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Analytical Yield Prediction Considering
Leakage/Performance Correlation

Rajeev R. Rao, Anirudh Devgan, Senior Member, IEEE, David Blaauw, Member, IEEE,
and Dennis Sylvester, Senior Member, IEEE

Abstract—In addition to traditional constraints on frequency,
leakage current has emerged as a stringent constraint in modern
processor designs. Since leakage current exhibits a strong inverse
correlation with circuit delay, effective parametric yield prediction
must consider the dependence of leakage current on frequency. In
this paper, a new chip-level statistical method to estimate the total
leakage current in the presence of within-die and die-to-die vari-
ability is presented. A closed-form equation for total chip leakage
that models the dependence of the leakage current distribution on
different process parameters is developed. The proposed analytical
expression is obtained directly from pertinent design information
and includes both subthreshold and gate leakage currents. Using
this model, an integrated approach to accurately estimate the
yield loss when both frequency and power limits are imposed on
a design is then presented. The proposed method demonstrates
the importance of considering both these limiting factors while
calculating the yield of a lot.

Index Terms—Estimation, leakage current, parametric yield,
simulation.

I. INTRODUCTION

ONTINUED scaling of device dimensions combined with
shrinking threshold voltages has enabled designers to pro-
duce integrated circuits (ICs) that contain hundreds of millions
of devices. However, this has also resulted in an exponential
rise in IC power dissipation. This increase is primarily due
to leakage, which is emerging as a significant portion of the
total power consumption. It is estimated that the subthreshold
leakage power will account for over 50% of the total power
for portable applications developed for the 65-nm technology
node [1]. In future technologies, aggressive scaling of the oxide
thickness will lead to significant gate oxide tunneling current
further aggravating the leakage problem. It is estimated that
across successive technology generations, subthreshold leakage
increases by about 3—5x [2], while gate leakage can increase by
as much as 30x [3].
At the same time, the increased presence of parameter vari-
ability in modern designs has accentuated the need to consider
the impact of statistical leakage current variations during the
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Fig. 1. Leakage and frequency variations (source: Intel).

design process. For £10% variation in the effective channel
length of a transistor, there can be up to a 3x difference in
the amount of subthreshold leakage current [4]. Gate leakage
current exhibits great sensitivity to process variations showing a
6x difference in current for a 4% variation in oxide thickness
in the 100-nm Berkeley Predictive Technology Model (BPTM)
[5]. Hence, considerable variability in chip-level leakage cur-
rent can be expected and measured variations as high as 20x
have been reported in literature [6].

In current designs, the parametric yield of a lot is typically
calculated by characterizing the chips according to their operat-
ing frequency. Parametric yield refers to the ratio of chips that
meet performance requirements to the total number of func-
tional chips. The subset of dies that do not meet the required
performance constraint are rejected, making this aspect of the
design process very important from a commercial point of view.
However, it has been observed [6] that among the “good” chips
that meet the performance constraint, a substantial number of
chips dissipate very large amounts of leakage power and, thus,
are unsuitable for commercial usage. This incongruity is due
to the inverse correlation between circuit delay and leakage
current. Although the delay is reduced for devices with channel
lengths smaller than the nominal value, it has the negative effect
of vastly increasing the leakage current, resulting in higher
leakage dissipation for chips with high operating frequencies.

The inverse correlation is illustrated in Fig. 1, which shows
the distribution of chip performance and leakage based on
silicon measurements over a large number of samples of a
high-end processor design [6]. As can be seen, both the mean
frequency and the variance of the leakage distribution increase
significantly for chips with higher frequencies. This trend is
particularly troubling, since it substantially reduces the yield
of designs that are both performance and leakage constrained.
Hence, there is a need for accurate leakage yield prediction
methods that model this dependency.
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Several statistical methods have been suggested to estimate
the full-chip leakage current. In [7], the authors consider
within-die threshold voltage variability to estimate the full-
chip subthreshold leakage current. A compact current model is
used in [8] to estimate the total leakage current. Rao ef al. [9]
present analytical equations to model subthreshold leakage as
a function of the channel length of the transistor. A moment-
based approximation approach is used to estimate the mean and
variance of leakage current in [4] and [10]. However, none of
these methods provide closed-form mathematical equations to
express the chip leakage. Furthermore, they do not consider the
dependence of leakage on frequency. More recently, a number
of mathematical models have been proposed to determine the
parametric yield of a lot. Najm and Menezes [11] use principal
component analysis in order to estimate the timing yield. The
circuit resizing algorithm proposed in [12] ensures the delay
optimality of the circuit while achieving a desired yield figure.
The probabilistic framework presented in [13] estimates the
full-chip subthreshold leakage power distribution as well as
the leakage constrained yield under the impact of process
variations. In [14], the authors present a survey on the impact
of technology scaling and process variations on the efficacy of
various leakage reduction schemes.

In this paper, we develop a complete stochastic model for
leakage current that includes the effects from multiple sources
of variability and captures the dependence of the leakage cur-
rent distribution on operating frequency. We consider the con-
tribution from both interdie and intradie process variations and
model total leakage as consisting of both subthreshold and gate
tunneling leakage currents. We derive a closed-form expression
for the total leakage as a function of all relevant process
parameters. Next, we consider the impact of various process pa-
rameters on the chip frequency (performance). In our analysis,
we assume that frequency is only affected by global variations
in effective channel length and present recent industrial data
to support this claim. We also present an analytical equation
to quantify the yield loss when a power limit is imposed. This
method precludes the need to use time-intensive circuit simu-
lations to characterize the leakage current of a chip and enables
the designer to budget for yield loss before the chip is sent to
production. The proposed analytical expression is then com-
pared with Monte Carlo simulation using SPICE measurements
on a large circuit block to demonstrate its accuracy. Finally,
we construct yield curves to accurately estimate the number of
chips that satisfy both power and frequency constraints.

The remainder of this paper is organized as follows. In
Section II, we present the model for full-chip total leakage.
The models for subthreshold and gate leakages are presented
separately. In Section III, we derive analytical equations to
describe the yield prediction of a lot based on our leakage
model. In Section IV, we present results, and in Section V, we
conclude the paper.

