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Abstract:
Leakage power dissipation and parameter variations are
main topics in current research. The problem of
parameter variations leads to modified timing analysis.
Traditionally, this is done with corner-case simulations,
which are quite conservative and pessimistic
approaches. This paper proposes a new statistical static
timing analysis (SSTA) to improve performance
predictions. Furthermore, the developed SSTA and a
Dual-Vth/Dual-Tox CMOS (DTTCMOS) design technique
are combined to reduce the total leakage within designs.
Compared to traditional corner-case timing analyses the
proposed approach reduces leakage by an average of
70% for raw designs and by an average of 25% in preoptimized DTTCMOS designs.
1.

Introduction

Aggressive downscaling of CMOS devices in each
technology generation resulted in higher integration
density and performance. At the same time, parameter
variations strongly increase [1]. This resulted in
decreasing yield, which is the ratio of flawless versus all
fabricated chips. Parameter variations are divided into
intra-die and inter-die variations. Due to the latter, same
circuit might have different characteristics on different
dies. Intra-die variations mean the variations of transistor
characteristics within a single chip. The parameter
variations are based on different effects, such as
fluctuations in process parameters, temperature, or
supply voltage. These fluctuations lead to changes in
transistor characteristics, which might result in longer
delay and higher power dissipation.
Established static timing analysis is very conservative
[2]. At design time, this leads to a high effort on circuits
to achieve the desired performance. Statistical static
timing analysis (SSTA) presents a solution, which does
not guarantee 100% security that the desired timing is
reached in all cases. But, SSTA drastically reduces
timing effort at design time and the assured security is
still high. Orshansky presents a general framework for
SSTA [2]. Agarwal et. al. proposes approaches to handle
SSTA on multiple input gates [3].
Leakage represents another serious problem. It increased
exponential and has become a major contributor to total
power dissipation on chips. Today, up to 50% of IC
power dissipation is due to leakage currents [1]. The
main reason for strong increase of leakage is the
lowering of the transistor threshold voltage Vth. This is
necessary to meet desired performance because supply

voltage VDD is scaled down. As Vth is not only
proportional to delay but also to channel leakage, subthreshold current increases exponentially. In addition, in
current technologies the thickness of gate oxide
corresponds to just some atom layers. Thus, tunneling
currents through the gate increase, known as gate leakage
current. Since the last decade, the reduction of leakage
currents is a main part in low-power research, whereas a
lot of technologies where developed. A very common
solution for lowering sub-threshold leakage current is the
application of two or more device types, which
distinguish in their threshold voltage [4]. Thus, the
devices differ in performance and leakage. This Dual-Vth
CMOS (DTCMOS) design technique applies fast devices
in critical paths while slower devices with lower leakage
are used in noncritical paths. A related design technique
is the application of two transistors types, which differ in
thickness of gate oxide layer Tox [5]. This Dual-Tox
CMOS (DTOCMOS) design technique allows the
reduction of gate oxide leakage currents.
The combination of SSTA and optimization for leakage
[6] or size [7] is a new research field. Two of the main
problems are high characterization-effort for gates and
that only the variation of some parameters is observed.
The purpose of this paper is the improvement of leakage
reduction under the consideration of parameter
variations. Section 2 proposes a method to model gate
delay under several parameter variations. Section 3
presents an approach for statistical static timing analysis.
Section 4 introduces the idea of DTTCMOS design
technique and describes an algorithm which reduces the
leakage of a design for a desired yield. Simulation results
of ISCAS circuits are presented in section 5. Section 6
draws the conclusion.
2.

