PMOS) transistor continues to conduct
current until the input voltage becomes greater than VDD −
|Vtp |, both transistors are on simultaneously. Hence, there is a
direct current (dc) flowing from supply to ground, and is called
short-circuit current. Note that the current not only depends on
the input voltage, but also depends on the output voltage. The
input- and output-voltage waveforms and the current waveform
are shown in Fig. 1(b). The short-circuit current waveform can
be approximated as a triangular wave [22]. The total charge that
flows in this period can be found by calculating the area of this
triangle. Let tr denote the time for the input voltage to rise from
Vtn to VDD − |Vtp |. Assuming symmetric high-to-low and low-
to-high transitions for both input and output of the logic gate,
the total short-circuit power for a single logic gate is given by

Pshort circuit =αtrVDDIpeakfclk

=αtrVDDWnminsIshort circuitfclk

where α is the same switching factor as in the switching-power
expression. Ishort circuit is the peak current per transistor width.
Assuming that the output waveform is a single time-constant
exponential, tr is given by [2]

tr = τ loge

(
VDD −

∣∣Vtp

∣∣
Vtn

)
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where τ is the time constant for the output node, which is
defined in Section III. For repeaters, τ is given by (1). For logic
blocks, since the interconnect delay is very small, τ for these
circuits can be expressed as

τlogic ≈ rs(c0 + cp).

Note that Ishort circuit for both logic circuits and buffers is
the same and is temperature dependent since the mobility and
threshold vary with temperature.

The threshold voltage is given by [4]

Vt = −Eg

2q
+ φB +

√
4εSiqNφB

Cox
(6)

where εSi is the permittivity of silicon, N is the doping con-
centration, is q the single electron charge, Cox is gate-oxide
capacitance, Eg is bandgap energy, which has the following
temperature dependence [23]:

Eg = 1.166 − 4.73 × 10−4T 2

T + 636
.

Eg in the above expression is in electronvolts. φB is defined as

φB =
kT

q
loge

(
N

ni

)

=
kT

q
loge


 N

4.66 × 1015T 1.5 exp
(
− Eg

2kT

)

 (7)

where k is the Boltzmann constant and N is the doping concen-
tration per cubic centimeter.

The last component is leakage power. In our model, we are
only concerned with the subthreshold leakage power, which is
given by [2]

Pleakage = VDDIleakage = VDD
1
2

(
IoffnWn + IoffpWp

)
where Ioffn(Ioffp) is the leakage current of NMOS (PMOS)
transistor per transistor width, which is given by [1]

Ioff = µeffCox
W

Leff

(
kT

q

)2

exp(1.8) exp

(
−Vt + ηVDD

nkT
q

)
(8)

where η is the DIBL coefficient and n is the transistor sub-
threshold swing coefficient. The temperature dependence of
mobility is given by [24]

µn,eff = 88T−0.57
n +

1250T−2.33
n

1 + Na

1.26×1017T 2.4
n

× 0.88T−0.146
n

µp,eff = 54.3T−0.57
n +

407T−2.33
n

1 + Nd

2.35×1017T 2.4
n

× 0.88T−0.146
n

(9)

where Na and Nd are bulk doping concentrations and Tn =
T/300 where T is the temperature in Kelvin. η is assumed

TABLE II
RELATIVE CONTRIBUTION OF THE THREE COMPONENTS OF OVERALL

POWER DISSIPATION FOR LOGIC BLOCKS AND REPEATERS

AT NOMINAL VDD AND TEMPERATURE

to be independent of temperature and VDD and is taken to be
50 mV/V for all technologies. n can be related to temperature
as follows:

n = 1 +

√
εSiqN
4φB

Cox

where φB is a function of temperature [see (7)].
Note that the leakage current per unit transistor width is

the same for both logic circuits and buffers. In addition, Ioff

is a strong function of temperature. Therefore, temperature
reduction can result in large savings in leakage power.

To summarize, for each technology node.

1) Assuming Vtnom = (1/4)VDDnom , Na and Nd are calcu-
lated using (6) and (7).

2) µ and Ioff are calculated at nominal temperature and VDD

using (8) and (9).
3) fclk is assumed to be inversely proportional to (τ/l)opt.

At nominal VDD and T , fclk is assumed to be the ITRS
specified clock speed. This value of fclk and (τ/l)opt are
used to determine the proportionality constant.

