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Abstract—The driving force for the semiconductor industry
growth has been the elegant scaling nature of CMOS technology.
In future CMOS technology generations, supply and threshold
voltages will have to continually scale to sustain performance
increase, control switching power dissipation, and maintain
reliability. These continual scaling requirements on supply and
threshold voltages pose several technology and circuit design
challenges. With threshold voltage scaling, subthreshold leakage
power is expected to become a significant portion of the total
power in future CMOS systems. Therefore, it becomes crucial
to predict and reduce subthreshold leakage power of such sys-
tems. In the first part of this paper, we present a subthreshold
leakage power prediction model that takes into account within-die
threshold voltage variation. Statistical measurements of 32-bit
microprocessors in 0.18- m CMOS confirm that the mean error
of the model is 4%. In the second part of this paper, we present
the use of stacked devices to reduce system subthreshold leakage
power without reducing system performance. A model to predict
the scaling nature of this stack effect and verification of the
model through statistical device measurements in 0.18- m and
0.13- m are presented. Measurements also demonstrate reduction
in threshold voltage variation for stacked devices compared to
nonstack devices. Comparison of the stack effect to the use
of high threshold voltage or longer channel length devices for
subthreshold leakage reduction is also discussed.

Index Terms—CMOS, leakage estimation, leakage reduction,
subthreshold leakage, within-die variation.

I. INTRODUCTION

CONVENTIONALLY, CMOS technology has been scaled
to provide 30% smaller gate delay with 30% smaller di-

mensions, resulting in CMOS systems operating at about 40%
higher frequency in half the area with reduced energy consump-
tion. Scaled CMOS systems, such as new-generation micropro-
cessors, achieve an additional at least 60% frequency increase
with augmented die area, architectural enhancements, and novel
circuit techniques. This complexity increase results in higher en-
ergy consumption, peak power dissipation, and power delivery
requirements [1].

To limit the energy and power increase in future CMOS
technology generations, supply voltage will have to continually
scale. The amount of energy reduction depends on the magni-
tude of supply voltage scaling [2]. Along with supply voltage
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Fig. 1. Barrier height lowering due to channel length reduction and drain
voltage increase.

scaling, the MOSFET device threshold voltage will have to
scale to sustain the traditional 30% gate delay reduction. These
supply and threshold voltage scaling requirements pose several
technology and circuit design challenges [1], [3], [4]. One
such challenge is the expected increase in threshold voltage
variation due to worsening short channel effects. With tech-
nology scaling, the MOSFETs channel length is reduced. As
the channel length approaches the source-body and drain-body
depletion widths, the charge in the channel due to these par-
asitic diodes become comparable to the depletion charge due
to the MOSFET gate-body voltage [5], rendering the gate and
body terminals less effective. As the band diagram illustrates in
Fig. 1, the finite depletion width of the parasitic diodes do not
influence the energy barrier height to be overcome for inversion
formation in a long channel device. However, as the channel
length becomes shorter, both channel length and drain voltage
reduce this barrier height. This two-dimensional short channel
effect causes the barrier height to be modulated by channel
length variation, resulting in threshold voltage variation. The
amount of barrier height lowering, threshold voltage variation,
and gate and body terminal’s channel control loss will directly
depend on the charge contribution percentage of the parasitic
diodes to the total channel charge. Fig. 2 shows measurements
of threshold voltage variations for three device lengths in a
0.18- m generation, confirming this behavior.