Modeling Variations of Gate Delay

The delay Td of a CMOS device can be modeled with
alpha-power law model as [9]:
Td =
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where, k’ is a technology constant, Vdd is the supply
voltage, Weff is the width, and Leff the effective gate
length, CL is the load, and α models the short channel
effects. The threshold voltage Vth can be modeled as:
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where, µ is the mean value and σ the standard deviation.
To model parameter variations, common approaches
vary technology or transistor parameters, which strongly
impact gate delay, like gate length Leff or gate width Weff.
Then, gate delay is described as a function of varied
parameters. This allows accurate mathematical
formulation of the problem. But, evaluation effort
increases drastically with each additional parameter.
Thus, only one or two parameters are varied in common
approaches.
The new idea is the modeling gate delay variation under
consideration of more than one or two parameters. The
demand is an easy to handle model. Thus, we choose a
Gaussian distribution description, whereas values for µ
and σ are extracted from Monte-Carlo spice simulations
of the gates. We verified the accuracy of this approach
for an inverter, based on a predictive 65nm technology
library [8]. First, Monte-Carlo spice simulations were
applied, where all parameters, which can vary, were
described with Gaussian distribution. This is used, to
approximate realistic parameter variations on a chip. We
assumed 10% variation of Leff, Weff, NDEP, Tox, T, and
Vdd for each transistor, whereas parameter variations at
each transistor are different, except T and Vdd. As the
distributions of resulted delays are similar to Gaussian
distribution, we extract expected value µ and standard
deviation σ of gate delay. Finally, we describe gate delay
as function of gate length Leff, where variance has the
same distribution as in previous simulations.
The results are depicted in figure 1. As expected, the
new model approach is much closer to approximate
realistic variations than common approaches with one
modified parameter. These results based on the behavior
of Gaussian distributions, whereas convolution of
Gaussian distributions results in new Gaussian
distributions. As evaluation of gate delay is based on
multiplication of varied parameters, the distribution of
gate delay is a convolution of Gaussian distributions.
3.

Timing Analysis

Corner-case Static Timing Analysis
The concern of worst-case static timing analysis (STA) is
the evaluation of maximum circuit performance. This
knowledge is necessary to integrate circuits into complex
design environments.
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where, T is the operating temperature, n is the subthreshold swing coefficient, Vth0 is the zero-bias
threshold voltage, Vgs is the gate-source voltage, Vbs is
the bulk-source voltage, Vds is the drain-source voltage.
DSUB and ETA0 are technology dependent drain induced
barrier lowering (DIBL) coefficients, and ETAB is a bodybias coefficient. The terms q, k, εox, and εSi correspond to
physical constants (respectively, charge on an electron,
Boltzmann’s constant, gate dielectric constants of gate
oxide and silicon). NDEP labels the channel doping
concentration, and Tox the thickness of the oxide layer.
As usual, the variation is described as Gaussian
distribution, because variations are expected to be truly
random in nature [7]:
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Figure 1: Distribution of Inverter Delay considering parameter
variations

STA can be performed at different design levels, but
analysis of gate level offers best trade-off between
evaluation time for STA and accuracy. In established
corner-case STA approaches, gate libraries with cornercase models are applied, to account for parameter
variations. At corner-case timing analysis each gate is set
to its worst-case delay value. This is followed by longest
path computation and determination of critical path
delay. Signal arrival times at the output of a gate are
estimated by adding the gate delay to the signal arrival
time at the inputs. Corner-case STA is based on
assumptions of inter-die variations only. In addition,
perfect correlation of delay response sensitivity of each
gate to variation in each parameter with all other delay
elements is assumed. But, intra-die variations cannot be
ignored in technologies with gate length below 100nm
[1]. In addition, the delay response of the different gates
is not perfectly correlated [2]. Hence, traditional cornercase STA is quite pessimistic and underestimates the
value for typical performance and overestimates the
worst-case timing behavior [3].
Statistical Static Timing Analysis
In contrast, statistical static timing analysis (SSTA)
considers intra-die variations. Gate delays are based on
probabilistic functions (see section 2). Hence, signal
arrival times are modeled as probabilistic functions. The
delay variability can be described with cumulative
probability distribution function (CDF) or probability
density function (PDF). A CDF describes the probability
that the delay is lower than a given value x. In contrast, a
PDF describes the probability that delay has the value x:
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where, σ is the standard deviation, σ² is the variance, and
µ is the expected value. As described in section 2, we
model the gate delays and data arrival times as Gaussian
distributions with expected value µ and variance σ². At
single input gates the output signal arrival times are:
μout = μgate + μin
2
σ out = σ gate
+ σin2

where, µout, µin, and µgate are the expected values of the
output and input arrival time, and gate delay,
respectively. σout, σin, and σgate are the variances of output
and input signal, and gate delay, respectively.

s( x ) =

1
⋅ ( x − μ + 1.5 ⋅ σ )
( 2 ⋅ 1.5 ⋅ σ )