II. FULL-CHIP LEAKAGE MODEL

In this section, we present an analytical model to determine
total leakage current expended by a chip. We model the leakage
current as a function of different process parameters. First, we
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note that the total leakage is a sum of the subthreshold and gate
leakages, written as

Itot = lsup + Igatc~ (1)

Recently, it has been noted that other types of leakage
current, such as band-to-band tunneling (BTBT), may become
prominent in future process technologies [8]. Although we do
not model other types of leakage in this paper, our analysis
can be easily extended to include these additional leakage
components.

In the subsequent sections, we model each type of leakage
separately. We express both types of leakage current as a
product of the nominal value and a multiplicative function
that represents the deviation from the nominal due to process
variability as

Ileakage = dnominal * f(AP) (2)

where P is the process parameter that affects the leakage
current [jcakage- In general, f is a nonlinear function. Since
estimation methods based directly on Berkeley SPICE simu-
lator (BSIM) models [15] are often overly complex, we use
carefully chosen empirical equations in our analysis to provide
both efficiency and accuracy.

We further decompose parameter P into two components as

AP = Apglobal + A-Plocad (3)

where APgioha models the global (die-to-die or interdie)
process variations and A P,y represents the local (within-die
or intradie) process variations. For the sake of simplicity, we
have assumed in our analysis that different types of variations
at different levels (wafer, lot, etc.) in the chip manufacturing
process are all contained in the die-to-die variation component.
In a typical manufacturing process, both A Pyiopa1 and A Pigcal
are generally modeled as independent normal random variables
(RVs) making A P also a normal RV. Since we are only dealing
with the deviation from the nominal value, AP is a zero mean
variable. If P is the effective channel length, then AP,cq
is the term for the so-called across-chip linewidth variations
(ACLVs). For simplicity of notation, we let A Pyiopa1 = Py and
Piocal = P, for all the parameters.

A. Subthreshold Leakage

Subthreshold leakage current (Ig,,) refers to the source-to-
drain current when the transistor has been turned OFF. As is
well known, Iy, has an exponential relationship with the
threshold voltage V;j, of the device, shown as

Isub = Inominale[f(AVth)]~ (4)

For the 0.13-um technology node, even small variations in
Vin can, therefore, result in leakage numbers that differ by a
factor of 5—10x from the nominal value.

Threshold voltage is a technology-dependent variable that
must be expressed as a function of a number of parameters.
The standard BSIM4 description [15] models several device
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Fig. 2. Comparison of quadratic and linear exponential fit of leakage with

effective channel length. Nominal L.g = 60 nm.

characteristics [short channel effect, drain-induced barrier low-
ering (DIBL), narrow-width effect, etc.] that influence Vi,
and expresses it as a function of several process parameters
including effective channel length (L), doping concentration
(Ngub), and oxide thickness (7,x). Among these parameters,
the variation in L.g has the greatest impact as noted in [9]. A
second-order but still significant portion of the variation in V;y,
occurs due to fluctuations in doping concentration that result
in different values of the flat-band voltage Vi, for different
transistors on the chip [4]. Finally, oxide thickness is a fairly
well-controlled process parameter, and since the sensitivity of
subthreshold leakage to oxide thickness is very small [4], [10],
we do not include T,y in the list of parameters that affect
Isup- Hence, we empirically model the variation in Vj;, as an
algebraic sum of two terms, expressed as

f(AVin) = f[ALeq] + f [A(Vin,Nsub)] ()
where
f(ALeg) variation in V4, due to variations in effective
channel length of device;
f(AVin,Nsub) variation in V4, due to doping concentration

variations.

In our approach, we model ALcg and AVip Neub as inde-
pendent normal RVs. Although there is a minor dependency
between these two variables, we found the amount of error
introduced by this independence assumption negligible.

Previously, leakage had been modeled as a single exponential
function of the effective channel length [7], but a polynomial
exponential model is much more accurate in capturing the
dependency of leakage on effective channel length [9]. In Fig. 2,
we plot both the quadratic and linear exponential fit for leakage
current with respect to the effective channel length. In this plot,
for the sake of simplicity, we set the variation in V;}, due to dop-
ing to be equal to zero. We can clearly infer from this plot that
since the linear exponential model underestimates the leakage
current (especially at smaller channel lengths), it proves to be
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insufficient to model leakage current. Hence, we use a quadratic
exponential model to express the variation in subthreshold leak-
age with respect to Leg. On the other hand, for f(AVih Nsub)s
we determined from circuit simulations that a linear model
is sufficient. For simplicity of notation, let AL.g = L and
AVin Nsub = V. Using this, we can rewrite (4) as

—(L + CQLQ)

C1

f(ALeff) =

F(AVin Nsub) = — <03> |4

C1

LtcoL?4cgV
c1

(6)

Tsup :Isub,norne [

Here, c1, c2, and c3 are fitting parameters and Isub nom 1S
the subthreshold leakage of the device in the absence of any
variability. The negative sign in the exponent is indicative of
the fact that transistors with shorter channel lengths and lower
threshold voltages produce higher leakage current. The empiri-
cal constants cj, c2, and c3 can be determined by sweeping the
effective channel length value over the required range and fit-
ting the resultant subthreshold leakage current according to (6).

Using (3), we decompose L and V into local (L;, V;) and
global (L4, V;) components, and we write the Iy, equation as

L=L,+L
V=V, +V

_ Lg+ch§+csvg} 7|:Ll+k2L$+k3Vl
c1 A1
e

Isub :Isub,nome |: :| (7)
where Iy, is the subthreshold leakage of a single device with
unit width. The mapping from ¢; to \; (i = 1,2, 3) is obtained
by writing A1 : Ay : A3 = ¢1 @ ¢o : 3, where the constant of
proportionality ) = A;/¢; is determined using the equation
1 =1/(1+ 2caL,). By definition L;, which is the within-in
die channel length variation, is a zero-mean RV. The within-
die variation in a process parameter is typically composed of
a systematic (correlated, layout dependent) component and a
random (independent) component [16]. Rao et al. [9] show that
for designs consisting of at least 250 individual clusters and a
die area of 2.5 mm?Z, the effect of spatial correlation on the total
chip leakage current can be ignored. We use this result in our
subsequent analyses and assume that the within-die variation in
a process parameter is entirely due to the random (independent)
component.