4) Switching, leakage and short-circuit power are calculated
using the above assumptions for logic circuits for a
minimum-sized inverter driving a fan-out of four identical
minimum-sized inverters at nominal VDD and tempera-
ture. This determines the fraction of switching, leakage
and short-circuit power for the logic blocks at nominal
VDD and temperature (see Table II).

5) Assuming that 30% power is consumed by the repeaters
at each technology node, the above ratio is used to calcu-
late the total switching, leakage, and short-circuit power
for logic blocks. This is used to back calculate CLlogic ,
Wn, and Wp for each technology node.

6) Total repeater power and the power dissipation of a single
repeater is used to estimate the number of repeaters
(Mrepeater). This is used to determine the fraction p of
global lines that are optimally buffered at nominal VDD

and temperature as follows:

Mrepeater = p
L

Wint + Sint
× L

l
× G

where L is the chip edge, Sint is the global interconnect
spacing, and G the total number of global interconnect
levels.
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Fig. 4. Package thermal model.

V. CHIP THERMAL MODEL

We saw in the previous section that power dissipation is a
strong function of temperature. The chip temperature, however,
is linearly dependent of the total power dissipation of the chip.
The thermal equivalent circuit of the chip and the package is
shown in Fig. 4, where Tchip is the chip temperature, Tambient

is the ambient temperature, ϑ is the package thermal coefficient,
and Ptotal is the total chip power consumption. In this model,
the total power consumption of a chip corresponds to the value
of the current source, the temperature corresponds to the node-
voltage value, and the package thermal coefficient corresponds
to the resistor value. Therefore, for a given package

Tchip = Tambient + ϑPtotal. (10)

This model assumes that the whole chip is at a uniform tem-
perature. In the above model, ϑ is computed using the die
temperature and power dissipation in present-generation VLSI
listed in the ITRS roadmap.

Fig. 5 plots the total power dissipation at various supply
voltages as a function of temperature and (10) for the 130- and
65-nm technology nodes. Note that the total power consump-
tion of the 65-nm node is a stronger function of temperature
than that of the 130-nm node. This is due to that fact the leakage
power is a more significant fraction of total power dissipation
for the 65-nm node. These curves predict that reduction in
temperature results in significant amount of power savings in
future technology. The chip temperature and the actual total
power consumption of the chip with a given supply voltage are
determined by the intersection of the total power dissipation
curve with (10). This intersection point can be numerically ob-
tained by simultaneously solving (10) and the power equation
using Newton–Raphson’s method. When the supply voltage is
20% higher than the nominal VDD, note that those two curves
do not intersect for either of the technology nodes. This shows
that the package is not adequate to maintain the die temperature
and 1.2VDDnom and this results in thermal runaway and failure
of the chip.

VI. OPTIMIZATION METHODOLOGY

It was shown in the previous section that each component of
power consumption is a function of temperature. Reduction of
the supply voltage reduces the chip total power consumption,
which reduces the chip temperature. As the chip tempera-
ture reduces, the leakage power reduces dramatically. It has
been empirically observed from SPICE simulation that the

Fig. 5. Chip power dissipation and temperature. (a) Power consumption
versus temperature for different supply voltages for the 130-nm technology.
(b) Power consumption versus temperature for different supply voltages for the
65-nm technology.

performance improves as the device temperature is reduced.
Reduction of supply voltage, however, reduces the on-state
current, which degrades the performance. Therefore, as the
power supply is increased from a very small value, initially the
performance will improve but beyond a certain value of VDD,
the power dissipation, and therefore the chip temperature, will
increase rapidly, which will degrade performance. We therefore
want to determine the optimal value of VDD where the perfor-
mance will be maximum, i.e., the delay per unit length will be
minimum.

As pointed out earlier, we consider two cases: 1) chip design
is not complete and therefore sopt and lopt can be chosen for op-
timal delay per unit length at the desired VDD and temperature;
and 2) the chip has been designed and optimally buffered using
sopt and lopt calculated for the nominal VDD and temperature
of 105 ◦C, but its power supply can be externally varied for
optimal performance.
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The power consumption of logic blocks and the repeaters are

Plogic = k1

∑
Clogic + k2rs(c0 + cp)

∑
Wn

+ k3

[
Ioffn

∑
Wn + Ioffp

∑
Wp

]

Prepeater =Mrepeater

(
k1 (s(c0 + cp) + lc)

+ k2s
(
IoffnWnmin + IoffpWpmin

)
+ k3

(
rs(c0 + cp) +

rs

s
cl

+ rlsc0 +
1
2
rcl2

)
sWnmin

)

where

k1 = αV 2
DDfclk

k2 =
3
2
VDDIoffnWnmin

k3 = αVDDWnminIshort circuit fclk loge

(
VDD −

∣∣Vtp

∣∣
Vtn

)
.