With supply and threshold voltage scaling, control of
threshold voltage variation becomes essential for achieving
high yields and limiting worst case subthreshold leakage [6].
Maintaining good device aspect ratio by scaling gate-oxide
thickness is important for controlling threshold voltage toler-
ances [7]. With the silicon dioxide gate dielectric thickness
approaching scaling limits [8], [9], researchers have been
exploring several alternatives, including the use of high
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Fig. 2. Dependence of threshold voltage variation on channel length and drain
voltage.

permittivity gate dielectric, metal gate, novel device structures,
and circuit-based techniques [10]–[12]. Meanwhile, it is im-
portant to note that threshold voltage variation not only affects
supply voltage scaling but also the accuracy of subthreshold
leakage power prediction. Accurate subthreshold leakage
power prediction is critical for future CMOS systems since the
subthreshold leakage power is expected to be a significant por-
tion of the total power due to threshold voltage scaling [1]. In
this paper, a subthreshold leakage power prediction model that
takes into account within-die threshold voltage variation due to
short channel effect will be presented. We will also demonstrate
through statistical measurements of 32-bit microprocessors in
0.18 m CMOS the accuracy of the new subthreshold leakage
power prediction model compared to other existing models. It
should be pointed out that threshold voltage variation due to
random doping fluctuation is not taken into account, which is
expected to become significant in sub-100-nm technologies. In
a subthreshold leakage dominant CMOS system, the need to
identify techniques to reduce this variation and subthreshold
leakage power becomes inevitable. Use of stacked devices to
reduce system subthreshold leakage power without reducing
system performance will be discussed in the paper. Analytical
model to predict the scaling nature of this stack effect and
verification of the model through statistical device measure-
ments in 0.18- m CMOS will be presented. Measurements
also show reduction in threshold voltage variation for stacked
devices compared to nonstack devices. Comparison of the stack
effect to the use of high threshold voltage or longer channel
length devices for subthreshold leakage reduction will also be
discussed [13].

II. PREDICTION OF FULL-CHIP SUBTHRESHOLD LEAKAGE

It has been established that to limit the energy and power
increase in future CMOS technology generations, the supply
voltage will have to continually scale [1]. The amount of en-
ergy reduction depends on the magnitude of scaling. Along
with scaling, the threshold voltage of MOS devices
will have to scale to sustain the traditional 30% gate delay re-
duction. These and scaling requirements pose several
technology and circuit design challenges. One such challenge
is the rapid increase in subthreshold leakage power due to
scaling. Should the present scaling trend continue, it is expected
that the subthreshold leakage power will become as much as

50% of the total power by the 90-nm generation [1]. Under
this scenario, it is important to be able to predict subthreshold
leakage power more accurately. Most subthreshold leakage cur-
rent prediction techniques do not take into account the varia-
tion in within-die threshold voltage. It will be shown that this
assumption leads to significant inaccuracies. There are unpub-
lished models that take within-die threshold voltage variation
into account empirically. In this paper, a rigorous mathematical
model for full-chip subthreshold leakage current that considers
within-die threshold voltage variation will be derived. Bulk sub-
strate microprocessor measurements that verify the improve-
ment in subthreshold leakage current prediction with the new
model are also presented. Calculation of subthreshold leakage
power is straightforward once the subthreshold leakage current
is known for a given .

A. Present Subthreshold Leakage Current Prediction
Techniques

Due to the wide variation in expected threshold voltage
of MOS devices from die to die and within die during the
lifetime of a process, present subthreshold leakage current
prediction techniques provide lower and upper bounds on the
subthreshold leakage current. The subthreshold leakage power
of most chips lies between the two bounds, as shown in [14].
In older technology generations, basing system design on the
two subthreshold leakage current bounds was acceptable since
subthreshold leakage power was a negligible component of the
total power. In most systems, the worst case bound is assumed
for the design. In future technology generations where as much
as half of the system power during active mode can be due
to subthreshold leakage, depending the worse case bound will
lead to extremely pessimistic and expensive design solutions.
One cannot base the system design on the lower bound since it
will lead to overly optimistic and unreliable design solutions.
Therefore, it will be crucial to predict subthreshold leakage
current as accurately as possible. The upper and lower bound
prediction equations and measurements are provided in the
next part of this section. The lower bound subthreshold leakage
current prediction of a chip is given as follows:

where and are the total PMOS and NMOS device widths
in the chip, and are factors that determine the fraction of
PMOS and NMOS device widths that are in the off state, and

and are the nominally expected subthreshold leakage cur-
rents per unit width of PMOS and NMOS devices in a partic-
ular chip. The nominal subthreshold leakage current is obtained
for devices with mean threshold voltage or channel length. The
upper bound subthreshold leakage current prediction of
a chip is related to the device subthreshold leakage as follows:

where and are the worst case subthreshold leakage
current per unit width of PMOS and NMOS devices. The worst
case subthreshold leakage current is obtained for devices with
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threshold voltage or channel length lower than the mean sub-
threshold leakage currents per unit width of PMOS and NMOS
devices in a particular chip.

