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Nonlinear Programming

A branch of applied mathematics concerned with 
finding the minimum of a function of several 
variables, subject to constraints or restrictions on 
the variables.

Minimize f(x) with respect to x

subject to constraints:

- inequality constraints

- equality constraints

( ) 0≤xqi

( ) 0=xh j



Penalty Functions (Example)

• 0 < vth0 < 1
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Y.Mahotin … Automatic BSIM3/4 Model Parameter Extraction with Penalty Function, Nanotech 2004



Penalty Function in Work



Penalty Function in Work



Process-aware SPICE models

Y. Mahotin …, TCAD-based Process Dependant HSPICE Model Parameter Extraction, Nanotech2006



Process-aware SPICE model Problems

• Based on TCAD simulations

• Limited mathematical possibilities

• Small process variations

• Incorrect asymptotic behavior
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CMT CAD

Extract a Process Dependent SPICE Model (from Silicon) 

)(PFId
ρ

=
Example

Drain Current

Vector of Process Parameters = (HALO implantation dose,
HALO implantation energy, Annealing temperature,
Gate oxidation temperature ,…)  /up to 100 parameters/

Assume this is a BSIM4 model



• Problem(digital applications): Find       to maximize I on

and minimize I off

simultaneously
• Nonlinear Programming Problem:

• Solution:Optimal Values of :

CMT CAD (continue)
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• Problem (analog applications) : Find 

to maximize the maximum of :

• Nonlinear Programming Problem:

• Solution:Optimal values of       to maximize the 
maximum of Gm

CMT CAD (continue)
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Mathematical abstractions
to model process variations
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Gate shape variations

Ideal image Image on wafer 
Optical Proximity

Correction

1.How to model ?
2. Is the problem solved?
3.No



Is the problem solved?
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EDA companies commonly used approach



The statement that the problem has been 
solved is a myth (thought experiment)
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A thought experiment is a proposal for an experiment that
would test or illuminate a hypothesis or theory.
From Wikipedia, the free encyclopedia



One of the reasons of incorrectness

Parasitic  source/drain resistors



Image Variation
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Modeling of Gate Shape Variations
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• Assumption:                                           is available
• Problem definition:

• Result: Optimal Process Parameters          of 
Technology less sensitive to Gate Shape Variations
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Process Parameters Gate Shape

The sum over different gate shapes

Development of Technologies
less sensitive to OPC variations

Assume this is a BSIM4 model



Layout Variations
Example: CMOS NAND 

From Wikipedia, the free encyclopedia



Layout-dependent SPICE model
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Realization

• Modern C/C++ programming techniques

Core
(MultiThreading)

Optimization Algorithm

Model. Penalty Functions

Objective Function

Variation Functions

Input 

File

Output 

File

DLL

DLL

DLL

DLL

Artificial Intellect DLL



Multi-threaded scalability

•AMD single chip, 8 Cores 
(Opteron 6128) 

•50 BSIM3 model parameters
•22 devices  
•30,000 measured points 



Automatic Parameter Extraction

1. Pre-defined Model Parameters

2. Non-binning Parameters

3. Binning Parameters

Vth0
K1
Kt1
U0
……

kt1

k1 vth0

k1

vth0

vth0

u0 kt1 k1 vth0

Pre-defined Parameters



Automatic Parameter Extraction

k2 k3 k3b w0 dvt0 dvt1 dvt2 …
f7f2 f3 f4 f5 f6f1 …

fmin

Best Parameter: dvt0 (for example)

u0 kt1 k1 vth0 dvt0



Automatic Parameter Extraction

•115 Model Parameters

•25 devices

•-55, 25, 125 °C

•100,000 points

•8 Cores, 40 hours

•5% accuracy


