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Abstract—This paper presents a novel framework for accurate
estimation of key statistical parameters of the subthreshold- and
gate-leakage distributions of a chip under parameter variations
while considering both within-die and die-to-die variabilities in
process (P), temperature (T), and supply voltage (V). For the first
time, temperature variations and, more importantly, electrother-
mal couplings between junction (substrate or die) temperature
and leakage power have been accounted for in a full-chip leakage
estimation methodology. In the proposed framework, instead of
exact leakage distribution profile, its statistically important pa-
rameters, such as nominal value and spread, are computed. Ini-
tially, at the transistor level, a quantitative analysis of the relative
sensitivities of device leakage components to P-T-V variations
is performed to extract a transistor-level variation model. It is
shown that the proposed statistical model, as compared to others
in the literature, shows better agreement with BSIM' model-based
simulations. It is also demonstrated that failing to account for
temperature variations and electrothermal couplings can result
in significant inaccuracy in chip-level leakage estimation. Further-
more, the full-chip leakage-power distribution is used to estimate
the leakage-constrained yield under the impact of variations. The
calculations show that yield is significantly lowered due to the
within-die and die-to-die process and temperature variations.
Subsequently, the proposed framework is applied in the leakage
estimation of complex logic circuits with a consideration of spatial
correlations of process parameters and transistor stacking effects.

Index Terms—CMOS devices, leakage currents, parameter
variations, power dissipation, temperature variations, within-die
variations, yield estimation.

I. INTRODUCTION
A. Parameter Variations in Nanometer-Scale CMOS Designs

ARAMETER variation makes device and interconnect
parameters appear as statistical variables instead of de-
terministic values. Parameter fluctuations can result from dif-
ferent types of sources such as process (P), supply voltage
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Fig. 1. (a) Difference between the minimum feature size and the litho-

graphy wavelength increases in future CMOS technology generations [1].
(b) Schematic showing the impact of threshold-voltage rolloff on V;y, variation.
With technology scaling, the same amount of channel length variation (AL =
ALg) results in greater variations in the threshold voltage (AViy1 > AVipa).

(V), and temperature (T) variations. Parameter variations are
often categorized as within-die and die-to-die variations. Die-
to-die variation refers to the situation where a design parameter
varies from one die to another, while within-die variation occurs
when a design parameter is not constant across a single die.
While die-to-die variation was dominant in the past, for sub-
100-nm technologies, the impact of within-die variation has
become particularly important. This is primarily because of the
increasing gap between the minimum feature size of CMOS
devices and the lithography wavelength used for their fabri-
cation, as shown in Fig. 1(a), leading to increased variations
in lithography-dependent parameters such as channel length
[1]. Moreover, it should be noted that due to threshold-voltage
rolloff phenomenon, the threshold-voltage deviation (AV;y)
due to a constant channel length variation (AL) is higher for
smaller devices [Fig. 1(b)]. As a result, the impact of channel
length variation becomes more severe in scaled technologies.
In general, process variations can arise because of photography
proximity effects, mask/lens/photo system deviations, plasma
etch dependences, or even chemical-mechanical polishing used
for planarization of various layers at the backend, including
metal (Cu) layers.

Parameter variations can also be categorized as either corre-
lated or uncorrelated (or random). Correlated variations refer
to situations where parameters of two identical devices vary
depending on their spatial proximity on the die, while un-
correlated variations imply that corresponding parameters for
two identical devices are statistically independent, irrespective
of their location on the die (such as V;;, variation due to
random dopant fluctuations or line-edge roughness). It should
be noted that the impact of random variations is more dominant
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Fig. 2. () Supply voltage (Vgq), threshold voltage (V;y, ), and oxide thick-

ness (tox) scaling predicted by the ITRS [3]. (b) Subthreshold and gate
leakages predicted by the ITRS for NMOS devices at different technology
nodes [3].

in minimum-sized devices. Larger W/L transistors (such as
those used in this paper) are relatively insensitive to random
variations. Therefore, only the correlated variations are consid-
ered in this paper.

Additionally, environmental variations such as variations in
temperature or supply voltage can also be severe in nanoscaled
high-performance ICs. Temperature variations arise mainly
due to uneven levels of activity in different parts of a high-
performance microprocessor chip, such as low-activity caches
and high-speed and high-activity execution cores. In addition,
sleep modes of functional blocks and low-power design tech-
niques, such as dynamic power management and clock/power
gating, can also result in temperature variations [2]. Further-
more, there could be supply voltage variations due to different
sets of gate switching in different clock cycles resulting in time-
varying currents on the power and ground lines, or simply due
to resistive power supply lines, which give rise to Ldi/dt and
IR drops, respectively. In this paper, all variations, including
supply voltage, are assumed to be only due to static sources.
Any dynamic or time-dependent variations are outside the
scope of this paper.

B. Implications of Scaling and Parameter
Variations for Leakage

Aggressive scaling trends in CMOS technology require
lower threshold voltage and thinner gate oxide. Fig. 2(a) shows
the ITRS-predicted scaling scenario for important circuit and
device parameters such as supply voltage (V4q), threshold volt-
age (Vin), and oxide thickness (fox) [3]. To reduce switching
(dynamic) power consumption and maintain gate-oxide relia-
bility, supply voltage must be scaled down, and as a result,
threshold voltage must also be lowered to maintain acceptable
drive currents. On the other hand, thinner gate oxide is needed
to maintain control of gate over the channel under short channel
effects. This, however, increases direct-tunneling-induced leak-
age through the thin gate-oxide layer.

There are several different leakage mechanisms in CMOS
circuits such as subthreshold, gate, and band-to-band-tunneling
(BTBT); however, as the simulation results in Fig. 3 for NMOS
and PMOS devices in a 90-nm technology suggest, subthresh-
old and gate leakages are the two most important components.
In this figure, the Y-axis is plotted in a logarithmic scale;
therefore, the BTBT leakage component is at least one order
of magnitude lower than the other two mechanisms, and thus, it
has been neglected in this paper.
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Fig. 4. (a) Thermal map of Montecito processor [4], [5]. Montecito is a

90-nm Itanium processor family microprocessor. It has two logic cores, 24 MB
of L3 cache, 1.7-billion transistors, and a 100-W power envelope. (b) Variation
in leakage power versus frequency for 130-nm technology (Courtesy: S. Borkar,
Intel).

Both the subthreshold and gate leakages dramatically in-
crease according to the ITRS predictions, which are shown
in Fig. 2(b). It should be noted that due to the exponential
dependence of the subthreshold and gate leakages on threshold
voltage and oxide thickness, respectively, the leakage sharply
rises for sub-45-nm feature-size devices. Note that, in Fig. 2(b),
the subthreshold and gate leakages are plotted using two sepa-
rate Y -axes with different units; therefore, this figure does not
show a comparison between the subthreshold- and gate-leakage
mechanisms.

As will be discussed in the following sections, subthreshold
leakage is a strong function of channel length, oxide thickness,
supply voltage, and temperature. In addition, gate leakage
depends on gate oxide thickness, channel length, and supply-
voltage level. Therefore, variation in leakage can occur due to
a fluctuation of each of these variables, which become more
severe in sub-100-nm regimes. Moreover, temperature variation
across microprocessor chips is an important concern even with
the introduction of multicore processors. In Fig. 4(a), the tem-
perature profile of a dual-core microprocessor called Montecito
is shown [4], [5]. This microprocessor has been reported to have
a temperature gradient of greater than 25 °C between (lightly
shaded) cool and (dark) hot areas. Such temperature gradients
lead to higher subthreshold leakage in those areas, which, in
turn, increases within-die temperature variations.