B. Subthreshold Leakage Current Prediction Including
Within-Die Variation

To include the impact of within-die threshold voltage or
channel length variation, it is necessary to consider the entire
range of subthreshold leakage currents, not just the mean
subthreshold leakage or the worst case subthreshold leakage.
Let us assume that the within-die threshold voltage or channel
length variation follows a normal distribution with respect
to transistor width, with being the mean and being the
sigma of the distribution. Let be the subthreshold leakage
of the device with the mean threshold voltage or channel
length. Then, by performing the weighted sum of devices of
different subthreshold leakage, we can predict the total sub-
threshold leakage of the chip. This is achieved by integrating
the threshold voltage or channel length distribution multiplied
by the subthreshold leakage, as follows:

In the above equation, the first exponent predicts the fraction of
the total width for the device subthreshold leakage predicted by
the second exponent. If the distribution considered within-die
is threshold voltage variation, then in the above equation rep-
resents threshold voltage and will be equal to . is the
thermal voltage and is [7]. If the distribution
considered is channel length, then in the above equation will
represent channel length , and will be equal to , which can
be predicted for a technology by measuring the relationship be-
tween channel length and device subthreshold leakage. Note
that device parameter variation due to random doping fluctua-
tion is not considered. In the rest of this section, we will assume
that the distribution of interest is the channel length, since this
parameter is used to characterize a technology. The derivation
of the chip subthreshold leakage is then given as follows:

Let

The integral can be rewritten as

Since

Using the above result, we can now predict the subthreshold
leakage of a chip that has both PMOS and NMOS devices in-
cluding within-die variation as follows:

where and are the total PMOS and NMOS device widths
in the chip, and are factors that determine percentage of
PMOS and NMOS device widths that are in the off state, and

are the expected mean subthreshold leakage currents per unit
width of PMOS and NMOS devices in a particular chip, and

are the standard deviation of channel length variation within
a particular chip, and and are constants that relate channel
length of PMOS and NMOS devices to their corresponding sub-
threshold leakages. It is also worth pointing out that from the
formula for , a macroscopic standard deviation repre-
senting parameter variation in a chip can be determined if its

is known:

C. Standby Subthreshold Leakage Measurement Results

Standby subthreshold leakage power measurements on 960
samples of a 0.18- m 32-bit bulk substrate microprocessor
were carried out. The subthreshold leakage current (with

V and ) and effective channel length
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(a) (b)

Fig. 3. Comparison of calculated subthreshold leakage current versus measured subthreshold leakage current for (a) existing subthreshold leakage current
estimation techniques and (b) subthreshold leakage current estimation technique introduced in this paper.

measurements of test devices that accompany each micropro-
cessor were measured to determine and . and

were assumed as a constant percentage of the measured
channel length in the test device of each sample. Using these
individual device measurements, with and obtained
from the design, the subthreshold leakage power was calculated
using the and formulas. In addition,
we assumed that on an average half of the devices will be in
the off state, that is, . This assumption is based
on the fact that in high-performance designs, the majority
of the device widths are in nonstacked buffers and domino
logic. For designs that have the majority of the device width
in complex gates, a better prediction of and based on
stack-effect-related leakage reduction will be necessary. We
will describe a stack-effect leakage reduction model based on
device fundamentals in Section III.