For case 2), we assume the buffer scheme is designed to be op-
timal at nominal supply voltage and at a temperature of 105 ◦C
and therefore Mrepeater, s, and l are fixed. For case 1), we gen-
erate expressions of sopt, lopt, and (τ/l)opt in terms of supply
voltage and temperature by SPICE simulation. For a given
supply voltage, we can find the chip temperature by solving the
following equation

T = Tnom + ϑ (Plogic(T ) + Prepeater(T )) (11)

where Plogic(T ) and Prepeater(T ) are nonlinear functions of
T . ϑ, the package thermal resistance, is chosen such that the
total power dissipation is ITRS predicted power at the nominal
supply voltage and 105 ◦C.

The above methodology can also be modified for other
optimization scenarios. For instance, consider minimizing the
total power dissipation similar to the one presented in [2], i.e.,
minimizing total power dissipation for a given delay per unit
length, but taking into account the chip temperature change
due to the change in total power dissipation. For a given τ/l
and VDD, we find s and l that minimize Ptotal in (5) subject
to (2) and (11). Within this framework, various scenarios are
considered:

1) VDD fixed at VDDnom ;
2) VDD reduced to minimum supply voltage for which τ/l

can be achieved; and
3) VDD reduced to minimum supply voltage for which τ/l

can be achieved but VDD ≥ VDD,min.

The last scenario disallows the reduction of VDD beyond a
certain limit determined by IR and L(dI/dt) drops and noise
margins of the logic.

VII. RESULTS

Fig. 6 shows the delay per unit length as a function of power-
supply voltage for the 130-, 90-, and 65-nm technology nodes.
Note that the optimal supply voltage for both cases 1) and 2) is
slightly higher than the nominal supply voltage for the 130-nm
node. This is due to the fact that the leakage power only
contributes approximately 3.5% of the total power consumption
for this node (Table II). As leakage power becomes a significant
portion of the total power consumption, this optimum point
shifts to the left. It is found that the optimal supply voltage is
only 96% of the nominal supply voltage for case 1) and case
2) of the 65-nm technology node. This implies that as leakage
power becomes dominant, decreasing the supply voltage from
the nominal value improves performance. This also has the
added benefit of decreasing the power dissipation and chip
temperature, and therefore improving the reliability of the chip.
These results also suggest that even if the chip is optimized for
operation at nominal VDD and temperature, operating it at a
lower supply voltage can improve performance. Note that the
optimum values of τ/l are very similar for cases 1) and 2) for
every technology node.

The interconnect parameters and the nominal supply voltage
are based on ITRS [20], and are shown in Table I. Sint is
assumed to be equal to the minimum width of the global inter-
connect. The absolute value of Vtn and Vtp are assumed to be
the same and are equal to (1/4)VDD at nominal supply voltage
and temperature of 105 ◦C. Table III shows (τ/l)opt/(τ/l)nom,
i.e., the ratio of delay per unit length at optimum VDD and
the delay per unit length at the nominal VDD and temperature,
and Popt/Pnom, i.e., the ratio of total power consumption at
the optimum VDD and the total power consumption with the
nominal VDD and temperature. Note that both performance and
total power consumption improve at the optimal supply voltage
for the 90- and 65-nm technologies.

Now consider power optimization for fixed delay per unit
length. As indicated earlier, we consider three scenarios:

Case 1) VDD fixed at VDDnom ;
Case 2) VDD reduced to minimum supply voltage for which

τ/l can be achieved; and
Case 3) VDD reduced to minimum supply voltage for which

τ/l can be achieved but VDD ≥ 0.8VDDnom .

