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Abstract—The yield of CMOS logic circuits satisfying a specific
high performance requirement is demonstrated to be significantly
influenced by the magnitude of critical-path delay deviations due
to both extrinsic and intrinsic parameter fluctuations. To evaluate
the impact of these parameter fluctuations, a static CMOS crit-
ical-path delay distribution is calculated from rigorously derived
device and circuit models that enable projections for future tech-
nology generations. Two possible options are explored to attain a
desired yield: 1) reduce performance by operating at a lower clock
frequency; and 2) increase the supply voltage and, consequently,
power dissipation, to satisfy the nominal critical-path delay. For
the 50-nm technology generation, the delay and power dissipation
increases are 12%–29% and 22%–46%, respectively, for extrinsic
parameter standard deviations ranging from (a) 5% for effective
channel length and 0% for gate oxide thickness and channel doping
concentration to (b) 10% for effective channel length and 5% for
gate oxide thickness and channel doping concentration. Combining
both extrinsic and intrinsic fluctuations, the delay and power dis-
sipation increase to 18%–32% and 31%–53%, respectively, thus
demonstrating the significance of including the random dopant
placement effect in future CMOS logic designs.

Index Terms—Circuit design, CMOS logic circuit performance,
critical-path delay variations, gate delay variations, parameter
variations, random dopant placement, technology projections.

I. INTRODUCTION

A S microelectronic technology continues to advance
through reducing the minimum feature size and in-

creasing the number of transistors per chip in accordance with
Moore’s Law [1], two major circuit design issues are: 1) the
nonuniformity of electrical characteristics across the chip; and
2) the increase in power consumption per chip [2]. Extrinsic
macroscopic manufacturing process fluctuations and intrinsic
microscopic random dopant fluctuations produce deviations in
MOSFET drive current, resulting in critical-path delay distri-
butions across the chip. In this paper, the impact of extrinsic
and intrinsic fluctuations are quantified by two methods: 1)
reduce performance by operating at a lower clock frequency;
and 2) increase the supply voltage and, consequently, power
dissipation, to satisfy the nominal critical-path delay.
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Fig. 1. Critical path model.

Rigorously derived device and circuit models [3] are em-
ployed to calculate a critical-path delay distribution for a statis-
tical range of extrinsic fluctuations in effective channel length,
doping concentration, and oxide thickness, as well as computed
values of intrinsic fluctuations from a stochastic device model
[4]. The model equations, derived from fundamental device and
circuit analyses, enable projections of extrinsic and intrinsic
fluctuations on circuit performance distributions for future tech-
nology generations. Depending on the estimated number of crit-
ical paths per chip and the desired yield, the permissible increase
in delay can be determined. The increase in power dissipation
is calculated by shifting the nominal distributions through in-
creasing the supply voltage such that the required nominal crit-
ical-path delay is achieved. Therefore, the goal of this paper is
to define the impact of extrinsic and intrinsic parameter fluc-
tuations on circuit performance for future generations of tech-
nology by evaluating the increases in delay and power dissipa-
tion above nominal values that guarantee a specified yield.

The methodology for evaluating the impact of parameter fluc-
tuations on CMOS circuit performance is discussed in Section II
along with the results of the extrinsic fluctuations. In Section III,
the analytical models used to incorporate the intrinsic fluctu-
ations are presented along with results. In Section IV, the ex-
trinsic and intrinsic parameter fluctuations are combined to an-
alyze the impact on CMOS circuit performance for future gen-
erations of technology. Finally, concluding remarks are offered
in Section V.

II. I MPACT OF EXTRINSIC FLUCTUATIONS ON THE CRITICAL

PATH DELAY DISTRIBUTION

The impact of macroscopic extrinsic parameter fluctuations
on circuit performance is quantified by developing and ana-
lyzing a critical-path delay distribution using rigorously de-
rived device and circuit models [3], which are advantageous
for predicting circuit performance of future technology gener-
ations. As shown in Fig. 1, the critical path is modeled by a
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number of identical two-input static CMOSNAND gates
with a fan-out of three [5], where each gate drives an average
wiring capacitance calculated from a stochastic interconnect
distribution [6]. The static CMOS logic gate was chosen for
its low standby power drain, large operating margins, scal-
ability, and flexibility of logic functions [7]. Static and dy-
namic contributions to power dissipation are considered where
the short-circuit power is assumed negligible in high perfor-
mance/low power designs [3], [8].