Because of the combined impact of scaling and increasing
parameter variations, leakage-power variation significantly in-
creases and has been reported to have a 5x variation for a
130-nm CMOS technology, as shown in Fig. 4(b). Thus, design-
ing with the worst case leakage values may result in excessive
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guard banding, while underestimating the leakage might result
in highly optimistic designs. Therefore, in the present scenario,
a probabilistic modeling is more meaningful in comparison to
a deterministic analysis. Additionally, due to a 5x increase
of total leakage power in every generation [6], the design
constraint due to the leakage power may soon limit the yield.
Therefore, it is critical to develop a probabilistic framework
to accurately estimate the full-chip subthreshold- and gate-
leakage power distributions under the P-T—V variations, which
can be subsequently used to accurately estimate the yield.
Furthermore, a quantitative analysis of the relative sensitivities
of leakage to the P-T-V variations is highly desirable so that
relevant variations can be targeted to improve the yield.

C. Prior Work

Although existing work [7] has successfully quantified the
impact of parameter variations on performance, there is no
known work that has sufficiently described the combined ef-
fects of P-T-V variations on leakage power. Su et al. [8]
estimated a full-chip leakage considering uneven voltage drop
and uneven temperature, but it is not a probabilistic approach
and, hence, cannot be used to estimate the yield. Rao et al. [9]
studied the impact of channel length variations on subthreshold
leakage, but their analysis is based on an empirical relationship
between the leakage and the channel length. Moreover, their
analysis cannot be easily extended to other variations such as
oxide thickness or temperature since that would first require
an empirical and invertible relationship between the leakage
and the oxide thickness or the temperature. Although, the
work presented in [10]-[12] developed statistical models to
estimate leakage under variations, they do not account for the
combined effects of the within-die and die-to-die P-T-V varia-
tions. For instance, Narendra et al. [11] analyzed the impact of
only within-die V;y, variation on subthreshold leakage, whereas
Mukhopadhyay and Roy [10] analyzed the sensitivity of various
leakage components to only within-die process and voltage
variations. Srivastava et al. [12] analyzed just the impact of
within-die process variations. In addition, due to the approxi-
mations involved, these analyses are inaccurate when compared
to the simulations based on BSIM models, as will be discussed
later in this paper. Moreover, these models cannot be used to es-
timate the yield since they do not provide the probability distri-
bution function of leakage power. Recently, Agarwal et al. [13],
Srivastava et al. [14], and Hongliang and Sapatnekar [15] have
presented leakage estimation methodologies under variations;
however, none of them has considered the impact of tempera-
ture variations on leakage or taken the strong coupling between
the leakage and the temperature into consideration.

Temperature variation and electrothermal couplings between
subthreshold leakage current and junction temperature were
addressed by Zhang ef al. [16]. It was shown that for accurate
estimation of leakage, it is critical to consider the die-to-die
temperature variations and electrothermal couplings, and if
ignored, as done in previous works [10]-[15], it would result
in a significant error. However, in [16], gate leakage, stacking
effects, and spatial correlation of parameters are not taken into
account.
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TABLE 1
SUMMARY OF LITERATURE SURVEY ON LEAKAGE
ESTIMATION UNDER VARIATIONS

[8] [9] [10] [11] [12] [13] [14] [15]

Temperature g : ‘: Q = c c @
suplyvolage @ @ & S @ S S &
Process

variation 0 a 0 @ a & @ 0
Gate leakage : = @ @ 0 & 0 &
Stacking effect : @ : @ = & @ &

Spatial fes

correlation @ a @ = - = = 0
El h 1

°§§;’;ﬁf;;“a 9SS
0Considercd Q Not considered

Table I summarizes the existing works in the literature in
terms of different aspects that were included in each paper.
As shown, there is no comprehensive work that considers all
aspects of leakage estimation under variations. In this paper, all
key aspects have been considered for accurate leakage-power
estimation under parameter variations.

D. This Work

A probabilistic framework that is used to analyze the im-
pact of both the within-die and die-to-die P-T-V variations
on the subthreshold- and gate-leakage powers for sub-100-nm
CMOS technologies has been introduced. For the first time,
electrothermal couplings between the subthreshold leakage and
the temperature have been correctly incorporated in a leakage
estimation methodology. Previous works have ignored this im-
portant phenomenon, resulting in a significant estimation error.

This paper is focused on the subthreshold and gate leakages
since they are the most dominant components of total leakage in
high-performance ICs. The analytical models presented under
this framework are compared to the detailed BSIM models
and are found to be more accurate than the existing statistical
models [10]-[12] (as discussed in Section III). Furthermore,
the full-chip leakage-power distribution is subsequently used
to estimate the leakage-constrained yield under the impact of
these variations.

In this paper, there are certain assumptions that have been
made to simplify the analysis. The foremost assumption is that
some of the parameters that can vary, such as channel length,
oxide thickness, supply voltage, and temperature, are indepen-
dent. Any correlation that might exist among these parameters
has been ignored. At the same time, the correlation between
most of these parameters is expected to be negligible, since they
are determined at different steps of a typical IC manufacturing
process (for instance, oxide thickness and channel length).
However, there might be strong couplings between temperature
and other parameters (through leakage power), and that has
been accounted for by self-consistently evaluating power and
junction temperature (see Section V).

This paper is organized as follows. In Section II, a statistical
framework that is used to analyze the impact of single- and
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Fig. 5. Schematic indicating different statistical variables corresponding to
probability density distributions of input (x) and output (y) random variables.

multiparameter variations is presented. This framework is then
used to study the impact of within-die variations on the
subthreshold and gate leakages in Sections III and IV, respec-
tively. In Section V, the proposed methodology is used to esti-
mate leakage under die-to-die variations. Section VI addresses
the leakage-constrained yield estimation under the impact of
variations. The new methodology is applied to estimate leak-
age of some complex benchmark circuits while accounting
for within-die correlations and stacking effect in Section VII.
Finally, concluding remarks are made in Section VIIIL.

II. STATISTICAL FRAMEWORK FORMULATION

The electrical performance of a circuit is a function of envi-
ronmental factors, such as supply voltage (V44), temperature
(T), etc., and physical parameters, such as channel length
(L), oxide thickness (t.y), etc. This dependence of electrical
performance (y) can be represented by y = g(z1, z2,...,Zn),
where x1,29,...,x, are random variables representing the
aforementioned parameters.

Fig. 5 shows the relationship between different parameters
of input and output probability distributions. Here, the single
random variable = represents an independent input parameter
(such as channel length), and y = g(x) is the dependent output
random variable (such as subthreshold leakage). It should be
noted that in actual situations, the output variable is a function
of multiple independent variables. The mean and standard
deviation of random variable x are labeled as u, and o,
respectively. The nominal value (7,), mean value (i, ), and
variance (O'y) of y, which are also indicated in Fig. 5, can be
expressed as follows:

My =9(Ma:1,u127-~-7uxn) (1)

max

oy = / / g(z1,z2,...,2p)
mmln mln
X p(x1,X9, ..., &y)dey ... dey, 2)
max Tﬂax
2 2
o, = / / (g(z1,22,...,20) — py)
xp(xl,xg,...,xn)dxl...dxn. 3)
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TABLE 1I
EQUATIONS USED IN ESTIMATION OF DELTA FOR DIFFERENT FUNCTIONS

Y=g(x) Delta ((5y)
ﬂi 252
yI:Ae H 5}/1%6 2 1
PR B2s?
Yy =—e 5, ~(1+p5%)e 2 -1
x r2
A 8
V3= e # Sy, ~(1+2x5%)e 2 ~1
X K2S
2 N ; 2y, 2
Ax e 2 é‘,4 ~ (1—2’(15 )e —1

In the aforementioned equations, fiz1, {22, .-, fhen TEP-
resent the mean, and p(z1,zs,...,z,) represents the joint
probability density function (pdf) of random variables
Z1,%9,...,Ty,. In addition to the aforementioned parameters,
delta (d,) and spread (S, ) values of y are defined as

5y:#y_ny

and S? =
My Y

“4)

Sm‘tdqm

The parameter delta (4,,) indicates a normalized increase in
y, while spread (.S,) indicates a normalized variance of y. The
analysis presented in this paper assumes Gaussian distributions
for x1, x2, . .., x, which is supported by experimental observa-
tions [17]. In the next section, first, a mathematical framework
to model the fluctuations in y under Gaussian variation of a
single parameter is presented. Then, four different functions
(Y1, Y2, Y3, and y4) relevant to this paper have been analyzed
under this framework (Table II). Subsequently, a framework to
extend this methodology for independent multivariant Gaussian
parameter variations is presented.