The calculated subthreshold leakage currents based on the
three methods with the assumption are compared
to the measured subthreshold leakage current. Fig. 3(a) clearly
illustrates that the upper bound technique overpredicts the sub-
threshold leakage current of the chips, while the lower bound
techniques underpredicts the subthreshold leakage current.
However, the prediction technique introduced in this paper
that includes within-die variation matches the measurement
better, as illustrated in Fig. 3(b). The data shown in Fig. 3 is
summarized in Fig. 4. As the figure indicates, the subthreshold
leakage power for most of the samples are underpredicted by
6.5 if the lower bound technique is used and over predicted
by 1.5 if the upper bound technique is used. The mea-
sured-to-calculated subthreshold leakage ratio for the majority
of the device samples is 1.04 for the new technique described
in this paper. The calculated subthreshold leakage is within

20% of the measured subthreshold leakage for more than
50% of the samples, if the new technique is used.
Only 11% and 0.2% of the samples fall into this range for the

and techniques, respectively. technique
can be used to predict full-chip standby subthreshold leakage
with better accuracy once device level subthreshold leakage,
parameter variation, and total transistor widths are known. This
technique can also be used to estimate bulk substrate full-chip
active leakage power by dividing the entire chip into multiple
iso-temperature regions and using the leakage estima-

Fig. 4. Ratio of measured to calculated subthreshold leakage current ratio
distribution for I ; I ; and I techniques. (Sample size: 960.)

tion formula separately for each region. , and
will have to be determined for each iso-temperature region.

For partially depleted SOI substrate designs, active leakage
estimation would require proper modeling of floating body and
the resulting fluctuations in the body voltage.

III. SUBTHRESHOLD LEAKAGE REDUCTION

To reiterate, should the present scaling trend continue, it is
expected that the subthreshold leakage power will become as
much as 50% of the total power in the 90-nm generation [1].
Under this scenario, it is not only important to be able to predict
subthreshold leakage power more accurately, as discussed in the
previous section, but it becomes crucial to identify techniques
to reduce this subthreshold leakage power component. It has
been shown previously that the stacking of two off devices has
significantly reduced subthreshold leakage compared to a single
off device [15]–[17]. This concept of stack effect is illustrated
in Fig. 5.

In this section, a model is derived that predicts the stack-
effect factor, which is defined as the ratio of the subthreshold
leakage current of one off device to the subthreshold leakage
current of two off devices in series. Model derivation based on
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Fig. 5. Subthreshold leakage current difference between a single off device and
a stack of two off devices. As illustrated by the energy band diagram, the barrier
height is modulated to be higher for the two-stack due to smaller drain-to-source
voltage resulting in reduced subthreshold leakage.

Fig. 6. Tradeoff between standby subthreshold leakage and performance by
forcing a two-stack under iso-input load. An NMOS two-stack will reduce
subthreshold leakage when input stays at logic 0.

device fundamentals and verification of the model through sta-
tistical device measurements from 0.18- m and 0.13- m tech-
nology generations and the scaling nature of the stack-effect
subthreshold leakage reduction factor will also be discussed.

One solution to the problem of ever-increasing subthreshold
leakage is to force a nonstack device to a stack of two de-
vices without affecting the input load, as shown in Fig. 6.
By ensuring iso-input load, the previous gate’s delay and the
switching power will remain unchanged. Logic gates after
stack forcing will reduce subthreshold leakage power, but incur
a delay penalty, similar to replacing a low- device with a
high- device in a dual- design [18]. In a dual- design, the
low- devices are used in performance critical paths and the
high- devices in the rest [19]. Usually a significant fraction
of the devices can be high- or forced-stack since a large
number of the paths are noncritical. This will reduce the overall
subthreshold leakage power of the chip without impacting
operating clock frequency. A stack-forcing method to reduce
subthreshold leakage in paths that are not performance critical
will be discussed. This stack-forcing technique either can be

Fig. 7. Load line analysis showing the subthreshold leakage reduction in a
two-stack.

used in conjunction with dual- or can be used to reduce
the subthreshold leakage in a single- design. Differences
between achieving subthreshold leakage reduction through
forced stacks and channel length increase are discussed. It
is necessary to note that the reduced device width for forced
stacking might result in 1) higher than the nominal devices
due to narrow width effects or 2) underflow of device width
below the minimum allowed by the process technology. In the
first case, the leakage reduction will be higher than just forced
stack with a corresponding penalty in delay. In the second case,
underflow avoidance will either mean forced stacking cannot
be implemented for such gates or minimum device width will
have to be used for the stacked devices if the corresponding
leakage reduction is more than the switching power increase.