To obtain a critical-path delay distribution, the propagation
delay distribution of an individual static CMOSNAND gate
is first analyzed. The average propagation delay through a
two-inputNAND gate is modeled by averaging the delay through
two-series connected nFET’s and the delay through one pFET
given as

(1)

where is the effective fan-in factor [9] for series con-
nected MOSFET’s and and are the nFET and
pFET CMOS propagation delay models, respectively, that in-
clude the transition (rise or fall) time effect [3].

The extrinsic fluctuations of effective channel length ,
doping concentration , and oxide thickness are
assumed to follow uncorrelated Gaussian distributions [10] for
the nFET’s and pFET’s in each gate. Thus, theNAND gate
propagation delay distribution density function is calculated
from a convolution described as

(2)

where and are the propagation delay distribution
density functions for the nFET and pFET respectively.
and are developed by iterating through every parameter
combination and its corresponding probability using compact
delay models [3] for the nFET and pFET respectively. Since
the deviations for each gate in the critical path are equivalent

(3)

the critical-path delay distribution density function is calculated
as a Gaussian [11]

(4)

The mean critical-path delay is calculated as

(5)

where is the meanNAND gate delay. The crit-
ical-path delay standard deviation is computed as

(6)

where is the NAND gate delay standard deviation.
Fig. 2 illustrates the separate influences of , and ,
as well as all three parameters combined on the critical-path
delay distribution (4)–(6) for a normalized standard devia-
tion of 5% for each parameter. The deviations in effective

Fig. 2. Critical-path delay distributions for a 5% standard deviation in
N ;L; T , and all three combined from (4)–(6).

channel length and oxide thickness are shown to have a more
significant contribution to the critical-path delay distribution
than variations in doping concentration for a uniform channel
doping profile.

A chip contains a number of critical paths , all of which
must satisfy the worst-case delay constraint [10], [12]. Since the
fluctuations in each critical path are independent, the probability
that all critical paths meet a specified delay , defined in
this paper as the yield, is

(7)

where is the variable critical-path delay corresponding to pa-
rameter fluctuations. As described by (7), yield should be in-
terpreted narrowly as the yield of a testing process in which
products are "sorted" according to speed. Typically, this sorting
process follows a reliability screening procedure in which prod-
ucts are stressed at elevated temperatures in order to reveal de-
fects, functionality, and reliability problems. Two possible op-
tions to achieve a desired yield (7) are: 1) reduce performance by
operating at a lower clock frequency; and 2) increase the supply
voltage and, consequently, power dissipation, to satisfy
the nominal critical-path delay. Increasing in the second
approach may result in reliability and lifetime concerns, such as
degradation in the gate oxide integrity and electromigration. To
determine the increase in delay,in (7) is calculated as

(8)

where is defined as the nominal or mean critical-path
delay with no parameter deviations present,is the required
number of standard deviations corresponding to a desired yield,
and is the nominal critical-path delay distribution standard
deviation. Computing the increase in power dissipation to
guarantee that a specified percentage of critical paths satisfy

, the supply voltage is increased to shift the nominal
distribution as pictured in Fig. 3(a). The nominal distribution
is shifted by , where is the target critical-path delay
distribution standard deviation. Fig. 3(b) illustrates the proba-
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Fig. 3. (a)n� critical-path delay distribution shift from the nominal delay
(T ) due to an increase inV for a (b) desired yield given in (7).

bility of one critical path having a delay less than or equal to
as an integration of the target distribution from 0 to

. This probability raised to the th power is the yield.
The amount of increase in is determined by calculating
the new critical-path target delay

(9)

As the nominal delay distribution is shifted due to an increase
in , the deviation of target delay will be reduced such that

. Describing the critical-path propagation delay as

(10)

where is a value between 1 and 2 depending on the amount
of velocity saturation [13], the physical reason why
can be explained. As is increased the effect of the threshold
voltage deviations, due to variations in , and ,
is reduced in . Therefore, an iteration process of calcu-
lating is required for complete accuracy.

In order to determine in (8) and (9), Fig. 4 plots the
number of standard deviations required to achieve a yield of
80%–99% for a Gaussian distribution versus the number of
critical paths per chip. Fig. 4 provides a direct look-up to iden-
tify the necessary value of by coupling the desired yield with

Fig. 4. Number of�’s required to achieve a yield of 80%–99% for a Gaussian
distribution versus the number of critical paths on a chip. The table defines the
number of�’s and their corresponding probabilities.