To calculate the total subthreshold leakage for a chip, we
need to add the leakages device by device, considering that
each device has unique RVs L; and V;, while sharing the same
RVs L, and V,, with all other devices. From (7), Iy, = g(L),
where the subthreshold leakage distribution of a single tran-
sistor expressed as a function of L; can be considered as an
RV. The total subthreshold leakage is then a sum of all these
individual RVs. If the number of RVs is large enough, the
variance of their sum approaches zero. Consequently, we use
the Central Limit theorem [17] to approximate the distribution
of this sum by a single deterministic number. (We point out
that the Central Limit theorem is applicable when the number
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of individual RVs is 30 or more.) Further, if the number of
RVs is large enough, the single number will be the mean
of the distribution of this sum. Since modern complementary
metal oxide semiconductor (CMOS) designs contain millions
of devices that are distributed over a relatively large area on
the chip, we use the independence assumption and substitute
the sum of leakages over all devices with the mean value of
Iup over the complete range of L;. This mean value is a simple
scaling factor [7] that describes the relation between Iy}, and
L;. Local variations are often spatially correlated, which means
that devices that are positioned close together have positive
correlation. However, as long as there are sufficient independent
regions (clusters) on a die (as is typically the case), the Central
Limit theorem can be applied. We use a similar method to
calculate the scaling factor for the local variability of each
process parameter.

To calculate the scaling factor, we need to find an exact
expression for the expected value (mean) of Ig,p. Since gy i8S
a function of two independent RVs, (V}, L;), we write a double
integral to calculate the mean as

Ellan) = / / 9(Ly) pdf(Ly) Ly | g(Vi) paf(Vi) dV;

B Lg+c2L£27:| B |:LL+>\2LL2:|

g(Ll) :Isub.,nome |: “ =

g(va)::ef{cirg]ef{kifﬁ}. (8)

In this equation, the terms containing L, and V,, are constant for
a given chip. The above integrals can be solved in closed form
using the expressions given in (22) and (24) of the Appendix.
We obtain I, as

Isub ~ E[Isub] = SLSVILQ,VH

2
24402
e (2>\1+40Ll >\1>\2)

LgteaL?

2] fmm]

IL97V9 :Isub,nome |:
where S7, and Sy are the scale factors introduced due to local
variability in L and VI v, corresponds to the subthreshold
leakage as a function of global variations.

Equation (9) provides the average value of subthreshold
leakage for a unit width device. To compute the total chip
subthreshold leakage, we need to perform a weighted sum of
the leakages of all devices by considering the device widths to
be the weights. For complex gates (transistor stacks, registers),
a scale factor (¢) model [7] is used to predict the effect of the
total device width as

WS
Ic,sub = SLSV [Z < d) Ingvg‘| .

=\ 4

(10)
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Here, the term ) ,(W.Sy/qs)IL, v, represents the chip-level
subthreshold leakage as a function of the global process pa-
rameters (L4, V,). The WSy term refers to the widths of the
devices that contribute to the subthreshold leakage and the g;
term refers to the scaling factor for subthreshold leakage. We
see from this equation that I ¢, is a random variable rather
than a single deterministic value.

B. Gate Leakage

When the oxide thickness of a device is reduced, there is
an increase in the amount of carriers that can tunnel through
the gate oxide. This phenomenon leads to the presence of gate
leakage current (Igate) between the gate and substrate as well
as the gate and channel. Iy, is linearly dependent on the
area of the device and has an exponential relationship with
the oxide thickness (T,x). Since the variation in 7oy has, by
far, the greatest impact on gate leakage, we model I, as

Igate — gate,nome[f(ATox)]~

Y

From circuit simulation, we found that it is sufficient to express
f(ATo) as a simple linear function. A suitable value for a
single parameter (3 efficiently captures the highly exponential
relationship. Let AT,y = T'. Using (3), we decompose 7' into
global (7) and local (7;) components as

o) = ~(3)

By
T=T,+T,
Igatc = gatc,nomei(%)ei(%) . (12)

Igate is the gate leakage current of a single device with unit
width. The empirical constant 3; can be determined by sweep-
ing the oxide thickness value over the required range and fitting
the resultant gate leakage current according to (12). Igate nom
is the nominal gate leakage and both T, and 7 are zero-mean
RVs. We see that the relationship between I, and T; is similar
to the single exponential relationship between I, and Vj.
Similar to Sy, we compute the scale factor S due to 7; as

Igate ~ E[Igate] = STITQ

o2

T

28
ST =e€ !

@)
ITg = Igate,nome Py,

13)

Based on the widths of the devices, the chip-level gate leak-
age can be calculated in a similar manner as the subthreshold

leakage as
WG
Ic,gate =St [Z ( d) ITg]

d g

(14)

where WGy term refers to the widths of the devices that
contribute to the gate leakage and the g, term refers to the
scaling factor for gate leakage.
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C. Total Leakage

The total leakage is the sum of the subthreshold and gate
leakage currents of all the devices. In (10) and (14), we note
that in Iy v, and Ir,, the global variability components are
shared by all the devices on the chip. Hence, we can write the
equation for total chip leakage as

Lot = S15v lz <W5d> ILg,vg]
d S
> (WGd> ITg} . (15)

d g

+ St

This equation can be used to calculate the total leakage
for different types of devices such as n-channel metal oxide
semiconductor (NMOS)/p-channel metal oxide semiconductor
(PMOS) and low/high-V;y, transistors. The differences will be
in the fitting parameters and the scale factors g5 and ¢4. The
sum total over all devices gives the total leakage of the chip.