For comparison purposes only, we also consider the case when
both VDD and T are fixed at their nominal values [case 1)].
Fig. 7 plots the power dissipation as a function of delay per
unit length (τ/l) for the three technology nodes for the four
cases. τ/l is varied from (τ/l)opt,nom at nominal VDD and
temperature to 1.1(τ/l)opt,nom. Note that for all the technology
nodes, power dissipation reduces as τ/l increases and the power
dissipation is the least in case 4) and the highest in case 1).
Even if VDD is not allowed to decrease below 0.8VDDnom ,
the power dissipation in cases 3) and 4) are very similar. The
power dissipation of case 2) is somewhere in between case 1)
and cases 3)–4). Also note that for all three technology nodes,
the power dissipation in case 2) is lower than case 1) even
at τ/l = (τ/l)opt,nom. This is due to that fact that a slight
decrease in temperature results in the same τ/l but lower power
dissipation.
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Fig. 6. Performance versus supply voltage for various technologies. (a) Delay
per unit length as a function of supply voltage for the 130-nm technology.
(b) Delay per unit length as a function of supply voltage for the 90-nm
technology. (c) Delay per unit length as a function of supply voltage for the
65-nm technology.

TABLE III
RATIO OF TOTAL POWER CONSUMPTION AND DELAY PER UNIT LENGTH

WITH OPTIMAL SUPPLY VOLTAGE AND WITH NOMINAL SUPPLY

VOLTAGE FOR VARIOUS TECHNOLOGY NODES

Note that the difference in power dissipation between cases
1) and 2) increases with technology scaling. Recall that the
only difference between these two cases is that for case 2),
the temperature is calculated in a self-consistent manner using
(5) and (11). The resulting temperature reduction results in a
large reduction in power dissipation for the 65-nm technology
node where the leakage power contribution is the highest.
Furthermore, note that as τ/l is increased, power dissipation for
cases 3) and 4) reduces very rapidly for the 130-nm technology
node whereas the reduction in the 90- and 65-nm technology
nodes is not that large. To further explain this observation we
have plotted VDD versus τ/l for the three technology nodes
as the delay per unit length is varied (Fig. 8). Note that at
τ/l = (τ/l)opt,nom, power-supply voltage for the 130-nm node
is almost VDD whereas for the 90- and 65-nm nodes, it is 91%
and 88%, respectively. This is due to the fact that for the 90- and
65-nm nodes, due to the dominance of leakage power, a reduc-
tion in the supply voltage causes a large reduction in leakage
power and die temperature, which causes a net improvement
in (τ/l)opt with the reduction in VDD. Therefore, even for
τ/l = (τ/l)opt,nom (i.e., at nominal VDD and temperature),
VDD can be reduced and significant power savings can be
obtained for these nodes. However, as τ/l is increased, further
power optimization does not yield as impressive a power gain
as for the 130-nm technology node.

VIII. CONCLUSION

In conclusion, we have developed a methodology for cal-
culating the optimal supply voltage that either minimizes the
delay per unit length or minimizes power dissipation for a
given delay per unit length while considering the total chip
power dissipation and temperature rise in a consistent manner.
The performance-optimization methodology is demonstrated
for two cases: 1) the design can be optimally buffered for the
target VDD and temperature and 2) when the design is buffered
for a fixed VDD and temperature. Using this methodology, we
have computed the optimal operating voltage for the 130-, 90-,
and 65-nm technology nodes for both cases. Furthermore, we
have shown that as the technology is scaled beyond the 130-nm
technology, the supply voltage at which the performance is
optimal is below the nominal supply voltage. This is due to
the fact that leakage power is becoming a significant fraction
of the total power consumption. As the supply voltage reduces
to the optimal point, the chip’s temperature is reduced, which
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Fig. 7. Total power dissipation as a function of delay per unit length for the
130-, 90-, and 65-nm ITRS technology nodes. (a) Power versus τ/l for the
130-nm node. (b) Power versus τ/l for the 90-nm node. (c) Power versus τ/l
for the 65-nm node.

Fig. 8. VDD versus τ/l for the three technology nodes for case 4).

results in reduction of the leakage power and improvement of
performance. It is also shown that increasing the supply voltage
beyond a certain threshold for a given package results in ther-
mal runaway and failure of the chip. The power-optimization
methodology has been demonstrated for various constraints on
the supply voltages. We have shown that lowering the power
supply results in a large reduction in the total power dissipation,
and therefore chip temperature, while still maintaining perfor-
mance, i.e., delay per unit length. This reduction increases with
technology scaling because leakage power, which increases
exponentially with die temperature, becomes a larger fraction
of the total power dissipation.
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