TABLE I
NOMINAL VALUES USED IN ANALYSIS

the estimated number of critical paths in a chip. The number
of critical paths per chip is dependent on the system architec-
ture and optimization procedures, which may vary substantially
from one microprocessor design to another. Due to the compli-
cated nature of this issue, determining the number of critical
paths for a given technology generation is extremely difficult.
Ideally, each transistor would be placed within a critical path to
obtain a 100% timing utilization; however, data dependencies
as well as other limitations in actual designs restrict the amount
of critical-path transistors. Assuming 100–1000 critical paths
[10] for today’s 10 million transistor microprocessors, a 3
critical-path delay deviation may be an acceptable tolerance
to maintain a reasonable yield as shown in Fig. 4. However,
as the number of transistors per chip continues to increase as
projected by the roadmap (1.4 billion for the 50-nm genera-
tion) [14] and assuming the ratio of critical paths to transistors
remains relatively constant, the acceptable tolerance may in-
crease to a 6 critical-path delay deviation to satisfy future
yield requirements, as illustrated in Fig. 4. To cover a range of
possible requirements for future technology generations, this
paper provides an analysis of the 3and 6 critical-path delay
deviations.

The values for feature size and oxide thickness are chosen
in the range of parameters projected by the National Technology
Roadmap for Semiconductors [14]. Effective channel length is
assumed 80% of the feature size [14]. Threshold voltage is cal-
culated by equating the subthreshold drain current [3] per unit
width and to the maximum off-cur-
rentperunitwidthgiven in the roadmap [14].Thenominal supply
voltage is determined by equating the saturation current [3] per
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Fig. 5. (a) Delay and (b) power dissipation increases due to extrinsic
fluctuations corresponding to a 3� critical-path delay deviation.

unit width to the nominal on-current
per unit width provided in the roadmap [14]. The ratio
is assumed to be 20 [14] and the ratio is calculated as 23
to obtain equivalent worst case charging and discharging delays
for the two-input CMOSNAND gate. Following historical trends
[15], the number of gates in the critical path is scaled from 15 to
5 across the 250–50-nm technology generations to enable high
performance local clock frequencies. Table I provides the values
of , and used for each technology
generation analyzed in this paper as well as the calculated nom-
inal values of power dissipation per gate and critical-path delay.

Figs. 5 and 6 illustrate the delay and power dissipation
increase due to a range of extrinsic parameter fluctuations in

, and corresponding to a 3 and 6 critical-path
delay deviation, respectively. The range of extrinsic parameter
fluctuations in , and were chosen judiciously in
order to provide a useful analysis for today’s manufacturing
processes –10%) [14], [16] as well as for future
projections ; .
For a 3 deviation, Fig. 5 indicates a percentage increase in
delay and power dissipation ranging from 6% to 15% and 10%
to 22%, respectively, for the 50-nm technology generation,
depending on the magnitude of device parameter fluctuations.
For a 6 deviation, Fig. 6 demonstrates a percentage increase
in delay and power dissipation ranging from 12% to 29% and
22% to 46%, respectively, for the 50-nm technology generation.

Fig. 6. (a) Delay and (b) power dissipation increases due to extrinsic
fluctuations corresponding to a 6� critical-path delay deviation.

The percentage increase in delay and power dissipation grows
steadily over the technology generations, which is due to the
reduction of the number of gates in the critical path [12] from
(5) and (6) according to

(11)

Thus, the ratio of standard deviation to mean for the critical-path
delay is inversely proportional to the square root of.

III. I MPACT OF INTRINSIC FLUCTUATIONS ON THE CRITICAL

PATH DELAY DISTRIBUTION

As MOSFET’s continue to scale, the fluctuations in the
location of dopant atoms in the device active region induce
drain-current fluctuations. This is an intrinsic effect since
it cannot be eliminated by external control of conventional
manufacturing processes. By introducing the “cube model,”
viewing a MOSFET as an array of MOS capacitors separating
the source from the drain, the distribution of dopant atoms is
derived from fundamental device analysis [4]. Utilizing the
dopant atom distribution, a threshold voltage distribution is de-
rived [4] and compared with experimental data [17] to provide
validation for the model calculations, as shown in Fig. 7.
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Fig. 7. Comparison of compact model calculatedV distribution [4] with
experimental data [17].

Fig. 8. (a) Delay and (b) power dissipation increases due to intrinsic
fluctuations corresponding to a 3� and 6� critical-path delay deviation.