III. YIELD ANALYSIS

Traditional parametric yield analysis of high-performance
ICs is done using the frequency (or speed) binning method
[18]. For a given lot, each chip is characterized according to
its operating frequency and figuratively placed in a particular
bin according to this value. A frequency limit is specified and
chips that operate at frequencies below this limit are discarded.
As illustrated in Fig. 1, due to the inverse correlation between
leakage and circuit delay, chips in the “fast” corner produce
vast amounts of leakage current compared to the other chips. In
current technologies, this is a major concern, since a significant
number of these chips leak more than the acceptable value
and must be discarded [19]. Thus, parametric yield loss is
exacerbated as a result of dies now being lost at both the
low- and high-speed bins, further narrowing the acceptable
process window. The binning process has a significant impact
on product profitability.

In this section, we describe a method to calculate the yield
of a lot when both frequency and power limits are imposed. We
first show that chip frequency is most strongly influenced by
global gate length variability and, hence, as in standard industry
practice, each frequency bin corresponds to a specific value of
L 4. We then compute the yield due to the imposed leakage limit
on a bin-by-bin basis.

A. Frequency Dependence on Process Parameters

In principle, chip frequency depends on a number of process
parameters. From the model presented in this paper, we see that
the chip frequency is affected by six main parameters—three
global and three local variability components of effective chan-
nel length (L), doping concentration (V'), and oxide thickness
(T"). We first demonstrate from SPICE simulations that circuit
delay is primarily impacted by gate length variations. For this
purpose, we simulated a 17-stage ring oscillator under different
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process conditions using the 100-nm BPTM process technology
as shown in Fig. 3. In this plot, we sweep the global variability
components L4, V,;, and T, on the x axis and calculate the delay
of the ring oscillator for a range of parameter values. From
this plot, we see that variations in L, significantly influence
(by approximately +15%) the delay of the ring oscillator.
Variations in V,; and Ty have little or no impact on the delay
and can, thus, be ignored. By a similar argument, it follows that
variations in the local variability components V; and 7; also
have negligible impact on circuit delay and can be neglected
during chip performance analysis.

From this analysis, we have determined that only the global
(Lg4) and local (L;) variability components of effective channel
length affect the chip frequency value. It has been pointed out
previously in literature [20] that within-die variations primarily
impact the mean of the maximum frequency (FMAX) while
die-to-die variations affect the variance of the distribution
in maximum frequency. Thus, both Ljand L; determine the
value of chip frequency. In our subsequent analysis, we do
not model the effect of L; on chip performance and instead
assume that frequency is only dependent on the value of L.
While this is a simplifying approximation, we point to recent
experimental data from industry showing that the impact of
within-die channel length variability (L;) on chip performance
is minimal [23], [24].

In order to support this approximation, we first observe that
the number of critical paths in a design plays a critical role in
measuring the impact of variability on the maximum frequency
of a chip. In general, for a given circuit path, the effect of local
variability tends to average out over the various devices in the
path and, thus, the impact of local variations on circuit delay
is insignificant compared to global variations [21]. Therefore,
if the circuit contains a single critical path, the effect of local
variability is minimal. As the number of critical paths increases,
the impact of local variability increases dramatically, because,
due to their spatial location and composition, certain circuit
paths can become slower or faster, thereby affecting the entire
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chip frequency distribution. Orshansky et al. [22] highlight this
important fact and present an analytical model where the mean
chip frequency can be shifted by as much as 20 when there are
100 critical paths. When the number of critical paths increases,
a large number of circuit path delays are close to the chip maxi-
mum frequency and form a so-called timing wall [22]. A larger
number of paths close to the timing wall is indicative of a circuit
that has been optimized through efficient pipelining and logic
balancing.

However, it has been recently pointed out [23] that even
for a well-debugged product in which 50% of all critical
paths are within 2.5% of the worst path delay, the impact of
within-die variation on chip maximum frequency is very small.
Samaan [23] uses the analytical model from [24] on industrial
circuits to show that for within-die variation with 30 = +£10%,
the FMAX value is no worse than 5% of its original value. Even
if the 30 value of within-die variation and the number of critical
paths increases drastically, the reduction in FMAX value is at
most 9%. The author asserts that this result on critical paths,
coupled with the fact that within-die variation will be kept
under relative control (according to the ITRS [25]), indicates
that within-die variation will not affect the chip performance
by more than a few-to-several percent for at least the next
four technology generations. The author concludes that random
within-die variation will have a small and manageable impact
on chip frequency until the end of this decade.

Hence, although local variations affect the circuit delay, we
choose to ignore their effect in our yield computation. The
results from the subsequent analysis can be viewed as normaliz-
ing the global (die-to-die) variability to the degraded mean chip
delay that results from the within-die variations. We assume
that there is a one-to-one correspondence between chip fre-
quency (performance) and the global effective channel length
variability value (L,). This is consistent with current industry
practices, where a direct correspondence is often assumed
between frequency bins and specific gate length values. The
impact of local variability on-chip frequency will be considered
in future extensions of our work.

B. Yield Estimate Computation

We now discuss the method to compute the expected yield for
a particular frequency bin based on an imposed leakage limit.
For a particular bin, the value of L, is available, and using the
expressions for I, v, (9) and I, (13), we rewrite the equation
for total chip leakage (15) as

Tiot :Ase(%}) —|—Age(%’)

WS [(WQLE)}
(Z ( q d>> SLSVIsub,nome '

d

WG
<Z ( d >> STIgate,nom
d g

(3
c3

ky = —pi.

A,

Ay

(16)
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Here, we simplified the notation for the fitting parameters and
expressed this equation in terms of the new constants k, and
k;. The values for k, and k; are generally expressed in terms of
oy, and or,. A, represents the total chip subthreshold leakage
at a particular value of L, and includes the scale factors due
to the local variability. Similarly, A, represents the total chip
gate leakage at a given value of L,. However, since I; gatc 1S
independent of L4, A, is not influenced by changes in the value
of Lg. In a plot of total leakage versus L,, we first compute
A, and A, at particular values of L, and then calculate the
distribution of I at each of these points.

