
 Eindhoven University of Technology

MASTER

Acceleration techniques for extraction within semi-automatic design optimization

Egwu, N.

Award date:
2010

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/955bc86a-cff8-444d-acee-d020e92f9ba5


Acceleration Techniques for Extraction

within Semi-automatic Design

Optimization

Nathaniel Egwu

August, 2010



Acceleration Techniques for
Extraction within Semi-automatic

Design Optimization

by

Egwu, Nathaniel

Supervisors:
Professor Wil Schilders

(Eindhoven University of Technology)
Dr. Joost Rommes (NXP Semiconductors, Eindhoven.)

August 31, 2010

i



Abstract

The simulation of circuit components consisting of parameterized cells (pcells) with
parameters as their defining properties is vital to determine performance factors
such as noise in the circuit design process. The steps, which consist of physical
layout generation, full extraction and netlist creation for simulation are implemented
using the optimization loop. It is observed that extraction of the physical layout is
time consuming since a new layout is generated in each iteration with a change in
parameter value of a pcell. We present two methods that can be used to speed up
extraction namely, partial extraction and netlist prediction.
First, we implement partial extraction where the layout of a single pcell is extracted
in contrast to full extraction of the entire layout. The process of netlist prediction
involves determination of models that can be used to predict netlists based on the
relationship between parameters of pcells and the the structure of netlists created.
The relative and absolute errors between the extracted netlists and proposed models
will be obtained and used to determine accuracy of the method. Models with higher
accuracy can be used to predict netlists, while partial extraction is required for
models with lower accuracy. This greatly reduces the time required for simulation
since extraction is required when the netlist cannot be predicted.
The methods are implemented on some pcells of the low noise amplifier. The
netlists created during iteration and those obtained by prediction are simulated
and compared to determine their sensitivity with respect to changes in parameters.
For parameters with low sensitivity, we conclude that the netlist can be predicted
with high accuracy, while for parameters with high sensitivity, either parts of the
netlist can be predicted or partial extraction is required.
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Chapter 1

Introduction

Circuit components are designed with parameterized cells (pcells) which consists
of parameters as defining properties. In order to determine the efficiency of the
design, an insight into their behavior is required. This is done by generating an
equivalent layout which represents the geometric form of the circuit components,
extraction performed on the layout to identify components added during layout
generation, a netlist created for simulation. The steps are performed in several
iterations using the optimization loop depending on the desired output. At each
iteration, the value of the parameter of a single pcell is changed and a new layout
generated and extracted. The extraction of the updated layout is time consuming
and results in the overall increase in simulation time.
This project is based on developing techniques which can be used to speed up
extraction. The first formulation is based on extraction of individual layout of a
pcell where there exist a change in parameter during iteration. This is termed
partial extraction in contrast to full extraction of the entire layout. The timing
results obtained from both methods show a reduction in the simulation time using
partial extraction. The second approach is based on determination of models for
netlist prediction. The idea is based on using the structure of the netlists created
by changing parameters of pcells. The project is divided into the following parts:
Chapter 2 presents some basic terms and concepts required in the project. Chapter
3 consists of extraction modes, types and methods of extraction in one, two and
three dimensions.
A survey on capacitance and resistance extraction in three dimensions using the
boundary element method and the statistical (random walk) algorithm is presented
in chapter 4.
The problem description implemented on the low noise amplifier (LNA) is discussed
in chapter 5 including partial extraction of the physical layout of the LNA.
Chapter 6 consists of the numerical results obtained from the relationship between
parameters of the pcells of the LNA and the netlists. Models for netlist prediction
are derived, relative and absolute errors computed used to determine the efficiency
of the method. The netlists predicted from the models are simulated and the results
compared with the extracted netlists to obtain the sensitivity with respect to a given
parameter.
Finally, chapter 7 consists of recommendations and conclusion.
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Chapter 2

Circuit Terminology

2.1 Definition of Terms and Concepts

• Pcell

A parameterized cell (Pcell) is an element or block of elements that rep-
resents a circuit component and dependent on some parameters. Pcells in a
circuit design form a basic unit of functionality that can be instantiated many
times. This method is flexible because it permits the use of certain parame-
ters assigned to a particular device many times thereby simplifying the design
process.