A. Single Gaussian Parameter Variation

Given a function y = g(x), the mean of y can be
expressed as

—+o00

Ky = /g(x)fuz,oz(x)dx (5)
—0o0
where f,;, o, (x), fiz, and o, represent the pdf, the mean, and

the variance of z, respectively. Applying Taylor’s theorem, one
arrives at

+0o0
Hy = Z A /(z — 12)" frup 0. (T)d. (6)
n=0 %

Considering the fact that odd terms (n = 2k + 1) inside the
integral vanish to zero and 7, = g(pz), (6) can be simplified as

T (2k) 2k)
_ 9" (1) 5 9 o2k
=2 oy y*z S o
k=0
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By neglecting higher order terms in (7) and preserving only
first two terms, one arrives at

_ 1" 2 g2

Ny 9(pe) 2

From the aforementioned equation, it can be observed that
the sign of J, depends on the second derivative of g(z). A
positive delta (J, ) indicates an average increase in the parame-
ter y. Table II lists delta (d,) for two different functions
y1 = ¢1(x) and y5 = go(z) that will be used in the estimation
of subthreshold leakage. For these functions, delta (4,) was
calculated using (9) and (10). Note that parameters y and S
without subscript are used for simplicity and refer to statistical
variables of input, i.e., u; and S,, respectively. Details of the
derivation are shown in the Appendix.

5252

by, =€ 7 —1 9)

52 32

by, = (1 +5%)e

—1. (10)

In a similar way, delta (J,) can be derived for two other
functions y3 = g3(z) and y4 = g4(x), which will be used in
gate leakage estimation in Section IV. Table II shows these
two functions along with their corresponding delta approxi-
mations obtained from analytical calculations. Note that all
these approximations are only valid within 30 range around the
mean value. In addition, it should be noted that integrating the
functions yo(x) and ys(x) from —oo to 400 is not feasible due
to the 1/x factor that goes to infinity when = = 0. However,
since x = 0 is outside the region of interest (we are interested
only in positive values of different parameters), this does not
affect the mathematical framework.

B. Multiple Gaussian Parameter Variation

In a manufacturing process, process variations can be ex-
pressed in terms of variations in multiple parameters (e.g.,
channel length, gate oxide thickness, supply voltage, and tem-
perature). If these parameters are determined at different steps
of the manufacturing process, they can be assumed to be statisti-
cally independent [17]. In that case, it can be assumed that these
Gaussian variables are perfectly uncorrelated. If the function
y = g(x1,x9,...,2,) can be expressed in a variable separable
form, expression for d, can be easily evaluated. For instance,
if y can be expressed as a product of individual functions

g; (1‘7), i.e.,

n

y=[]oi(x:), then g, ="""v, (11)
. D
=1

Y

Since z1, x2, . . ., ¥, are independent, one arrives at

5. = Hartigs - Hgy = 91(Ha1)g2(Bas) - - g (Ha, )
. 91(112,)92 (115 - - - G (ptac,,)
(12)
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() () ()

= Oy =[(1+3dg,)(1+0dg,) (L +3g,)] =1
= §,= lH(Hégi) -1 (13)
=1

where 4 represents the spread of leakage due to g;(z;)
only. pg; and fiz; represent the mean values of g;(x;) and
x;, respectively (i = 1,2,...,n). Equation (13) will be used
in Section III to calculate J,, under multivariable parameter
variations.

III. ANALYSIS OF SUBTHRESHOLD LEAKAGE UNDER
WITHIN-DIE PARAMETER VARIATIONS

A. Calculation of Delta for Subthreshold Leakage

Subthreshold leakage current for a MOSFET can be modeled
as [18]

Iorr = Igs
W. Vgs—Vy _ Vi
— e Co s M (m — Ve 5 (1 - )
eff
I/Ve Vgs— Vi
~lLop e T (14)
[S)
where
V 5siq‘Z\/va/4\IjB
= 1 —_—mmm
me=ltTTa,
and

_Vas
ISO = Meﬁcox(m - I)V’J%(l —e Vr )

Here, peog is the effective mobility, Cyx is the gate-oxide
capacitance, L¢g is the effective channel length, Weg is the
effective width, Vr is the thermal voltage, IV, is the channel
doping concentration, g is the charge of electron, eg; is the
permittivity of silicon, and g is the difference between Fermi
potential and intrinsic potential.

Since jiog and Vo are proportional to T~ !+® and T, respec-
tively, Iso in (14) can essentially assumed to be temperature
independent [18]. In other words, it can be regarded as a
technology parameter, which is independent of device param-
eters such as effective channel length, supply voltage, and
temperature. The temperature dependence for Iy and Iopp was
estimated using BSIM3 equations and is shown in Fig. 6. Here,
the values are normalized to their respective values at 300 K.
It can be clearly observed that I, is relatively independent of
temperature and, hence, assumed to be constant in this paper.
It should be noted that the power of the exponential term in
(14) is a function of temperature both due to the temperature
dependence of the threshold voltage V;}, and the thermal voltage
Vr = kT/q. However, since Vs — Vi, > Vip, the impact of Vi
variation becomes negligible and Iorr increases exponentially
with temperature [19]. Nonetheless, to obtain more accurate
results, it is possible to account for the impact of V- variation
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by using a Taylor approximation for the 1/T term of Vp
in a fashion similar to the approaches that will be explained
in Section IV for gate leakage estimation under Vg and ¢«
variations.

Now, for small variations in channel length, threshold voltage
(Vin) can be assumed to be linear around the nominal value of
channel length (7.¢) and can be expressed as

ALcg
Vin = HVin — ﬁLeffiﬁ -mVr

Lese

5)

where iy, is the mean value of threshold voltage,
ALeg = Npet — Lest, and Breg is a constant for a device
(NMOS/PMOS) defined as

ML AVin
= ) 16
Bree = 1V dLon (16)
By using (14)—(16), one can write
A Letf
Igs = ¢ P where
Leff
Vgs—lbvt 0
A=T Weg-e 7V Presr (17)

The result from Table II can now be applied to calculate delta
(614s) of leakage due to Leg variation as

2

9 BLeff
Or,, ~ (1 + Bl - SLSH) e 2

2
Legs — |

(18)

where Spg is the spread in channel length. Thus, using (18),
increase in subthreshold leakage current due to the within-die
channel length variations can be easily calculated. The only
unknown in (18), [res, which is a critical parameter, will
be estimated in the next section. The model presented above
for calculating the subthreshold-leakage increase is simple but
accurate since 3z is estimated from the BSIM models.