For every device type, ;o is the sum of two lognormal
variables, one of which represents the subthreshold leakage
current and the other represents the gate leakage current. For a
particular device, by our formulation, there is no parameter that
affects both of these terms simultaneously. Therefore, we can
consider these terms as independent RVs. For a given circuit
design, the total leakage will then be the sum of a small set
of lognormals with each device type contributing exactly two
lognormals to the total leakage set. We use Wilkinson’s method
[26] to model this sum of lognormals as another lognormal
RV. Using the independence condition, we set the sums of the
means and variances to be equal to the mean and variance of
the new lognormal. From (22) in the Appendix, we get (17) as
specified here. While (17) has been developed contingent on the
independence of X; (subthreshold) and X5 (gate), we observe
that the dependency condition can be easily incorporated into
our analysis by including extra terms in (17) to account for the
correlation between X; and X5

Lot = X1 + Xo
avy. 2
X, ~ LN [ log(4,). ( k)

t

log(As) + % <(XQ>T

Kl = €XP
1 UTg 2
+ exp |log(Ay) + 3 ( o > ]
2 2
o g
aiot = exp |2log(As) + < k‘f) ] lexp ( k“;g) — 1]
2 o2
+ exp |2log(Ay) + Ty exp Y;g —1].
) kt kt

a7)

Equation (23) in the Appendix is then used to obtain the mean
and variance (i 1,.,, 0% I..,) of the normal RV corresponding
to this lognormal. From these values, we can express the
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TABLE 1
VALUE OF Itot FOR n-SIGMA POINT
n Filly) o1
0 0.500 exp(UN,Itot)
1 0.682 | oxp(big ot + 04730 100
2 0.954 | oxp(ti ot + 16830 100
3 0.998 | explinttot + 2-8780 1101)

probability density function (pdf) of the total leakage using the
standard expression for the pdf of a lognormal RV as

M — 1 log pf}tot
N,ltot — o
27| (b, +ot..)

0.2
1+ gm
FTio
1

/ 2
Itot Q’R—O—NJtot

2
. _<log<1mt>—uN,1m> s

2 —
ONJyor — log

pdf(Itot ) =

\/§O'N,Itot

Finally, to obtain exact yield estimates, we require the quan-
tile numbers for the lognormal distribution described by I
(i.e., the confidence points of ;. that correspond to the speci-
fied leakage limit). Since the exponential function that relates
LN(pt1,0,,07%,,,) With N(un 1,,,,0% 7,.,) 15 @ monotonically
increasing function, the quantiles of the normal RV are mapped
directly to the quantiles of the lognormal RV [27]. Using this
fact, we can write the expression for the cumulative distribution
function (cdf) of a lognormal variable as

Cdf([tot) - Fz (Itot)

log(Itot) — pN,1
1+ erf == ). (19)
( V20N 1.

Here, erf() is the error function. By setting F,(-) to a
particular confidence point on the normal distribution, we can
obtain the corresponding value on the lognormal distribution
(see Table I). In Table I, the 0-sigma point corresponds to the
median of the distribution.

Conversely, if we are given a limit for [y, we can use (19)
to compute cdf(l;.) and determine the number of chips that
meet the leakage limit in a particular performance bin. In a
given frequency bin and for a given leakage limit, [cdf(/;ot) X
100]% is the fraction of chips that meet both the speed and
power criteria. Hence, by repeating this computation for each
frequency bin that meets the frequency specification, the total
percentage of chips that meet both the leakage and performance
constraints can be found.

1
2

IV. RESULTS

In this section, we use our analytical method from the previ-
ous section to predict the yield of a lot. Our circuit of choice is a
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TABLE 1I
COMPARISON OF SPICE SIMULATION AND ANALYTICAL DATA
Cases Parameter sigma (G) values [ Mean Leakage (LA)
Lo L) | Vg V) | Te T | Exp Ana
No variation 0, 0) (0, 0) (0,0) | 1497 | 1522
Only die-to-die | (-1,0) | (-1,0) | (-1,0) | 20.82 | 21.32
Both variations [(-1, £3)| (-1, £3) |(-1, £3)| 24.01 | 24.95

64-bit adder written for the Alpha architecture. We assume that
all dies in the lot consist of this circuit and a small ring oscillator
circuit is used to characterize the frequency of the chip with
the variation in L,. We use the 100-nm (Leg = 60 nm) BPTM
[5] for our SPICE Monte Carlo simulations. We also employ
a gate leakage model based on the BSIM4 equations [15]. The
variability numbers for ALcg, AVih Nsub, and AToy are based
on estimates obtained from a typical industrial 90-nm process.
The approximate values for the ratio (3ot /pitot) for L, V', and
T were 15%, 10%, and 4%, respectively.

We first present a quantitative comparison between SPICE
data and our analytical method. In Table II we consider three
cases, namely: 1) no variability in any parameter; 2) only die-to-
die variability; and 3) both within-die and die-to-die variability
in all three parameters. The middle three columns correspond
to the sigma variation values corresponding to each parameter.
Thus, for the case when both types of variability are present,
the global variability values for all three parameters are set
to —1o from the nominal while the local variability is set to
be +£30 (this is the third row in Table II). We see from this
table that for all the cases, the difference between the Monte
Carlo simulation data and the analytical expressions is less than
5%. Furthermore, we note that the presence of local variability
increases the amount of total chip leakage by about 15%.

Fig. 4 gives the scatter plot for 2000 samples of the total
circuit leakage generated using SPICE. The y axis in the plot
has been normalized to the sample mean of the leakage currents.
We see that for the entire £3¢ variation in L, there is a
14x spread in the leakage. Additionally, for a given L, there
is a wide “local” distribution in leakage. For instance, given
L, = 0o, the normalized value of the total circuit leakage is
between 0.5 and 1.7. In (16), we observe that even for small
values of (V/k,) and (T'/k;), the exponential terms increase
rapidly and contribute a larger portion to the total leakage value.
As a result, the distribution in V; and T, (for each value of
Lgy) produces a band-like curve for the scatter plot of total
circuit leakage (instead of a single curve). This is significant,
because for a given value of L, (and, hence, a given operating
frequency), a large portion of the chips may be about 3x the
nominal leakage value. A chip that operates at an acceptable
frequency may still have to be discarded, because the variability
in V;; and T}, pushes its leakage consumption over the tolerable
limit. Thus, we see that the secondary variations V; and T}, play
a significant role in determining the yield of a lot.

