
 

An Arbitrary Stressed NBTI Compact Model for Analog/Mixed-Signal Reliability 
Simulations 

 
Jinbo Wan and Hans G. Kerkhoff 

Testable Design and Testing of Integrated Systems Group, CTIT, University of Twente  
Enschede, the Netherlands 

j.wan@utwente.nl, h.g.kerkhoff@utwente.nl 
 

Abstract 
A compact NBTI model is presented by directly solving 

the reaction-diffusion (RD) equations in a simple way. The 
new model can handle arbitrary stress conditions without 
solving time-consuming equations and is hence very suitable 
for analog/mixed-signal NBTI simulations in SPICE-like 
environments. The model has been implemented in Cadence 
ADE with Verilog-A and also takes the stochastic effect of 
aging into account. The simulation speed has increased at least 
thousands times. The performance of the model is validated 
by both RD theoretical solutions as well as silicon results. 
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1. Introduction 
Recent progress in advanced deep-submicron CMOS 

technologies make circuits faster, smaller, and operate at 
lower power. However, behind these benefits, the reliability 
becomes a major concern. The reliability issues significantly 
reduce the product yield and lifetime. In order to apply new 
CMOS technologies, especially in some highly dependable 
mixed-signal areas like the analog front-ends in the 
automotive arena [1], reliability problems need to be 
considered during the circuit design period. Accurate 
reliability simulations are in high demand to assure design 
success.  

One of the problems for analog/mixed-signal reliability 
simulation is the lack of accurate aging models. This is 
especially true for the negative bias temperature instability 
(NBTI), which is probably the most critical aging effect in 
advanced deep-submicron CMOS technologies nowadays. 
The dominant degradation due to NBTI is threshold shift with 
time in PMOS transistors under stress. Moreover, the NBTI 
degradation can partly recover after the stress has been 
removed, which make both the measurements as well as the 
modelling very difficult. In fact, until now, there is still no 
proper solution to accurately measure the NBTI degradations 
[2]. The present measurement limitations block the insight 
into the physical cause, and hence the modelling theories for 
the NBTI degradation are still under debate [3], [4].  

Despite much effort spent in NBTI modelling theories, 
there is a big gap between modelling and implementation in 
SPICE-like environments which are familiar to analog/mixed-
signal circuit designers. In addition, the NBTI modelling 
publications are mainly focused on DC stresses and square-
wave stresses (AC stress or dynamic NBTI in some 
publications), which are not typical cases in analog/mixed-

signal circuits. Now, many simulation tools apply a 
simplification by using the average DC stress instead of the 
real stress to evaluate the NBTI degradations. This approach 
will dramatically underestimate the NBTI degradation and 
cause a large error in long-time extrapolation [5].  

In order to apply the NBTI aging simulation to 
analog/mixed-signal circuits, the NBTI model should be able 
to: 

1. Handle arbitrary stress conditions, like arbitrary 
voltage stress waveforms and arbitrary temperature 
stress waveforms.  

2. Be easy to implement in SPICE-like environments and 
embed in existing design flows. 

3. Take into account the stochastic effect of aging and 
enable the combination with process-variation 
simulations. 

4. Realize short simulation times, even for large circuits.   
 

Instead of proposing new NBTI theories, this paper shorts 
the gap between NBTI theories and SPICE-like environments. 
A new compact NBTI model will be introduced which 
satisfies the above four requirements and is suitable for 
analog/mixed-signal NBTI simulations in the Cadence Analog 
Design Environment (ADE). The new model is based on 
completely solving the reaction-diffusion (RD) equations [6] 
in a smart way. It can achieve high accuracy with only a small 
computational effort. 

The paper is organized as follows. Section 2 briefly 
reviews the existing NBTI modelling theories. Section 3 
demonstrates the derivation of the new compact model from 
the original RD theory. Section 4 evaluates the performance of 
the model. The model implementation is discussed in section 
5 as well as simulation times and stochastic aging simulation.  
Section 6 provides the conclusions. 

2. Brief review of existing NBTI models 
Currently there are several NBTI models used in published 

papers. The most simple NBTI model is based on fitting the 
DC stress measurements in the logarithmic domain, which 
could be referred to as the “power model” [7]. The power 
model is not based on any physical meanings but is simple to 
extract from measurements and easy to implement in 
simulation software. In fact, many commercial EDA 
companies and silicon foundries, like Cadence and TSMC, 
provide NBTI simulation by means of power models. 
However, the power model can only handle DC stresses 
because it cannot model the recovering phenomenon of NBTI. 

Another NBTI model is the reaction-diffusion (RD) model, 
which has first been discussed by Jeppson in 1977 [8]. From 
2003 on, Alam [6] reviewed many old NBTI experiments and This research has been conducted within the ENIAC project ELESIS (296112) 

which is financially supported by Agentschap NL. 
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various authors use different approaches to approximate the 
solution under DC or square-wave stress cases [8], [9], or 
employ complicated solvers to solve the equations in a time-
consuming way to accurately evaluate the RD theory [3], [6].  