B. Calculation of 3

Analytically, Brg can be calculated using (16). The calcu-
lation of (3 for other variables such as T, t.,, and V3q can also
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be done using equations similar to (16). The threshold voltage
(Vin) in (16) can be expressed as [20]

‘/th = ‘/thO + A‘/th(BC)])Y)
+ AVi, (HALO) — AViy (SCE, DIBL).  (19)
In this formula, AV;,(BODY), AV;,(HALO), and
AV;»(SCE,DIBL) are changes in threshold voltage from its
original value (Viy,0) due to body bias, pocket (Halo) implant,
and short channel effects, including drain-induced barrier
lowering (DIBL), respectively. The fringe-field and narrow-
width effects have been ignored in (19). Vertical nonuniform
doping (retrograde doping) is used to increase the threshold
voltage, and it is considered within V;p0. AV, (BODY) and
AV, (HALO) are independent of effective channel length,
whereas AV, (SCE, DIBL) is exponentially dependent on the
channel length

AViy(SCE, DIBL)
= [2(Vi — ®,) + Vs] - <6Tff T 26%) (20)

where V4,; is the built-in voltage of the source/drain junctions,
L, represents the characteristic length of the device, and ®¢
is the Fermi potential. Because of an exponential dependence
of d7,, on 3, the value of 3 is critical, and hence, BSIM
equations are used to obtain an accurate estimate of 3. Berkeley
Predictive Technology Model (BPTM) parameters [21] and
BSIM3.2 modeling equations [20] are first used to calculate
Vin as a function of L.g, and then, (16) is used to evaluate
OLeft- In a similar fashion, 3 values corresponding to threshold-
voltage fluctuation due to temperature, oxide thickness, and
supply voltage variations are calculated using (16) by replacing
Leg with one of the aforementioned parameters. Results are
shown in Fig. 7, where Breq, Or, Box, and (y,, are differ-
ent 3 values measured under variations of effective channel
length, temperature, oxide thickness, and supply voltage, re-
spectively. It can be observed that 3 values vary over a small
range; hence, the BSIM equations are used to calculate dy,_
as a function of effective channel length (or other parameters)
spread, which is then curve-fitted with (18) to calculate an



2936

average value of 8. Curve fitting allows us to consider the fact
that 3 is slightly higher when the effective channel length is
shorter than the nominal value and that the transistors with
shorter effective channel length contribute more to total leakage
than the transistors with longer effective channel length. In
the aforementioned analysis, the BPTM parameters for 100
nm (Vgs =12V, Thom = 300 K, and L.g = 60 nm) have
been used.

Since [ is the slope of threshold voltage with respect to pa-
rameters such as channel length, oxide thickness, temperature,
and supply voltage, it represents the sensitivity of threshold
voltage to these parameters. From Fig. 7, it can be observed
that 3 for channel length is positive, since larger channel length
increases the threshold voltage. In addition, this parameter
decreases with an increasing channel length, and therefore,
threshold voltage becomes less and less sensitive to channel
length for longer channel devices. (3 for temperature is negative
since increasing temperature reduces the threshold voltage, and
thus, a lower gate voltage is required to turn ON a transistor. The
absolute value of 3 decreases with an increasing temperature,
implying that the threshold voltage becomes less and less sen-
sitive at higher temperatures. (§ for oxide thickness is negative
because decreasing oxide thickness increases gate capacitance,
and hence, lower gate voltage is required to invert the channel.
[ for supply voltage is negative since increasing voltage at the
drain lowers the threshold voltage because of DIBL.

In summary, it is shown in this section that calculating
[ through the aforementioned methodology and inserting its
value in (18) give results that are similar to those predicted
by the BSIM models. Although it might be time consuming to
extract the values of (3, it is important to note that the values
of 3 (for each parameter) need to be extracted only once for
a particular technology node. Once evaluated, (18) provides an
analytical equation to estimate the subthreshold leakage given
the variation in channel length (or another parameter). Since
the proposed approach is much faster than the traditional Monte
Carlo analysis, it provides circuit designers with a simple and,
yet, accurate statistical model for the estimation of subthreshold
leakage.

C. Comparison With Existing Statistical Models

In this section, the results obtained under the proposed
framework are compared with those obtained from the existing
statistical models [11], [12] and the BSIM models. Equations
(21) and (22) are used to calculate the subthreshold-leakage
increase based on the BSIM model, which assumes Gaussian
variation for channel length [1]

pu+3o —(L-w)2

o ) Isus(L): e 2® dL
by, = 1% —1 Q@
fas Isus (i)
where
pn+30
! / A 22)
a = e 20 .
V2ro 8
n—3c
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TABLE III
COMPARISON WITH THE EXISTING STATISTICAL MODELS
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Fig. 8. Percentage increase in leakage plotted for different values of Sy ,cf, as
predicted by different models (Narendra ef al. [11] and Srivastava et al. [12])
for the (a) NMOS and (b) PMOS devices.

In the aforementioned equation, Isyp (L) is the subthreshold
leakage current estimated using the BSIM equations. p and o
are the mean and variance of channel length. In this paper,
BSIM3.2 equations are exported into MATLAB software so
that different mathematical expressions (such as for the [
parameters) can be easily calculated based on BSIM.

Table III summarizes the increase in subthreshold leakage
predicted by both the proposed and existing models [11], [12].
Fig. 8(a) and (b) plots the percentage increase in subthreshold
leakage as a function of spread in channel length for NMOS
and PMOS, respectively. In addition, the increase in leakage
estimated by BSIM models is plotted. It can be observed that
the proposed model compares well with the results from BSIM
model in the region of interest. On the other hand, the model in
the paper by Narendra et al. [11] underestimates the increase in
leakage since it neglects the 1/ Log prefactor in (17). The model
in the paper by Srivastava et al. [12] overestimates the leakage
since it uses a Taylor series approximation for the calculation
of the mean. It should be noted that since curve-fitted values
of § are used while comparing [11], results obtained under
[11] will appear even worse if nominal values of 3 are used.
This is because, the curve fitting of 3 allows us to consider the
variations in 4 which have been ignored in [11] and [12]. The
model presented in [10] involves a large number of parameters,
and unlike (18), the expressions derived in [10] do not give
a clear insight on the impact of variations on leakage. For
instance, (18) clearly shows that variations result in an increase
in leakage, which cannot be easily discerned in [10].

The subthreshold leakage for PMOS transistors has stronger
dependence on the channel length variation as compared to the
NMOS transistors, as shown in Fig. 8. This is because of the
fact that NMOS has a § of 5.2 as compared to a (3 of ten for
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(b)
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Fig. 9. (a) (3 values for different within-die variations for NMOS and PMOS
for 90-nm devices at 300 K. (b) 01, for leakage contributed by different within-
die variations for NMOS and PMOS at 300 K.

PMOS at the 100-nm technology node. This is due to a steeper
Vin rolloff for PMOS than for NMOS [20].

D. Considering All Within-Die Variations

In addition to the within-die channel length variation, now,
assuming to be statistically independent, within-die gate oxide
thickness (tox), supply voltage (Vgq), and temperature (7°)
variations are taken into account. Considering these variations,
(14) can be rewritten as follows:

Vas—Vin ALepr AX
Weg g'mth “BlLoge Torr Z ﬁXT
IdS — 8076 X:r.v.
Leff
Vas—Vin 1 —pp . Skt AX
- T —Bx =
=TI, 0Wege Vr (Lffe Lot H (e )
e

(23)

Here, X : r.v. represents the random variable for different
parameters (such as ¢y, T, and Vyq), and X stands for the nom-
inal value of the corresponding X . In addition, A X denotes the
difference between X and X, and (Bx is a constant defined in
(24). Here, again, threshold voltage (V4y,) is assumed to vary
linearly around the nominal value of X

X dV
o mVy dX

X (24)

By using (13), one can calculate the delta (4) of the leakage
current as

2

Plog oo B3
5Ids% (1+/8Leff.s%/cff)e 2 SLS“ H(eszi)_l
X:r.v.