In Fig. 5, we superimpose the analytically computed sigma
contour lines on top of the same leakage scatter plot. For each
value of L,, we calculate (ux 1., ON, 1., ) and then use Table I
to construct the contour lines. From the plot, we see that a fair
number of samples lie “outside” the 1o range. This is especially

Authorized licensed use limited to: University of Michigan Library. Downloaded on June 12, 2009 at 15:34 from IEEE Xplore. Restrictions apply.



1692

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 25, NO. 9, SEPTEMBER 2006

Scatter Plot of Total Circuit Leakage
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Fig. 4. Scatter plot showing distribution of total circuit leakage.
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Fig. 5. Scatter plot of total circuit leakage with sigma contour lines added.

true for gate lengths close to the nominal. For shorter channel
lengths, since the contour value is quite large, there are only
a small number of chips outside this range. For larger channel
lengths, since the absolute value of the leakage is quite small,
there are practically no chips outside the 20 range.

We now present an example calculation for the yield. For
the lot presented here, we impose a frequency limit that
corresponds to the frequency value of a chip at Ly = +1o
and a normalized power limit (Pjy) of 1.75 as indicated
in Fig. 6. (Recall from Section III-A that based on our as-
sumption, there exists a one-to-one correspondence between
the chip frequency value and value of global channel length
variability L,.) The frequency bins are specified to be at the

L, n-sigma boundaries with f(r, - 35) > f(L,=20) > >
J(L,=+10)- All chips with frequencies in the range [f(r,=i0),
J(L,=(i-1)0)] are assigned to the bin characterized by fre-
quency f L,=io)- This is a conservative estimate, since all the
devices in a bin are assumed to be operating at the minimum
possible frequency value for that bin.

First, we see that due to the performance (frequency) limit,
all chips that operate at frequencies smaller than the f(, —110)
value are discarded. As we can see from the plot, although all
of these chips meet the power criterion, they are discarded,
because they are “too slow.” Next, we proceed bin by bin
and calculate the yield for each bin. To illustrate the yield
computation, we present the numbers for the cases when the
frequencies are specified at L, = [—-30,—20,...,+10]. For
each such L4, we calculate the cdf values using (16)—(19).
Table III summarizes these cdf numbers for P, = 1.75. Fig. 7
presents the yield curves for seven different values of Pjj,. (In
this figure, the line with P;,,, = 1.75 exactly corresponds to the
values listed in Table III.) We note that this plot is essentially a
discrete cdf curve describing the yield of a lot. The bin-by-bin
analysis presented here mimics a similar operation done in the
testing industry [18]. The use of binning is common in the chip
industry and is dictated by commercial concerns, because chips
with smaller values of L, (and higher frequencies) are much
more profitable than chips with higher values of L.

Traditional parametric yield analysis does not consider
power as a criterion and, hence, overestimates the number
of chips that are actually good/marketable. For instance, if
Pim = 1.75, we see in Table III that for a frequency specified
at Ly = —20, only 72.6% of the chips will meet the power
criterion. Thus, even if the chip designer budgets for 1.75 times
the nominal power, there is a loss of 27.4% of the chips
operating in the fast corner. Furthermore, even for the nominal
value of frequency at L, = Oc, about 2.5% of the chips are
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Scatter Plot with the Power/Performance Limits Specified
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Fig. 6. Scatter plot with power and performance limits specified.

TABLE III
CDF[(Itot) % 100]% NUMBERS FOR THREE DIFFERENT VALUES OF Py,
FOR OUR RANGE OF Ly VALUES

L, n-sigma
Plim
-3 2 -1 0 1
1.75 | 43.6 | 72.6 | 905 | 975 | 994

i Yield Curves for different Plim numbers
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Fig. 7. Yield curves for different values of Py, .

lost, since they lie outside the power limit. While a typical
frequency binning method would predict that 100% of the
chips with frequency values at L, = —20 are good, our method
captures the fact that over 25% cannot be marketed. This is
particularly important, since fast bin devices are considered

IR e S L
R o (.

0
Sigma Variation in Lg

to be highly profitable. Hence, there is a need to adopt an
integrated approach that accounts for the compounded loss
due to both limiting factors. We find that our approach always
predicts a lower yield percentage compared to the method that
assumes independence of the limiting factors of power and
performance. By preserving the correlation between frequency
and leakage, we are able to obtain more accurate estimates for
the yield.

V. CONCLUSION

In this paper, we presented an analytical framework that
provides a closed-form expression for the total chip leakage
current as a function of relevant process parameters. We ob-
served that the presence of local variability increases the total
chip leakage by about 15%. Using our analytical expression, we
estimated the yield of a lot when both power and performance
constraints are imposed. We presented an example calculation
for yield that shows the compounded loss that occurs due to
chips that operate at low frequencies as well as chips that
produce excessive amounts of leakage. Our method exempli-
fies the need to consider both limiters when calculating the
yield of a lot.

APPENDIX

Given a normal (Gaussian) RV X ~ N(ji, ag), the pdf of X
is given by [17]

df(z) = fx(2) = ———s exp —(x_’“‘””)z (20)
P X /272 V20, '

Given an RV X and a function g(X), we form the new RV
Y = g(X) and express its mean and variance directly in terms
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of the pdf of X as

[o.¢]

[ atx)paa) da

—00
[e¢}

/ {9(X))? pdf(x) dz

Elg(X)] =

E [{g(X))’]

Varlg(X)] = E [{g(X)}*| ~{E[s(X)]}*. @D

The function Y = g(X) = e~ X/ is alognormal RV when
X is anormal RV with X ~ N(j,,02). The lognormal distrib-
ution is a continuous distribution where the natural logarithm of
the variable has a normal distribution. (This is readily evident
from the definition of g(X), because In(g(X)) = (—X/aq) is
obviously a normal RV.) The lognormal distribution is mainly
used in reliability analysis to model failure times. It is also
used to model diverse physical phenomena such as survival
time of bacteria in disinfectants, the weight and blood pressure
of humans, and the size of silver particles in a photographic
emulsion [28].