A. Model for Stack Effect Factor

Let be the subthreshold leakage of a single device of unit
width in the off state with its V and

. If the gate-drive, body bias, and drain-to-source voltages
reduce by and , respectively, from the above-
mentioned conditions, the subthreshold leakage will reduce to

where is the subthreshold swing, is the drain-induced
barrier lowering (DIBL) factor, and is the body effect
coefficient. The above equation assumes that the resulting

[20]. For the two-device stack shown in Fig. 7,
a steady-state condition will be reached when the intermediate
node voltage approaches such that the subthreshold
leakage currents in the upper and lower devices are equal.
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Fig. 8. Measurement results showing the relationship between stack-effect
factorX for a two-stack to the exponentU . Lines indicate the relationship as per
the analytical model and symbols are from measurement results. White symbols
are for nominal channel devices and gray symbols are for devices smaller than
the nominal channel length. Triangle, circle, and square symbols are for V
of 1.5, 1.2, and 1.1 V, respectively. Zero body bias is when the body-to-source
diode of the device closet to the power supply is zero biased and reverse body
bias is when the diode is reverse biased by 0.5 V.

Under this condition, the subthreshold leakage currents in the
upper and lower devices can be expressed as

and the intermediate node voltage will be

For short channel devices, the body terminal’s control on the
channel is negligible compared to gate and drain terminals, im-
plying . Hence, the steady-state value of the
intermediate node voltage can be approximated as

Substituting in either or will yield the sub-
threshold leakage current in a two-stack given by

where

The subthreshold leakage reduction achievable in a two-stack
comprising devices with widths and compared to a single
device of width is given by

when

Fig. 9. Measurement results indicate a slower rate of increase in subthreshold
leakage of two-stack compared to that of a single device.

The stack-effect factor, when , can be rewritten as

where is the two-stack exponent which depends only on the
process parameters and and the design parameter .
Once these parameters are known, the reduction in subthreshold
leakage due to a two-stack can be determined from the above
model. It is essential to point out that the model assumes the in-
termediate node voltage to be greater than .

To confirm the model’s accuracy, we performed device mea-
surements on test structures fabricated in 0.18- m and 0.13- m
process technologies. Results discussed in the rest of the section
are from NMOS device measurements, but similar results hold
true for PMOS devices as well.

Fig. 8 shows NMOS device measurements under different
temperature, , body bias, and channel length conditions for
0.18- m technology generations, which prove the accuracy of
the theoretical model. It is important to note that the model dis-
cussed above does not include the impact of diode junction sub-
threshold leakages that originate at the intermediate stack node.
In Fig. 8, the model’s accuracy deviates the most under reverse
body bias for nominal channel length devices, where the ratio
of diode junction subthreshold leakage to subthreshold leakage
current increases.

It is known that the stack-effect factor strongly depends on
as suggested by the model. In addition, a decrease in the

channel length will increase in a given technology [41].
So, any increase in the subthreshold leakage of a single device
due to decrease in will not increase subthreshold leakage of
a two-stack at the same rate. This is illustrated in Fig. 9, where
the increase in two-stack subthreshold leakage is at a slower rate
than that of a single device. Therefore, variation in will result
in smaller effective threshold voltage variation for a two-stack
compared to a single device.