32

[Leff 2 83
R4+ 0L S3 e F Trar—14 Y (e 5%—1). (25)
X:r.v.

According to the ITRS [3], the effective channel length
spread and the gate oxide thickness spread are projected to
stay at 30 = 10% and 3%, respectively. From [8], one can
obtain an estimation of within-die supply voltage and within-
die temperature variations, and choose supply-voltage spread
to be 30 = 5% and temperature spread to be 30 = 3% (3o
corresponds to 12 K variation at a nominal value of 300 K).
Assuming these variations, Fig. 9(a) and (b) plots the 3 and
01,. values for NMOS as well as PMOS devices. /3 values are
evaluated as discussed in Section I1I-B.
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Note that threshold voltage is dependent on the supply volt-
age variations through body effect and DIBL. It can be observed
that the impact of channel length and temperature variations
is much greater than other variations. However, it is apparent
from (25) that all of those variations serve to increase the
total subthreshold leakage. In this analysis, it is assumed (for
simplicity) that within-die temperature variation is independent
of other within-die variations.

IV. ANALYSIS OF GATE LEAKAGE UNDER WITHIN-DIE
PARAMETER VARIATIONS

A. Calculation of Delta for Gate Leakage

Gate leakage current per unit area for a MOSFET device can
be modeled as [18]

1-(1-Vaa/60x)%/2)

s [,
Igate:WLeﬁAg(tdd> e .

(26)

Oox

where ¢, is the barrier height of tunneling electron, W is the
width of the device, Leg is the effective channel length, and A,
and B, are the physical parameters. Due to their wider range
of variation, Leg, tox, and Vyq are the three dominant sources
of variation for gate leakage current. Assuming all parameters
to be constant other than L.g, gate leakage becomes linearly
proportional to Leg. On the other hand, from (4), one can easily
derive that for any linear function, spread of output variable
(Sy) is equal to the spread of input variable (S,). Therefore,
one can conclude that a particular Leg variation (for example,
Sy = 10%) results in the same amount of fluctuation in gate
leakage (S, = 10%) because of the linear relationship between
the gate leakage and the channel length. Therefore, it is easy
to calculate the impact of channel length variation on gate
leakage, and there is no need for analytical approximations.
However, the dependence of gate leakage on tox and Vyq is
more complicated. To model the impact of oxide thickness and
power supply voltage fluctuations, one can notice that assuming
Leg and Vyq to be constant and = = t.,, (26) can be written
in the general form of ys(x) presented in Table II. Therefore,
gate leakage deviation due to ¢,y fluctuation can be easily
calculated from the formula given for dy3, where x denotes the
sensitivity of the exponential term in (26) to the oxide thickness
variations. This exponential term (neglecting its negative sign)
is represented by « in

Bg (l - (1 - Vdd/¢ox)3/2)
Vad

a= tox- 27

For small range of ¢,y variation (At.x), o can be rewritten
as (28), where @ is the nominal value of « at the nominal oxide
thickness (fox), and Koy denotes the sensitivity of « to the
oxide thickness variations

a=a+ K, (28)
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By using (26), (27), and (28), one arrives at

1)* -
Igatc =C (tox> &

C= WLefng(Vdd)2efa.

(29)

Therefore, assuming that spread of ¢,y is given by Sioy, the
gate leakage variation (07,,,.) due to oxide thickness fluctua-
tions can be modeled as

.2

~ (1 + 2Ky, - Stix) 6”20x Sl — 1

o1 (30)

gate

where ko denotes the sensitivity of the exponential term in
(26) to the oxide thickness variations. Procedure to model gate
leakage variation due to V4 fluctuations is almost similar. The
only difference is that the power of the exponential function in
(26) is not a linear function of V4; therefore, in order to be able
to use the formulas presented in Table II, Taylor approximation
is required to convert it to an appropriate linear form. To do so,
it is assumed that for small variations in supply voltage (AVgq),
(27) can be estimated by the first-order Taylor approximation
around its nominal value (@) and can be expressed as

AVyq
Vaa

a=a-+ Ky, " 31D
where @ is the nominal value of « at the nominal supply voltage
(Vaa), and AVyq denotes the variations in supply voltage. By
using (26), (27), and (31), one arrives at

2 7“Vdd'A7Vde
Igate = DVdde dd 5

where D =
(32)

It is now possible to apply the result from Table II and
calculate the deviation of gate leakage (dy,,,.) due to the Vyq
variation. By assuming that the spread of Vqgq is given by Sy,
the gate leakage variation can be modeled as

w2

Vad .S

Sppe ~ (1= 260, 52 Ye 2 Vaa =1 (33)

gate

where ky,, denotes the sensitivity of the exponential term in
(26) to power supply variations.

B. Calculation of k

Unlike the calculation of (3 in case of subthreshold leakage,
due to the complexity of equations, it is difficult to calculate
 analytically. Therefore, to find out accurate values for kv,
and k+ox, Which are the sensitivity parameters of gate leakage
with respect to supply voltage and oxide thickness fluctuations,
curve fitting has been used. Simulation using the BSIM models
has been employed as the reference model in the curve fitting.
It should be noted that once ky,, and k:ox are obtained for a
particular technology node, they can be used for the rest of the
modeling and analysis procedure without the need for further
curve fitting. In Fig. 10(a), sensitivity parameters are presented
for the gate leakage estimation of NMOS and PMOS devices in
a 90-nm technology node. From Fig. 10(a), it can be observed
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Fig. 10. (a) x values for different within-die variations for NMOS and PMOS
for 90-nm device at 300 K. The x value corresponding to the channel length
variation is equal to one (as explained in the text) and is not shown here.
(b) d1gate for leakage contributed by different within-die variations for NMOS
and PMOS at 300 K.

that ky,, is negative since higher supply voltage increases gate
leakage and that x40« iS positive since thinner oxide results in
higher leakage. Note that the behavior of & is opposite to that
of B (in Section III-A) due to the different factors (—1 or +1)
that have been chosen in (15) and (28) or (31), respectively.
Fig. 10(b) shows that channel length and oxide thickness are
the dominant parameters affecting the delta of gate leakage.

V. ANALYSIS OF LEAKAGE UNDER DIE-TO-DIE
PARAMETER VARIATIONS

Die-to-die variations include die-to-die channel length, tem-
perature and voltage variations. For the purpose of yield estima-
tion, ICs are generally screened, assuming a worst case supply
voltage. Moreover, nowadays, state-of-the-art voltage regula-
tors are relatively insensitive to the drawn current. Therefore,
one can neglect the die-to-die voltage variations in the proposed
analysis. On the other hand, die-to-die average temperature
variations are a function of total chip power and correlate
strongly to the within-die process variations such as within-
die channel length variations. Therefore, the total chip power
and the die temperature are self-consistently calculated, as
introduced in [22], to study the impact of die-to-die tempera-
ture variations. Die-to-die channel length variations are taken
into account by varying the mean value of channel length.
To illustrate how die-to-die and within-die variations impact
the subthreshold leakage distribution, the leakage distribution
using both the BSIM3.2 and the analytical models is calculated
for three cases. In case 1, only the most significant die-to-
die process variation, i.e., effective channel length variation
(30 = 5%), is considered. Equations (34) and (35) are used to
calculate the leakage using the BSIM models and the analytical
calculations

uLeff - 3Udie*t0*die7Leff‘
< Lot <ULy +30die—to—die, Logs
Iteax,BsM (Letr)