Using the values for (u,,02), we can express the mean
and variance of Y in closed form. The integrals in (21)
corresponding to this choice of g(X) have been evaluated using
the mathematical software package Maple [29] as

()
L@ L)

Conversely, given the values for the mean and variance of
the lognormal RV (1, 05) as in (22), we can compute the mean
and variance of the corresponding normal RV to obtain (i, 02)

(22)

(we have normalized Y by setting a; = —1) as

1 Ty

pa =5 log | ———~

T2 ()
2

a,
or=log |14+ | % ||- (23)

Y

For the RV Z = h(X) = e [(X+a2X*)/a1] " where X is a
zero-mean normal RV, it is possible to obtain a closed-form
expression for the mean and variance. The integrals in (21)
corresponding to this value of (X ) have again been evaluated,
using the mathematical software package Maple, as

oz
1 e (2a§+4a%ala2)

ElZ] =p. = | 77—
(y1+2202)
02
lEe
—++202aja
E[7%) = eL\?

dag 2
(,/1—|— a120'z>

o2 =E[Z% — 1. (24)

IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS, VOL. 25, NO. 9, SEPTEMBER 2006

ACKNOWLEDGMENT

The authors would like to thank Vivek De of Intel for
providing them with Fig. 1. They also thank the anonymous
reviewers for useful suggestions in improving this paper.

REFERENCES

[1] J. Kao, S. Narendra, and A. Chandrakasan, “Subthreshold leakage model-
ing and reduction techniques,” in Proc. ICCAD, San Jose, CA, Nov. 2002,
pp. 141-148.

[2] S. Borkar, “Design challenges of technology scaling,” IEEE Micro,
vol. 19, no. 4, pp. 23-29, Jul./Aug. 1999.

[3] K. Bernstein, C.-T. Chuang, R. Joshi, and R. Puri, “Design and CAD

challenges in sub-90 nm CMOS technologies,” in Proc. ICCAD, San Jose,

CA, Nov. 2003, pp. 129-136.

S. Mukhopadhyay and K. Roy, “Modeling and estimation of total leakage

current in nano-scaled CMOS devices considering the effect of parameter

variation,” in Proc. ISLPED, Seoul, Korea, Aug. 2003, pp. 172-175.

Berkeley Predictive Technology Model (BPTM). [Online]. Available:

http://www-device.eecs.berkeley.edu/~ptm/

S. Borkar, T. Karnik, S. Narendra, J. Tschanz, A. Keshavarzi, and V. De,

“Parameter variations and impact on circuits and microarchitecture,” in

Proc. IEEE/ACM DAC, Anaheim, CA, Jun. 2003, pp. 338-342.

S. Narendra, V. De, S. Borkar, D. Antoniadis, and A. Chandrakasan,

“Full-chip subthreshold leakage power prediction model for sub-0.1 pym

CMOS,” in Proc. ISLPED, Monterey, CA, Aug. 2002, pp. 19-23.

[8] S. Mukhopadhyay, A. Raychowdhury, and K. Roy, “Accurate estimate

of total leakage current in scaled CMOS circuits based on compact cur-

rent modeling,” in Proc. IEEE/ACM DAC, Anaheim, CA, Jun. 2003,

pp. 169-174.

R. Rao, A. Srivastava, D. Blaauw, and D. Sylvester, “Statistical analy-

sis of subthreshold leakage current for CMOS circuits,” IEEE Trans.

Very Large Scale Integr. (VLSI) Syst., vol. 12, no. 2, pp. 131-139,

Feb. 2004.

[10] A. Srivastava, R. Bai, D. Blaauw, and D. Sylvester, “Modeling and analy-
sis of leakage power considering within-die process variations,” in Proc.
ISLPED, Monterey, CA, Aug. 2002, pp. 64—67.

[11] F. Najm and N. Menezes, “Statistical timing analysis based on a timing
yield model,” in Proc. IEEE/ACM DAC, San Diego, CA, Jun. 2004,
pp. 460—465.

[12] S. Choi, B. Paul, and K. Roy, “Novel sizing algorithm for yield im-
provement under process variation in nanometer technology,” in Proc.
IEEE/ACM DAC, San Diego, CA, Jun. 2004, pp. 454-459.

[13] S. Zhang, V. Wason, and K. Banerjee, “A probabilistic framework to
estimate full-chip subthreshold leakage power distribution considering
within-die and die-to-die P-T-V variations,” in Proc. ISLPED, Newport
Beach, CA, Aug. 2004, pp. 156-161.

[14] Y.-E. Tsai, D. Duarte, N. Vijaykrishnan, and M. J. Irwin, “Impact of
process scaling on the efficacy of leakage reduction schemes,” in Int. Conf.
Integrated Circuit Design Technology (ICICDT), Austin, TX, May 2004,
pp. 3-11.

[15] BSIM4. [Online].
~bsim3/bsim4.html

[16] S. Nassif, “Modeling and forecasting of manufacturing variations,” in Int.
Workshop Statistical Metrology, Honolulu, HI, Jun. 2000, pp. 2-10.

[17] A. Papoulis, Probability, Random Variables and Stochastic Processes.
New York: McGraw-Hill, 1991.

[18] B. Cory, R. Kapur, and B. Underwood, “Speed binning with path delay
test in 150-nm technology,” IEEE Des. Test Comput., vol. 20, no. 5,
pp. 4145, Oct. 2003.

[19] A. Keshavarzi, K. Roy, C. Hawkins, and V. De, “Multiple-parameter
CMOS IC testing with increased sensitivity for Ippq,” IEEE Trans.
Very Large Scale Integr. (VLSI) Syst., vol. 11, no. 5, pp. 863-870,
Oct. 2003.

[20] K. Bowman, S. Duvall, and J. Meindl, “Impact of die-to-die and within-
die parameter fluctuations on the maximum clock frequency distribution
for gigascale integration,” IEEE J. Solid-State Circuits, vol. 37, no. 2,
pp- 183-190, Feb. 2002.