This simplification of CDFs can be used to find µnew and
σnew of an approximated description of evalbegin. A
CDF(x) has the value 0.5, if x = µ. Hence, the approach
is the determination of the time instance where the
product of all input arrival time straight line
approximations is 0.5. That means the solution of:

0.5 =

input _ signals

∏
i =0

1
⋅ ( μnew − μi + 1.5 ⋅ σ i )
(3 ⋅ σ i )

As these are equations of higher order, more than one
solution is possible. If µnew is known, we calculate σnew
from the difference between µnew and the point in time
tmax, where the last signal arrives with a probability of
0.99. That means:

tmax = max( µ1 + 3σ 1 , µ2 + 3σ 2 ,..., µn + 3σ n )

σ new = ( tmax − μnew ) / 3

Hence, the approximated CDF and PDF of the evaluation
start time results from the new expected value µnew and
the new standard deviation σnew. Figures 2 depicts CDF
of input signals in1 and in2 with overlapping arrival time
probability, the resulting probability for evaluation start
time evalbegin, the new generated probability for the
evaluation start time new-evalbegin, and the approximated
straight line for CDF of the latter.
The new approach is slightly pessimistic as due to
applying straight-line multiplications, µnew is greater than

maximum µinput. Furthermore, σnew is based on σ of the
latest arriving signal, which has not the greatest µ in any
case. But, estimation of timing is much more accurate
than approaches, where behavior of multi input gates is
ignored and the effort is much lower than at library based
approaches.
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Timing Analysis on Multi Input Gates
A very common approach for evaluating output signal
arrival time at multi-input gates is the creation of tables,
which includes the results for different input signal
arrival time combination [7]. In [3], gates with multiple
inputs are divided in single input gates. Both approaches
considerably increase the complexity or require
extensive library characterization.
We assume as worst-case that a gate needs all input
signals to generate an output signal. Hence, the worstcase time for starting the gate evaluation cannot start
before the latest input signal arrived. As shown, CDF can
be used to describe the probability that a signal has
arrived. Thus, the probability that all signals have arrived
results from multiplication of all input signal arrival time
CDFs. So, at each time the currently probability is
considered for each input signal, that it has arrived. The
result is a CDF for time of evaluation start. The
estimation of this CDF can be divided into two main
cases. In the first case, the signal arrives much later than
other input signals. Then, its CDF is nearly equal to CDF
of evaluation start time. Consequently, PDF of last
arriving input signal and evaluation start time evalbegin
are nearly equal.
In the second case, overlap of inputs arrival time CDFs
has to be considered. Then, the probability function of
evaluation start time depends on different inputs. As the
purpose is a manageable calculation of CDF and PDF of
evalbegin, we simplify the complex problem by an
approximation.
We use the approximation, that the rising edge of a CDF
can be described as straight line s(x) with:

new-evalbegin-CDF

0.6

0.4

0.2

0
0

5

10

15

20

25
time [ps]

30

35

40

45

50

Figure 2: CDFs of overlapping input signals and resulting
worst-case time for start of evaluation

4.

SSTA and Leakage Reduction

DTTCMOS
The Dual Threshold CMOS (DTCMOS) design
techniques are based on the dependency of delay and
sub-threshold leakage of a gate from threshold voltage
Vth of its transistors. High Vth results in a relative long
delay and low leakage currents, while low Vth results in a
relative short delay and high leakage currents. Thus,
common DTCMOS approaches use LVT gates, which
consist of low-Vth transistors, and HVT gates, which
consist of high-Vth transistors. The purpose of DTCMOS
optimization algorithms is to increase the number of
HVT gates at constant performance. Hence, only gates in
noncritical paths will be transformed into HVT gates,
while gates in critical paths stay LVT type.
The Dual Oxide Thickness CMOS (DTOCMOS) design
techniques are similar to DTCMOS. The difference is the
varied parameter, which is gate oxide thickness Tox. Gate
delay and gate leakage current depend on this parameter
[4]. Thus, gates with thick Tox, which have low gate
leakage and long delay, are applied to noncritical paths.
On the other hand, gates with relatively thin Tox and high
gate leakage and short delay, are used in critical paths.
DTTCMOS design techniques are a combination of
gates, which consist of transistors with two different Tox
and Vth. The first resulting gate type is LVTT (low-Tox,
low-Vth), which is fast and has relatively high leakage.
The second gate type is HVTT (high-Tox, high-Vth),
which is slower and has much lower leakage. Based on
stack effect and gate leakage, total leakage of a gate
depends on the input vector [4]. Hence, total leakage of
each gate has to be characterized for all possible input
vectors.
In addition, leakage is sensitive to parameter variations.
The proposed approach models the variation of total gate
leakage in the same way as variation of the gate delay.
Thus, Gaussian distribution for total leakage for each
gate input vector with Monte-Carlo spice simulations are
determined.