Compared to other papers, we will directly solve the 
equation set (3)~(5) in a simple, fast way. Since in submicron 
CMOS technologies, the gate oxide is by far thinner than the 
gate poly-silicon and the H2 diffusion much faster in the gate 
oxide [9], the number of H2 in the gate dioxide can be ignored 
while calculating long stress-time situations. The diffusion 
coefficient ܦுమ in the poly-silicon is treated as a constant. 
Applying the Laplace transform for (3) to solve the 
differential equation, the solution for ுܰమ in the Laplace 
transform can be derived as: 

ுܰమ෪ ,ݔ) (ݏ = ுܰమ෪ (0, (ݏ ∙ ݌ݔ݁ ቎−ቆ ுమቇଵଶܦݏ ∙  (6)							቏ݔ
In (6), the superscript ෩  is referred to as the Laplace 
transform of corresponding functions. By substitution of (6) 
into (5), the solution for ூ்ܰ in the s-domain can be written as: 

ூܰ෪் (ݏ) = 2 ∙ න ுܰమ෪ ,ݔ) ஶݔ݀(ݏ
଴ = 2 ∙ ுܰమ෪ (0, (ݏ ∙ ൬ܦுమݏ ൰ଵଶ 				(7) 

Using (4) and (7) to eliminate ுܰమ and applying the inverse 
Laplace transform, one obtains the time-domain equation. The 
final result can be simplified to an equation with only physical 
parameters: ିܮଵ൛√ݏ ∙ ூܰ෪் ൟ(ݏ) ∙ ூܰଶ் (ݐ) = 2 ∙ ටܦுమ ቆඥ݇ு݇ி݇ோ ଴ܰቇଶ 					(8) 
In (8), the symbol ିܮଵሼ∙ሽ denotes the inverse Laplace 
transform. It can be alternatively written as a convolution 
form in the time domain: ቆ ݐ√1 ∗ ݀ ூ்ܰ(ݐ)݀ݐ ቇ ∙ ூܰଶ் (ݐ) = 2ටܦߨுమ ቆඥ݇ு݇ி݇ோ ଴ܰቇଶ =  (9)																																					(ݐ)ܯ
The symbol " ∗ " inside the brackets at the left side of (9) 
represents the convolution operator. At the right side, ݇ி is 
proportional to the inversion-hole density, the vertical 
electrical field and temperature. Parameters ݇ு, ݇ோ and ܦுమ 

are proportional to the temperature only, as shown in (10), in 
which ܧோ and ܧ஽ are constant parameters. So the right side of 
equation (9) is a function of stress voltage, temperature, oxide 
thickness and unit gate capacitance. Basically,  they are a 
function of time and can be defined as (ݐ)ܯ. 

۔ۖۖەۖۖ
௢௫൫ܥி~ට݇ۓ ௚ܸ௦ − ௧ܸ௛଴൯ ∙ ݌ݔ݁	 ൬ܧ௢௫ܧ଴ ൰݇ோ~	exp	൬− ஽݇ܶ൰ܧ−൬	exp	ுమ~ܦோ݇ܶ൰ܧ

																												(10) 
If the stress voltage and the temperature remain constant 

with regard to time, e. g. DC stress, (ݐ)ܯ will be a constant 
and can be written as ܯ. In this situation, (9) will degrade to 
the well-known closed-form solution for the number of 
interface traps ூ்ܰ: 

ூ்ܰ(ݐ) = ܴ ∙  (11)																																					ଵ଺.ݐ
In (11), ܴ is a constant and can be expressed as 

ܴ = ቌ ൯ଷߨ√൫ܯ ∙ 3 ∙ ݃ܽ݉݉ܽ ൬23൰ ∙ ݃ܽ݉݉ܽ ൬56൰ቍ
ଵଷ
 

= 0.94 ∙  (12)																																																																	ଵଷܯ
where the gamma function has been employed [15]. 

However, if the stress condition changes with time, it will 
be difficult to derive a closed-form solution. An alternative 
way is to modify (9) into a discrete form and find an iterative 
solution. Suppose the timing points are separated uniformly by ∆ݐ seconds. The discretization of (9) can then be written as: ൭෍ ூ்ܰ(݅ + 1) − ூ்ܰ(݅)√∆ݐ ∙ √݊ − ݅௡ିଵ

௜ୀ଴ ൱ ∙ ூܰଶ் (݊) =  (13)											(݊)ܯ
In (13), parameter ݊ is the discrete time index. Rearranging 

(13) and using the solution of the so-called Cubic equation 
[16], the iterative solution for ூ்ܰ can be expressed as in Table 
I. The parameters ܾ and ݀ of (14) in Table I are given in (16) 
and (17) of Table I. ܯ(݊) which is given in (15) and (18) of 
Table I is a function of time, stress voltage, temperature and 
other process parameters.  