[21] A. Agarwal, D. Blaauw, V. Zolotov, and S. Vrudhula, “Computation and
refinement of statistical bounds on circuit delay,” in Proc. IEEE/ACM
DAC, Anaheim, CA, Jun. 2003, pp. 348-353.

[22] M. Orshansky, L. Milor, P. Chen, K. Keutzer, and C. Hu, “Impact of
spatial intrachip gate length variability on the performance of high-speed
digital circuits,” IEEE Trans. Comput.-Aided Des. Integr. Circuits Syst.,
vol. 21, no. 5, pp. 544-553, May 2002.

[4

finar

[5

—_

[6

=

[7

—

[9

—

Available:  http://www-device.eecs.berkeley.edu/

Authorized licensed use limited to: University of Michigan Library. Downloaded on June 12, 2009 at 15:34 from IEEE Xplore. Restrictions apply.



RAO et al.: ANALYTICAL YIELD PREDICTION CONSIDERING LEAKAGE/PERFORMANCE CORRELATION

[23] S. Samaan, “The impact of device parameter variations on the frequency
and performance of VLSI chips,” in Proc. IEEE/ACM ICCAD, San Jose,
CA, Nov. 2004, pp. 343-346.

[24] K. Bowman, S. Samaan, and N. Hakim, “Maximum clock frequency dis-
tribution model with practical VLSI design considerations,” in Int. Conf.
Integrated Circuit Design Technology (ICICDT), Austin, TX, May 2004,
pp. 183-191.

[25] International Technology Roadmap for Semiconductors (ITRS). (2001).
[Online]. Available. http://public.itrs.net

[26] N. C. Beaulieu, A. A. Abu-Dayya, and P. J. Mclane, “Estimating the
distribution of a sum of independent log-normal random variables,” IEEE
Trans. Commun., vol. 43, no. 12, pp. 2869-2873, Dec. 1995.

[27] R. Rao, A. Devgan, D. Blaauw, and D. Sylvester, “Parametric yield
estimation considering leakage variability,” in Proc. IEEE/ACM DAC,
San Diego, CA, Jun. 2004, pp. 442-447.

[28] Log Normal Distribution. [Online].

Available: http://mathworld.

wolfram.com/LogNormalDistribution.html
[29] Maple 9.5. [Online]. Available: http://www.maplesoft.com/products/
maple/

Rajeev R. Rao received the B.S. degree in electrical
and computer engineering from Rutgers University,
New Brunswick, NJ, in 2002 and the M.S. degree in
computer science and engineering from the Univer-
sity of Michigan, Ann Arbor, in 2004. He is currently
working toward the Ph.D. degree at the University of
Michigan.

In the summer of 2003, he was with IBM Austin
Research Laboratory, Austin, TX, working as a Re-
search Co-Op on leakage power analysis. His re-
search interests include modeling and analysis of
robust low-power very large scale integrated (VLSI) designs and variability-
aware circuit approaches.

Anirudh Devgan (S’91-M’91-SM’00) received the
B.Tech. degree in electrical engineering from the
Indian Institute of Technology, Delhi, India, in 1990,
and the M.S. and Ph.D. degrees in electrical and
computer engineering from Carnegie Mellon Univer-
sity, Pittsburgh, PA, in 1991 and 1993, respectively.

He has held various key technical and manage-
ment positions at IBM Thomas J. Watson Research
Center, IBM’s Server Division, IBM’s Microelec-
tronics Division, and IBM Austin Research Labo-
ratory. He is currently Vice President of Product
Development at Magma Design Automation, Austin, TX. He has worked in
the general area of computer-aided design of integrated circuits with emphasis
on electrical analysis and simulation, physical design, low-power design, and
design for manufacturability and variability. He has more than 60 publications,
seven full-day tutorials, several invited presentations, and 20 U.S. patents issued
or pending.

Dr. Devgan has been awarded the IEEE William J McCalla Award, IBM
Corporate Award, IBM Outstanding Innovation Award, IBM Outstanding Re-
search Accomplishment Award, IBM Microelectronics Division Excellence
Award, and several other IBM awards. He has served on program committees of
various international conferences including the Design Automation Conference
(DAC), the International Conference on Computer-Aided Design (ICCAD),
the International Conference on Computer Design (ICCD), the Asia South
Pacific Design Automation Conference (ASP-DAC), VLSI Design, and the
International Symposium on Quality Electronic Design (ISQED).

1695

David Blaauw (M’94) received the B.S. degree in
physics and computer science from Duke Univer-
sity, Durham, NC, in 1986 and the M.S. and Ph.D.
degrees in computer science from the University of
Illinois, Urbana, in 1988 and 1991, respectively.

He worked at IBM Corporation as a Development
Staff Member, until August 1993. From 1993 until
August 2001, he worked for Motorola, Inc., Austin,
TX, were he was the Manager of the High Per-
formance Design Technology Group. Since August
2001, he has been in the faculty of the University
of Michigan as an Associate Professor. His research interests include very
large scale integrated (VLSI) design and computer-aided design (CAD) with
particular emphasis on circuit design and optimization for high-performance
and low-power designs.

Dr. Blaauw was the Technical Program Chair and General Chair for the
International Symposium on Low Power Electronic and Design, in 1999 and
2000, respectively, and was the Technical Program Co-Chair and Member of
the Executive Committee the ACM/IEEE Design Automation Conference, in
2000 and 2001.

Dennis Sylvester (S’96-M’97-SM’04) received the
Ph.D. degree in electrical engineering from the Uni-
versity of California, Berkeley, in 1999.

After working as a Senior R&D Engineer in the
Advanced Technology Group of Synopsys, Moun-
tain View, CA, he is now an Assistant Professor of
electrical engineering and computer science at the
University of Michigan, Ann Arbor. His research
interests include low-power circuit design and design
automation, design for manufacturability, and on-
chip interconnect modeling.

Authorized licensed use limited to: University of Michigan Library. Downloaded on June 12, 2009 at 15:34 from IEEE Xplore. Restrictions apply.