=W, - Isug,n(Lett) + Wy - Isu p(Lett) (34)
Ichak,Ana(chf)
:IlLeak,Ana,n(Leff) + IlLeak,Ana,p(Leff)
A, pr, Lett Ap  Brog, 7L
—W, n Ty LW, . P effp Loge |
Legr P Leg
(35)
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In the aforementioned equations Isyg,, and Isup,, are the
subthreshold currents calculated through the BSIM. Equation
(35) is based on (23). Moreover, Ii1,cak,BsiM and Ii1ecak,Ana
refer to the leakage currents calculated for case 1 using the
BSIM and the proposed model, respectively. In case 2, apart
from die-to-die channel length variations, within-die variations
are also considered. Among the within-die variations, only the
channel length and temperature variations are considered since
they are more significant [Fig. 9(a)]. Ten percent of within-
die variations on top of die-to-die variations are considered.
Equations (36) and (37) are used for the BSIM and analytical
calculations

It eax,BsM (Left)

=Wy - Ln(Legt) + Wy - Iy(Lesr) 36)
IQLeak,Ana,n
2
= ILeak,Anan (1 + Brog., - Swithinfdie,Leff)
82 N 52
% (e Llefy Sevithiu—die.chf .eﬁTTSiithin—dic,T)
IZLeak,Ana(Leff)
= IZLeak,Ana,n(Leff) + I2Leak,Ana,p(Lef‘f)~ (37)

In the aforementioned equations, I,(Leg) and Ip,(Leg) are
the subthreshold currents for NMOS and PMOS devices which
are calculated using the BSIM models assuming Gaussian
distribution for channel length and temperature. Iorcak,Ana,p
which represents analytically estimated leakage current for
PMOS, is calculated in a similar way as Iop.cak, Ana,n- 10 case 3,
die-to-die temperature variations, apart from other variations,
are also included. Die-to-die temperature variations arise be-
cause of the couplings involved between power dissipation and
die temperature. These couplings are taken into account by self-
consistently evaluating the temperature as in [22]

PTotal(ch'fa Tj) = I2Lcak,Ana(chfa Tj) : Vdd
+ PActive(Leff7 TJ) + PGate(Leff)
Tj+1 = Tamb + oja : PTotal(Leffa Tj)-

(38)
(39)

In the aforementioned equations, Prota) 1S the total power
dissipation Pg = Ioyeak(Lest), Vaa is the total subthreshold
leakage power dissipation under the within-die channel length
variation, Pative i the active power dissipation, Pgate(Lest)
is the gate leakage, T} is the average junction temperature, and
0 is the thermal resistance from silicon junction to ambient.
A brief flowchart to explain the self-consistent methodology is
shown in Fig. 11.

For initial average junction temperature T (ambient temper-
ature is used as an initial value), active (switching) power and
total leakage (subthreshold and gate leakages) of the chip are
first estimated. Total chip power is then used to calculate new
junction temperature (T1) using compact thermal models for
a specific IC packaging and cooling technology [22]. Estimated
junction temperature (7)1 1) is then compared with the value
of T} to check for convergence. The process continues until a
convergence is achieved.

In this calculation, a 90-nm node microprocessor consisting
of 96 million gates is employed (which are all assumed to be
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Update Pg under
variations

U

Update Ps and Pp
under variations

PTotal(Ts) = Pa(Ty)* PG + Ps(T,)
Ty+1 = Tamb + Bja-Protal(Ty)

Initial junction temperature =To= Tamp ::>
Pg = Gate leakage

Ps = Subthreshold leakage
Pa = Active power

Fig. 11.  Self-consistent evaluation of junction temperature and power dissi-
pation under P-V-T variations [22]. Error is defined as a fraction of junction
temperature (T ); for example, algorithm can be executed until [T} 11 — T;| <
0.01T;.
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Fig. 12. (a) Subthreshold leakage power versus die-channel length variation

at die temperature of 320 K. (b) Total leakage-power estimation with/without
gate leakage and electrothermal couplings.

inverters), and average W/L per NMOS-PMOS pair is taken to
be 15. BPTM specified parameters are used in the analysis. The
results for the aforementioned three cases at 320 K are shown
in Fig. 12(a). The X-axis plots the channel length variation
(due to the die-to-die channel length variations), and the Y-
axis plots the leakage power. Leakage estimations using ana-
Iytical model are validated against the BSIM-based simulation
results for all three cases. It can be observed that consider-
ing within-die parameter variations (case 2) results in higher
leakage current. In addition, accurate leakage estimation with
electrothermal couplings (case 3) predicts even higher leak-
age. Failing to consider this important concept causes severe
estimation error.

In Fig. 12(b), in order to demonstrate relative importance
of the gate and subthreshold leakages, leakage power is plot-
ted for four different scenarios. In this figure, subthreshold
leakage estimation without considering electrothermal coupling
is shown with the curve labeled as “Sub,” and results with
electrothermally aware simulation are labeled as “Sub+ET,”
where for both cases, gate leakage is ignored. On the other
hand, curves labeled “Sub+Gate” and “Sub+Gate-+ET” show
the simulation results adding gate leakage to simulation re-
sults of “Sub” and “Sub+ET.” Therefore, differences between
curves labeled with Sub and Sub+Gate or between Sub+Gate
and Sub+Gate+ET exhibit the contribution of gate leakage
to the total leakage. Moreover, it can be observed that all the
curves merge together as L.g increases to ~110% of ppeg.
This is due to the fact that Iy, (subthreshold leakage) becomes
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Fig. 13. (a) Leakage probability density versus total leakage power for three
cases defined in Fig. 12(a). (b) Leakage probability density versus total leakage
power with and without considering electrothermal couplings and gate leakage.

negligible for such channel lengths, thereby making the impact
of electrothermal couplings also negligible.

VI. LEAKAGE-CONSTRAINED YIELD ESTIMATION

It is now possible to estimate the distribution of leakage
power across different dies which can be further used to
calculate the yield. The Gaussian pdf fp_., (Peak) can be
calculated using

fPrear (Preak)

B dBcak(Loﬁ) ) - (40)

:fLeff(Leff) ( dLog

P(Lefr)=PrLeak

Here, fres(Les) represents the pdf for Leg, while
Preak (Lest) denotes leakage power at each particular value of
the effective channel length. As more variations are taken into
account, spread of total leakage-power distribution increases,
which implies that larger number of dies have higher leakage
power. Since active power is relatively insensitive to variations
and can be assumed constant, the yield can be defined by the
amount of maximum allowable leakage power consumption of
the die.

Fig. 13(a) plots the pdf of leakage power versus the maxi-
mum allowable leakage power. Therefore, if leakage constraint
is set to be 15 W, area under this pdf up to this point (as
defined by the vertical broken line) indicates the percentage
of chips that have leakage power lower than the constraint
of 15 W. Therefore, leakage-constrained yield is defined as
the percentage of chips which have lower leakage than this
maximum allowable limit. In this figure (similar to Fig. 12),
case 1 only considers the die-to-die variation, whereas in case 2,
within-die variations are also taken into account. Finally, in
case 3, self-consistent simulation is used to consider elec-
trothermal couplings between subthreshold leakage and tem-
perature. Fig. 13(a) shows the curves obtained from HSPICE
simulation (using BSIM models) and analytical modeling for
these three cases. It can be clearly observed that curves obtained
from modeling are in good agreement with the simulation
results. As one goes from case 1 to 3, the probability that
chips consume higher leakage current increases, which cor-
responds to a shift in the distribution functions to the right.
Therefore, within-die variations and electrothermally aware
simulations cannot be ignored in the full-chip leakage and
leakage-constrained-yield estimations.
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Fig. 14. (a) Leakage-constrained yield versus maximum allowable leakage
calculated for Fig. 13(a). (b) Leakage-constrained yield versus maximum
allowable leakage calculated for Fig. 13(b).