Algorithm
The purpose of the proposed algorithm is the reduction
of leakage power dissipation at desired probability for
circuit delay. Therefore, the new approach is a
combination of the DTTCMOS approach and SSTA. At
first, signal probabilities are estimated. Then, the
expected average leakage Iexp,LVTT(G) of LVTT type of
each gate is taken from library. Next, the weighting delay
factor twd,HVTT(G), which is the sum of expected delay
value µHVTT (G) and variance varHVTT (G), is evaluated
for each gate. Subsequently, for each gate the weight
factor Ψ(G) is estimated. Ψ(G) is the product of the
inverse leakage Iexp,LVTT(G) and weighted delay
twd,HVTT(G) of the gate. Next, all gates are set to HVTT
type and SSTA as described in section 3. This step is
followed by detection of the critical path. In this path, the
gate with highest Ψ(G) will be transferred to LVTT type
and the new critical path will be detected. This step is
repeated until all critical paths are completely optimized.
Finally, at each gate a reordering of input signals is
performed, so that the lowest possible total leakage is
generated at the input vector with highest probability.
5.

Simulation Results

A standard cell library consisting of high-Vth and thickTox (HVTO) cells and low-Vth and thin-Tox (LVTO) cells
was created [10]. ISCAS circuits are used to benchmark
the approach. Firstly, a corner-case LVTO-cc version of
the circuits is implemented. There, the maximum
operating frequency fmax of the circuits, which consist of
LVTO cells only, results from the worst-case delays of
cells and corner-case STA. The implemented of a cornercase DTTCMOS–cc version of all circuits followed,
where the maximum frequency fmax is equal to the
corresponding LVTO-wc version of the circuits. In this
case, fmax results from worst-case of cells again. Then,
two DTTCMOS-SSTA versions of the circuits were
implemented, where fmax of LVTO-cc version is reached
by 95% and 99%, respectively. The leakage for different
design input vectors is measured and the average leakage
of all implemented versions is evaluated. Lastly, the
implementation of two DTTCMOS-SSTA versions of
the circuits followed, where fmax is reached by 95% and
99%, respectively, without any restrictions to fmax. The
results are depicted in figure 3.
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Figure 3: Results from optimizations of ISCAS circuits

As expected, the application of DTTCMOS reduces the
total leakage by 57% on average at constant
performance. In addition, depending on the improvement
by DTTCMOS, application of statistical static timing
analysis can improve the reduction of total leakage by
more than 50%. The comparison of performance of
corner-case STA and SSTA shows an average
improvement of 19% and 22% for 99% and 95%
reliability, respectively. The difference in total leakage
between circuits, where the probability of fitting desired
performance is 95% and 99% is average 2%. Thus, we
recommend the application of 99% reliability.
6.

Conclusion

This paper proposed an approach for reducing total
leakage under consideration of intra-chip parameter
variations. A pragmatic but effective method to model all
parameter variation effects on gate delay was presented.
Furthermore, the paper presented a worst-case statistical
static timing analysis (SSTA) to handle the problem of
performance underestimation. Therefore, a new approach
for estimation of statistical distribution of evaluation start
time on multi-input gates was proposed. The new SSTA
was combined with a Dual-Vth/Dual-Tox CMOS
(DTTCMOS) optimization algorithm to reduce total
design leakage. Benchmark simulations with ISCAS
designs show an average reduction of total circuit
leakage of 70% if SSTA and DTTCMOS are applied in
contrast to traditional corner-case simulated raw designs.
The total leakage of corner-case simulated and
DTTCMOS optimized designs can be reduce by an
average of 20% by application of SSTA. Furthermore,
the paper demonstrated that the difference between 95%
and 99% reliability at total leakage and performance
optimization is nearly negligible.
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