Fig. 10 illustrates the average stack-effect factor for the
nominal channel devices in both 0.18- m and 0.13- m tech-
nology generations obtained from both the measurements and
the model. The increase in stack-effect factor at a given
with technology scaling is attributed to increase in , which
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Fig. 10. Nominal channel length device measurement results showing
stack-effect factor across two technology generations. The increase in stack
effect factor is attributed to worsening of short channel effect � , which is
predicted by the analytical model. The higher stack effect factor for the low-V
device in 0.13-�m technology generation is attributed to the same reason.
Lines are from analytical model and symbols are from measurement.

Fig. 11. Nominal channel length device measurement results indicating the
scaling of stack effect factor from 0.18-�m to 0.13-�m low-V under different
V scaling conditions. The low-V device typically contributes majority (over
70%) of subthreshold leakage in high-performance 0.13-�m designs, so the
comparison is made with the low-V device.

is predicted by the analytical model. The higher stack-effect
factor for the low- device in 0.13- m technology generation
is attributed to the same reason. In the 0.13- m generation,
the low- device will dominate chip subthreshold leakage.
Fig. 11 shows the scaling of stack effect from a 0.18- m device
to a 0.13- m low- device based on device measurements
under different scaling scenarios. Since is expected to
increase due to worsening device aspect ratio and since
scaling will slow down due to related challenges [21], the
stack-effect subthreshold leakage reduction factor is expected
to increase with technology scaling. The predicted scaling of
stack-effect factor from 0.18- m to 0.06- m is depicted in
Fig. 12. This scaling nature of the stack-effect factor makes
it a powerful technique for subthreshold leakage reduction in
future technologies. In the next section, we describe a circuit
technique for taking advantage of the stack effect to reduce
subthreshold leakage at a functional block level.

B. Subthreshold Leakage Reduction Using Forced Stacks for
Logic Gates

As shown earlier, stacking of two devices that are off has
significantly reduced subthreshold leakage compared to a

Fig. 12. Prediction in the scaling of stack effect factor for two V scaling
scenarios in nominal channel length devices. V for 0.18-�m is assumed to be
1.8 V.

Fig. 13. Stack forcing and dual-V can reduce subthreshold leakage of gates
in paths that are faster than required.

single off device. However, due to the iso-input load require-
ment and due to stacking of devices, the drive current of a
forced-stack gate will be lower, resulting in increased delay. So
stack forcing can be used only for paths that are noncritical, just
like using high- devices in a dual- design. Forced-stack
gates will have slower output edge rate similar to gates with
high- devices. Fig. 13 illustrates the use of techniques that
provide delay–subthreshold-leakage tradeoff. As demonstrated
in the figure, paths that are faster than required can be slowed
down, which will result in subthreshold leakage savings. Such
tradeoffs are valid only if the resulting path still meets the
target delay. Simulation results show that the delay increases
by % for about 10 reduction in leakage by stack forcing
in the 0.13- m technology generation. By properly employing
forced stack, one can reduce standby and active subthreshold
leakage of noncritical paths even if a dual- process is
not available. This method can also be used in conjunction
with dual- . Stack forcing provides wider coverage in the
delay–subthreshold-leakage tradeoff space. Functional blocks
have naturally stacked gates such as NAND, NOR, or other
complex gates. By maximizing the number of natural stacks in
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Fig. 14. Comparing device subthreshold leakage reduction due to channel
length increase with two-stack subthreshold leakage. The channel length is
given by � � 0:18 �m. Stack subthreshold leakage is a two-stack of devices
with � = 1 and wu = wl = 1=2w. Subthreshold leakage numbers are
obtained from simulation under iso-input load.

the off state during standby by setting proper input vectors, the
standby subthreshold leakage of the functional block can be
reduced. Since it is not possible to force all natural stacks in the
functional block to be in the off state, the overall subthreshold
leakage reduction at the block level will be far less than the
stack-effect subthreshold leakage reduction possible at a single
logic gate level [16]. With stack forcing, the potential for
subthreshold leakage reduction will be higher.