In Fig. 13(b), to demonstrate the contribution of gate leakage
to total leakage, four different probability functions have been
plotted against the maximum allowable leakage power for
four scenarios introduced in Fig. 12(b). Both die-to-die and
within-die variations are considered. As can be observed,
considering the gate leakage can further shift the pdfs toward
higher leakage region. In other words, as expected, higher
numbers of chips will fall in the high leakage regions if gate
leakage is taken into account.

Fig. 14(a) plots the leakage-constrained yield as a function of
maximum allowable leakage for the three different cases [con-
sidered in Fig. 13(a)] obtained from simulations and analytical
modeling. This figure is generated using the pdf of Fig. 13(a).
It can be clearly observed that variations always result in
lower yield. In particular, die-to-die temperature variations due
to electrothermal couplings between power and temperature
significantly lower the yield. For instance, if 15 W of leakage
power can be allowed in this particular design, then yield will
reduce from 92% in case 1 to 88% in case 2 and to 82%
in case 3. Fig. 14(b) plots the yield estimation for the four
different scenarios analyzed in Fig. 13(b). Based on Fig. 14(b),
considering the gate leakage results in up to 12% lower yield.

VII. APPLICATION OF THE PROPOSED METHODOLOGY FOR
LEAKAGE ESTIMATION OF COMPLEX CIRCUITS

In the previous sections, it was assumed that the entire chip is
composed of only simple inverter gates. In this section, the pro-
posed methodology is employed to estimate the subthreshold-
and gate-leakage currents of more complex circuits. ISCAS85
circuits [23], which include variety of logic gates, have been
chosen as benchmark circuits. A simple mathematical approach
is proposed to estimate the nominal value (1) and the spread
(S) of leakage for different logic gates. Then, these data are
used to evaluate the nominal value () and the spread (.S) of
leakage for each benchmark circuit. Furthermore, impact of
spatial correlation and stacking effect has been incorporated in
the proposed methodology, as explained next.

A. Incorporating Spatial Correlations for
Within-Die Variations

Within-die process variations are known to be spatially cor-
related due to lithography proximity effects. As a result, tran-
sistors (or digital gates) which are located close to each other
are more likely to be affected in a similar way by the process
variations. Spatial correlation has been studied in [24], and
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Fig. 15. Schematic illustrating the modeling of spatial correlation of within-
die variations. For simplicity and due to lack of any experimental results, it is
assumed that the variances (o1, o2, and o3) are identical.

a model was presented, which has been incorporated in the
proposed leakage estimation methodology. In this model,
the variation of each parameter is split into several parts.
For example, channel length of each transistor (Leg) is
assumed to be equal to Lo+ AL; +ALs+---+ AL,,
where Ly is the nominal value of channel length, and its
variation is modeled with n independent random variables
(ALy,AL,, ..., and AL,). To account for spatial correlation,
values of ALi,ALy, ..., and AL, must be assigned in
a way such that distant devices do not share most of the
ALi,ALs,..., and AL, values, while the closer devices
share some of the terms (the closer they are, the more equal
terms they have), and devices that are located next to each
other have identical AL{,ALs,..., and AL, values. In fact,
in this model, random variable AL; accounts for the very
low-frequency (the coarsest) part of the variation, whereas
AL, is used to model very high-frequency (the finest) portion
of the variation.

This is graphically demonstrated by assigning each random
variable to a certain “layer” in a vertical stack of layers, as
shown in Fig. 15. To assign the AL, values (for any layer n),
the chip area, at each layer, is divided into a o1 s on—l1 array,
and different AL, values are then assigned to the cells of
layer n. It should be noted that since the lowest layer (with the
highest value of n) is used to model high-frequency variations,
therefore the grid size must be selected small enough so that
variation can be assumed to be negligible inside each cell.
Then, in the next layer, 2 x 2 arrays of cells from layer n are
merged to form a single cell in layer n — 1. In a similar fashion,
AL, 4 values are assigned to each cell on layer n — 1. This
procedure continues until one reaches a single cell grid on
layer 1, which corresponds to AL;.

The procedure shown in Fig. 15 corresponds to a simple
case where the within-die variation is modeled only with three
(n = 3) random variables ALy, ALy, and AL3. As a result,
a three-level approach is used, one for each of ALy, AL, and
ALjz. Layer 3 is divided into a 4 x 4 (2"7! x 2"71) array,
where different values of ALjg are required for the 16 cells on
this layer (such as, ALz ; and ALs ). In the next step, grid
for layer 2 is built by merging each of the four 2 x 2 adjoining
arrays of cells of layer 3, giving rise to four values of ALg
(for example, ALs 1, ALy 9, etc.), and finally, a single value
(obtained by merging the single 2 x 2 cell on layer 2) is used
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Fig. 16. Stacking effect for a two-input NAND gate in a 90-nm technology:
(a) Iustration of stacking effect and (b) impact of input vectors on stacking
effect and leakage. Note that we used similar size PMOS and NMOS devices
(W/L =1 in 90 nm). The reason for much higher leakage current in case of
AB = “11”is the steeper V;y, rolloff for PMOS transistors. This results in much
higher subthreshold leakage for PMOS transistors of shorter channel length
compared to the same-sized NMOS devices.

to model A L4 in layer 1. The channel length variation for each
gate (such as inverter 1) can be obtained by adding the partial
values of variations (AL’s) from different cells consisting of
the one that contains the gate at layer 3 and the cells that are
immediately above it at layers 1 and 2 (for example, variation
of inverter 1 would be ALy + ALy + ALs ). As shown in
Fig. 15, inverters 1 and 2, which are located in close proximity,
share two components (AL; and AL, 1), whereas inverter 3,
which is placed further away, only shares one parameter (AL )
with the other two gates.

To incorporate this approach in the leakage estimation of
ISCASSS circuits, a three-layer grid approach (similar to
Fig. 15) has been employed for all within-die parameters. In
this fashion, one can ensure that gates located in nearby regions
have similar parameter fluctuations.

B. Incorporating Stacking Effects

Stacking effect reduces the subthreshold leakage current of a
chain of devices, where two or more transistors are connected
in series. Subthreshold leakage decreases due to both higher
threshold voltage (V;},) and lower drain—source voltage differ-
ence (Vgs) of some of the transistors (note that the subthreshold
leakage is a function of Viy, as well as Vys). In Fig. 16(a), the
stacking effect is shown for a two-input NAND gate. In this
figure, both pull-down transistors (M7 and M>) operate in the
subthreshold region, and voltage of the internal node Vx is
floating somewhere between the supply voltage and the ground.
Therefore, the difference between source and body voltages of
M5 is not zero (body effect), and hence, M, exhibits higher Viy,.
Moreover, the threshold voltages of M, and M5 increase due to
the reduced impact of the DIBL effect, as V5 of both transistors
are lower compared to a single transistor pull-down network
where V45 could be equal to the supply voltage. Furthermore,
since Vgyg’s of both M, and M, are less than the supply voltage,
the subthreshold leakage decreases even further.

It should also be noted that the impact of stacking effect in
complex CMOS gates depends on input patterns. The reason
is that the input pattern alters bias condition of transistors
and, hence, changes the impact of stacking effect. This is
shown in Fig. 16(b) where the leakage current of a two-input
NAND is plotted for four possible input combinations. In the
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Fig. 17. Estimation of the average nominal value and spread for a NAND gate

using (42).

case of AB = “00,” “01,” and “10, ” the subthreshold leakage
of the pull-down network is considered, whereas in the case of
AB = “11,” the measured data correspond to the leakage of the
pull-up circuit.