Table I: The new compact NBTI model with uniform time step ∆ݐ. 
ூ்ܰ(݊) =

۔ۖۖەۖۖ
																																	0ۓ 																												 																				݊ = 0൫ݐ∆√(1)ܯ൯ଵଷ											 																												 																				݊ = 1
− 3ܾ + ቌ− ܾଷ27 − 2݀ + ඨቆܾଷ27 + 2݀ቇଶ − ܾ଺729ቍ

ଵଷ + ቌ− ܾଷ27 − 2݀ − ඨቆܾଷ27 + 2݀ቇଶ − ܾ଺729ቍ
ଵଷ 													݊ > 1																		(14)

(݊)ܯ = 0.94ିଷ ∙ ௢௫ൣܥଶܣ ௚ܸ௦(݊) − ௧ܸ௛଴൧exp	൬− ௔2݇ܶ(݊)൰ܧ ݌ݔ݁ ൬2ܧ௢௫ܧ଴ ൰ 																																	 (15)
ܾ =෍ ூ்ܰ(݅) ൬ 1√݊ − ݅ + 1 − 1√݊ − ݅൰௡

௜ୀଵ (16) ݀ = 																ݐ∆√(݊)ܯ− (17)
௢௫ܧ = ൫ ௚ܸ௦(݊) − ௧ܸ௛଴൯ݐ௢௫ 																												 (18) ∆ ௧ܸ௛(݊) = ௢௫ߝ௢௫ݐݍ ∙ ூ்ܰ(݊).	 (19)
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 Figure 7: NBTI simulation strategy for analog/mixed-signal 
applications. 
 

6) The stochastic effect of NBTI degradation is taken 
into account by randomizing the total effect interface 
traps under the gate area assuming a Poisson 
distribution [20]: 

൫ݎܸܽ  ூ்ܰ_௧௢௧_௘௙௙൯ = ൫݊ܽ݁ܯ ூ்ܰ_௧௢௧_௘௙௙൯ = ∆)݊ܽ݁ܯ ௧ܸ௛) ∙ 2.7ܮ௢௫ܹߝ ∙ ௢௫ݐݍ 					(23) 
 
7) The aged netlist with a stochastic NBTI degradation 

sample is generated using the same approach as 4). 
Except the threshold-voltage shift is now calculated 
from a sampled stochastic number of interface traps. 

∆)݈݁݌݉ܽݏ  ௧ܸ௛) = 2.7 ∙ ௢௫ݐݍ ∙ )݈݁݌݉ܽݏ ூ்ܰ_௧௢௧_௘௙௙)ߝ௢௫ܹܮ 				(24) 
 
The ݊ܽ݁ܯ(∆ ௧ܸ௛) in expression (23) is the deterministic 

threshold degradation which is calculated by the model in 
Table I and II. The ܹ and ܮ are the transistor gate length and 
width. The constant 2.7 is used to take into account both the 
random number of interface traps and the random spatial 
distribution of the traps [20]. This is also the reason of the 
name “effect interface traps”, ூ்ܰ_௧௢௧_௘௙௙. The ݈݁݌݉ܽݏ(∆ ௧ܸ௛) 
and ݈݁݌݉ܽݏ( ூ்ܰ_௧௢௧_௘௙௙) in expression (24) are the stochastic 
samples. 

The whole process in Figure 7 has been implemented using 
Verilog-A in Cadence ADE. A variable “Quick_sim” is used 
in ADE to determine the different choices: detailed NBTI 
simulation to extract power-function fitting parameters,  
deterministic threshold aging calculation, or stochastic 

Table III: The proposed compact model simulation times in 
Cadence ADE vs. Ref. [12]. 

Circuit 
Num. 

of 
PMOS 

Stress 
waveform 

Num. 
of time 
steps 

Total time 
consumed 
(including 
Transient 

simulation) 

Opamp 11 Sine 55 
0.888 seconds

(this paper) 

Single 
Test 

PMOS 
1 Square <100  

Several 
minutes  

(Ref. [12]) 

threshold aging calculation. The parameter sweep for 
“Quick_sim” in ADE can be used to run a batch process, 
which makes the NBTI aging simulation very easy to combine 
with normal process variations in Mont-Carlo simulations. 

The total simulation time is in the same order of Spectre 
transient simulations, which is much faster as compared to 
normal RD solvers, e. g. several minutes for only one PMOS 
transistor [12]. An example run on our server with one CPU 
core occupation is shown in Table III. 

6. Conclusions 
A compact NBTI model based on directly solving the RD 

equations has been proposed. The model can accurately 
handle arbitrary stress waveforms for the up-limits and is thus 
very suitable for analog/mixed-signal simulations. The model 
has been implemented in Cadence ADE with Verilog-A, and 
can simulate both deterministic as well as stochastic NBTI 
aging effects. The simulation speed is thousand times faster as 
compared to other RD based models. The model is validated 
by both original RD theory solutions and silicon measurement 
results. 
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