The propagation delay distribution density functions for the
nFET and pFET are derived as

(12)

where is the probability that the nFET/pFET propaga-
tion delay is less than a specific value, is the effec-
tive doping concentration distribution density function for the

Fig. 9. (a) Delay, (b) supply voltage, and (c) power dissipation increases due
to extrinsic and intrinsic fluctuations corresponding to a 3� critical-path delay
deviation.

nFET/pFET [4], and is the effective doping concentration
for the nFET/pFET [4]. The effective doping concentration cor-
responds to the doping density required for a uniformly doped
MOSFET without fluctuations to achieve a specific threshold
voltage. The intrinsic deviations are independent from device to
device, thus, allowing theNAND gate propagation delay distribu-
tion density function due to intrinsic variations to be calculated
by (2). Then the critical-path delay distribution is computed as in
(4)–(6). Using the same methodology as discussed in Section II
for extrinsic variations, the impact of intrinsic fluctuations on
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Fig. 10. (a) Delay, (b) supply voltage, and (c) power dissipation increases due
to extrinsic and intrinsic fluctuations corresponding to a 6� critical-path delay
deviation.

CMOS circuit performance is examined. Fig. 8 evaluates the
delay and power dissipation increases due to intrinsic parameter
fluctuations. Fig. 8(a) indicates a percentage increase in delay
of 7% and 13%, corresponding to 3and 6 critical-path delay
variations respectively, for the 50-nm technology generation.
For identical conditions, Fig. 8(b) demonstrates a percentage in-
crease in power dissipation of 11% and 20%.

Fig. 11. Impact of including intrinsic fluctuations on (a) delay and (b) power
dissipation corresponding to a 6� critical-path delay deviation.

IV. I MPACT OFBOTH EXTRINSIC AND INTRINSICFLUCTUATIONS

ON THE CRITICAL PATH DELAY DISTRIBUTION

In the previous two sections, the impact of extrinsic and in-
trinsic fluctuations on CMOS circuit performance was demon-
strated individually, now the extrinsic and intrinsic parameter
fluctuations will be combined. Assuming the extrinsic and in-
trinsic fluctuations are independent, the combined effect on the
NAND gate delay distribution is calculated [11] as

(13)

where and are the standard
deviations due to extrinsic and intrinsic variations respectively.
Now the critical-path delay distribution is calculated as in
(4)–(6) for both extrinsic and intrinsic fluctuations.

Figs. 9 and 10 quantify the delay, supply voltage, and,
resulting power dissipation increases due to both extrinsic and
intrinsic parameter fluctuations corresponding to 3and 6
critical-path delay deviations, respectively. For a 3deviation,
Fig. 9 exhibits a percentage increase in delay, supply voltage,
and power dissipation ranging from 9% to 16%, 7% to 12%,
and 15% to 26%, respectively, for the 50-nm technology
generation, depending on the magnitude of extrinsic parameter
fluctuations. For a 6 deviation, Fig. 10 projects significant
percentage increases in delay, supply voltage, and power
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dissipation ranging from 18% to 32%, 14% to 24%, and 31%
to 53%, respectively, for the 50-nm technology generation.
Comparing Fig. 6 (extrinsic fluctuations only) with Fig. 10
(extrinsic and intrinsic fluctuations) for the 50-nm technology
generation, Fig. 11 indicates that the impact of intrinsic fluc-
tuations increases the delay from 12%–29% to 18%–32% and
power dissipation from 22%–46% to 31%–53%, depending on
the magnitude of extrinsic fluctuations, corresponding to the
6 critical-path delay deviation.

V. CONCLUSION

A static CMOS critical-path delay distribution due to ex-
trinsic macroscopic manufacturing process fluctuations and
intrinsic microscopic random dopant fluctuations is developed
and analyzed. Two possible options for achieving a desired
yield are explored: 1) reduce performance by operating at a
lower clock frequency; and 2) increase the supply voltage and,
consequently, power dissipation, to satisfy the nominal crit-
ical-path delay. For the 50-nm technology generation, the delay
and power dissipation increases due to extrinsic fluctuations
only are calculated as 12%–29% and 22%–46%, respectively,
for extrinsic parameter standard deviations ranging from 5%
for effective channel length and 0% for gate oxide thickness
and channel doping concentration to 10% for effective channel
length and 5% for gate oxide thickness and channel doping
concentration. In comparison, when both extrinsic and intrinsic
fluctuations are included in the analysis, the delay and power
dissipation increases to 18%–32% and 31%–53%, respectively,
thus demonstrating the importance of incorporating intrinsic
fluctuations into future CMOS logic circuit designs.
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