To explain input-pattern dependence of the stacking effect,
it should be noted that current through the transistor chain
is always limited to the current of transistor with the lowest
subthreshold leakage. It is shown in Fig. 16(b) that leakage
curve corresponding to the input pattern of AB = “00” exhibits
very low leakage compared to other cases due to higher V;;, and
lower Vg of Ms. In the case of AB = “10,” M5 is ON, and
hence, voltage on the node X is one V4, lower than that of the
node Y. Therefore, the subthreshold leakage of M is slightly
higher than that for the previous case due to lower Vgs only
(Vin of Mj is not increased due to body effect). In contrast,
when AB = “01,” the subthreshold leakage is higher than both
the previous cases because M, is neither affected by the body
effect (source and body terminals at the same voltage) nor does
it have lower Vjs. Finally, in the case of AB = “11,” unlike
the previous three cases, leakage current of the pull-up network
is plotted. Since there are two parallel PMOS transistors, the
subthreshold leakage in this case is the highest.

As previously illustrated, for complex gates, leakage current
depends on the input pattern. As a result, the spread and
nominal values of leakage are different for various input com-
binations. To simplify the leakage estimation process, different
spread and nominal values are combined in order to obtain an
average spread and nominal value for each gate. Therefore, first,
the proposed analytical models are used (15)—(18) to obtain the
spread and nominal values of leakage for each input pattern,
and then, the results for different input patterns are merged, as
shown next. Two simple formulas are proposed that enable us
to calculate average nominal (74) and spread (S4), given the
nominal and spread values of two different input patterns (71,
N2, S1, and S3). Then, these formulas are generalized to the
case of multiple input patterns so that one can merge the results
for all complex gates. Considering (11), one can easily derive
these equations for average nominal (74 ) and spread (S4)

St - Sy -
:771+772 and Sy = 1M+ 52 7]2.
2 m + 12

un (41)

Equation (41) can be further generalized to n input pat-
terns as

M=

i i+ Si

n

=1

IOnL

na = and Sy =" 42)

i

=1

In Fig. 17, using a NAND gate as an example, the formulas
presented in (42) are used to predict the average nominal
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Fig. 18. Effective nominal value and spread for a simple combinational circuit
using (43).
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Fig. 19. Block diagram of leakage estimation of complex circuits using the
proposed methodology.

(na) and spread (S,) values for this gate, given the nominal
(n;) and spread (.S;) values for each input pattern, which are
already obtained from the proposed analytical models. Such
information for different logic gates (INV, NAND2, etc.) has
been collected which is deployed in the ISCASS8S5 circuits. This
database is then used (as will be discussed in the next section)
to evaluate the leakage current of ISCASS85 circuits.

C. Leakage Estimation for ISCAS85 Circuits

Assuming that one has calculated the average n and S values
for all types of gates, the next step is to use these data to obtain
the estimation for leakage current of each of the ISCASS85
circuits. Equation (43) can be used to calculate the overall
leakage of these circuits. Here, 14 and S, are the average
nominal and spread of leakage values of different logic gates,
respectively, and 17 and St are the nominal and spread values
of the total leakage for an entire logic circuit, respectively.
Equation (43) is similar to the previous equations; however,
instead of average values for nominal leakage of each gate,
summation of average nominal leakage values of all gates
is used to predict the nominal value of total leakage. This
procedure is shown for a simple logic circuit in Fig. 18 where
the precalculated 774 and S4 values of logic gates are used to

find np and Sp parameters of the circuit under study
n

n EnA'SA
nr = ZT]A and Sp = =l

n
A=1 > NA
A=1

(43)

D. Simulation Results

The proposed methodology has been used to estimate the
mean and spread values of leakage current distributions for the
ISCASSS5 benchmark circuits. Channel length variation of 10%
at the 90-nm technology node has been considered. Fig. 19
shows a block diagram of steps which are involved in the
simulation. The first step involves the calculation of 5 and
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TABLE 1V
ESTIMATION ERROR FOR VARIOUS ISCAS85 BENCHMARK CIRCUITS

R
C499  3.79 364 39% 773 73 55%
C880  2.19 209 45% 734 69.5 3.9%
C1355 2.54 224 118% 629 585 6.9%
C1908 4.6 4.04 11.7% 764 69.5 9%
C2607 8.28 761 821% 627 569 9.3%
12 <—"| Bl Error in estimation of S

[5] Error in estimation of n

Percentage error

Spatial Correlation

Gate Leakage Stacking Effect

Fig. 20. Percentage error in nominal and spread of leakage current caused by
ignoring spatial correlation, gate leakage, or stacking effect.

parameters for subthreshold- and gate-leakage estimations us-
ing (16), (28), and (31). Spatial correlation between parameters
can be considered in this step by assigning different § and
parameters to each portion of the chip or circuit according to
their spatial placement and variation profile (as discussed in
Section VII-A). In the second step, the nominal (7);) and spread
(S;) values are evaluated for different combinations of inputs
for each gate to incorporate the stacking effect (Section VII-B).
In the following step, the average nominal (74) and spread
(S4) values are calculated for all logic gates using (42). In
step 5, using netlist information (number of gates of each type
from step 4), the nominal (r7) and spread (St) values of total
leakage are estimated for the circuits by using (43).

Using the proposed estimation methodology, the nominal and
spread values of leakage current are calculated for the ISCASS85
circuits, and results are compared to those obtained from the
HSPICE simulations. Assuming HSPICE results as reference
values, the estimation of error for both the nominal (n) and
spread (S) values has also been calculated and presented in
Table IV. It can be observed that the estimation errors for both
the mean and spread values are low, considering the simplicity
of the method presented here.

To further investigate the relative importance of considering
spatial correlation, gate leakage, and stacking effect in leakage
estimation of circuits, the leakage current of ISCAS85 circuits
is calculated, ignoring one of the aforementioned components
at a time. For example, to evaluate the impact of gate leakage,
it is assumed that gate leakage is zero, and then, the nominal
(n) and spread (S) values are evaluated and compared to the
corresponding values where all components were included. Re-
sults are shown in Fig. 20, which shows the relative error caused
in the prediction of nominal () and spread (S) values due
to ignoring the impact of spatial correlation, gate leakage, or
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stacking effects. It can be observed that dropping gate leakage
results in significant error in the estimation of nominal value
whereas neglecting the spatial correlation and the stacking
effect deteriorates the accuracy of leakage spread estimation.

VIII. CONCLUSION

A novel framework for the accurate estimation of key statis-
tical parameters (namely, nominal and spread values) of full-
chip leakage distribution consisting of the subthreshold and
gate leakages has been presented while considering both the
within-die and die-to-die variations in process (P), temperature
(T), and supply voltage (V). For the first time, temperature
variations and, more importantly, electrothermal couplings be-
tween the substrate temperature and the leakage power have
been accounted for in the leakage estimation methodology. A
quantitative analysis of the relative sensitivities of device leak-
age components to the P-T—V variations has been performed
to extract a transistor-level variation model. It was shown that
the proposed statistical model, as compared to others in the
literature, shows better agreement with the rigorous BSIM-
model-based simulations. It is also demonstrated that failing
to account for temperature variations and electrothermal cou-
plings can result in significant inaccuracy in the leakage estima-
tion. Furthermore, the full-chip leakage-power distribution was
shown to be useful for estimating the leakage-constrained yield
under the impact of variations. Calculations show that the yield
is significantly lowered under the impact of within-die and die-
to-die process and temperature variations. Finally, the proposed
methodology was applied to estimate the leakage of complex
logic circuits with a consideration of the spatial correlations
of process parameters and transistor stacking effects. It was
observed that neglecting the gate leakage results in significant
error in the estimation of nominal value, whereas neglecting the
spatial correlation and the stacking effect degrades the accuracy
of leakage spread estimation.

APPENDIX

The details of the algebraic derivation for delta values shown
in Table II are presented as follows.
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