C. Stack Effect Versus Channel Length Increase

It is possible to facilitate delay–subthreshold-leakage tradeoff
by increasing the channel length of devices [22] that are in non-
critical paths. To maintain iso-input load, the channel width
will have to be reduced along with the increase in the channel
length. Fig. 14 shows the mean subthreshold leakage reduc-
tion achievable by increasing the channel length. In Fig. 14, the
channel length of interest is given by m and stack sub-
threshold leakage is for a stack of two devices with of 1 and

. Subthreshold leakage calculation includes
within-die channel length variation as described in Section II.
As is clear from Fig. 14, the channel length has to be increased
to 3 that of the nominal channel length to match the mean sub-
threshold leakage of a two-stack of 0.18- m devices. The main
reason for such a large increase is attributed to the reverse short
channel effect that is present due to halo doping [21], where
reduces with increase in channel length.

Fig. 15 shows the energy–delay tradeoff of an inverter under
different configurations with fanout of 1 and iso-input load.
The simulation-based comparison clearly shows that the two-
stack configuration’s delay is less than delay due to increasing
channel length, especially when compared to iso-standby sub-
threshold leakage configuration. As summarized in
Fig. 16, of 2 has about the same delay as that of the two-stack
with of 1 but with a 2.3 higher mean subthreshold leakage.
On the other hand, of 3 provides about the same mean sub-
threshold leakage as the two-stack but with 60% higher delay.

Fig. 15. Energy–delay tradeoff of inverter under different configurations
with fanout of 1 and iso-input load. The simulation-based comparison clearly
shows that the two-stack configuration’s delay is less than increasing channel
length, especially when compared to iso-standby subthreshold leakage (� = 3)
configuration.

Fig. 16. Summary of delay–subthreshold-leakage tradeoff comparison
between two-stack and channel length.

D. Case Study

Two-stack assignment of low- transistors was applied to
a 32-bit microprocessor’s instruction decode block in 0.13- m
technology. Stack assignment was done so that the all-low-
maximum frequency of 1 GHz is preserved at 1.4 V. Switching
power of 45.9 mW at 1.4 V was also preserved since iso-input
load was maintained during stack assignment. All low- sub-
threshold leakage power was 39.1 mW. Iso-frequency stack as-
signment allowed conversion about 70% of transistor width to
two-stack, resulting in subthreshold leakage power reduction of
3 . If high- assignment instead of forced stack is used, then
about 95% of the transistor width becomes high- , resulting in
4.3 subthreshold leakage reduction. Although using high- is
more effective, the forced stack method does not need a dual
process. Additionally, if it is available it can used in conjunction
with forced stacks.

IV. CONCLUSION

We showed that threshold voltage variation not only affects
supply voltage scaling but also the accuracy of subthreshold
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leakage power prediction. Accurate subthreshold leakage
current prediction is very critical for future CMOS systems
since the subthreshold leakage power is expected to be a
significant portion of the total power due to threshold voltage
scaling. A subthreshold leakage current prediction technique
that takes into account within-die threshold voltage variation
was presented. Standby leakage measurement results from
960 samples of a 0.18- m 32-bit microprocessor verified the
model’s accuracy. A step to extend this technique to estimate
active leakage current was described. In a subthreshold leakage
dominant CMOS system, the need to identify techniques to
reduce this variation and subthreshold leakage power also be-
comes inevitable. A model based on device fundamentals that
predicted the scaling nature of stack-effect-based subthreshold
leakage reduction was presented. Device measurements
verified the model’s accuracy across different temperatures,
channel lengths, body bias values, supply voltages, and process
technologies. Measurements also demonstrate reduction in
threshold voltage variation for stacked devices compared to
nonstack devices. Using stack forcing to reduce standby and
active subthreshold leakage components was discussed and
the advantage of stack forcing over channel length increase
for delay–subthreshold-leakage tradeoff was demonstrated. A
case study for stack forcing showed 3 subthreshold leakage
reduction at the block level without reduction of the maximum
frequency of operation.
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