• Netlist

The netlist describes the topology used to connect devices in a given circuit
as discussed in [30]. For example, the circuit in figure 2.1 can be considered
as a graph G, with nodes (1, 2), (2, 3), (3, 4), (4, 5) and (1, 5) correspond to
subgraphs Gi, i = {1, 2, 3, 4, 5, 6} and weights r1, r2, c1, c2, l, vd respectively.
The netlist is given by

R(1, 2) = r1, R(2, 3) = r1, C(2, 5) = c1, C(3, 4) = c2, L(4, 5) = l, V (1, 5) = Vd,

where ri, i = {1, 2}, ci i = {1, 2} and l denote the resistance, capacitance
and inductance respectively. A netlist is created by a circuit extractor on a
physical layout to produce an equivalent circuit description [3]. For example,
the following output, obtained in cadence [23], is part of the netlist obtained
by extracting the layout of a resistor which forms part of the pcells given in
figure 2.2:

subckt resMeander1 betRC out3a

avD1149_1 (betRC out3a avS33) rm4ynpolysub wb=0.16 lb=0.972 nb=0 \

nrheads=0 nrifaces=2

c1 (betRC out3a) capacitor c=2.862e-17

c2 (betRC avC3) capacitor c=3.1e-16

c3 (out3a avC3) capacitor c=3.099e-16

ends resMeander1

3
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where c1, c2, c3 denote the capacitances, and avD11491 denotes the device with
properties nb, lb, wb, and rm4ynpolysub.

Figure 2.1: A circuit diagram with 5 nodes and 6 branches.

2.1.1 Capacitor

A capacitor consist of two conductors, carrying a charge, insulated from one
another by a material called the dielectric, also having a voltage potential
between. It is always considered to be linear with the charge qc and voltage
vc related by qc = q(vc), while the capacitance is given by

C =
q

v
, (2.1)

with v in [V ] and q in [C] as in [19]. The current through the capacitor is
given by

i = C
dv

dt
,

where C is the capacitance in [F ]. The differential capacitance discussed in
[7] of a linear capacitor is calculated from

i = C(v)v̇.
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From [7], the current is related to the nonlinear capacitance by

i =
d

dt
(C(v)v) .

2.1.2 Resistor

A resistor is an electric component that regulates the flow of electric current
in a circuit. It can be used to provide a specific voltage for an active device
such as a transistor [35]. The current and the resistance through a linear
resistor are related by the Ohms law

i =
v

R
, (2.2)

where R is the resistance in [Ω] and v is the voltage drop across the resistor
in [V ]. For both linear and nonlinear resistor as in [18], we have that

iR = i(vR).

2.1.3 Inductor

An inductor is defined as a coil of wire that stores energy in the form of
magnetic field used to induce current in a device. An example of an inductor
consists of a wire or a coil designed to posses inductance. A current passing
via the coil creates a magnetic field that induces a current in a second coil
placed by the inductor as discussed in [33]. It is always considered to be linear
with voltage, v related to the inductance, L and current, i by

v = L
di

dt
, (2.3)

where i is in [A], L in [H] and v in [V ]. The magnetic flux φL is used to
characterize a linear inductor by

vL = φ̇L, φL = φ(iL).

Remark 2.1.1. The equations given in (2.1), (2.2) and (2.3) describe the
electrical properties of a circuit [18].

2.1.4 Transistor

A transistor is defined as a solid state semi conductor device for amplifying,
controlling and generating electric signals. A bipolar npn transistor given in
[7] consists of three electrical contacts, used as an amplifier, detector or switch.
These terminals are described as base, collector and emitter with branch cur-
rents IB(t), IC(t) and IE(t) with potentials UB(t), UC(t) and UE(t), and can
be modeled in a compact form as

I(t)B = g(UB(t)− UE(t)),
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I(t)B = α.g(UB(t)− UE(t)),

I(t)B = − (1 + α) .g(UB(t)− UE(t)),

where g = β.[exp(U/UT − 1)], α denotes the amplification factor, β the satu-
ration current and UT the thermal voltage at room temperature [7], [36].

2.1.5 Inverter

An inverter is a circuit component that converts direct current (dc) into al-
ternating current (ac). The converted ac can be at any voltage and frequency
with the use of switching and control circuits. They are used to supply ac
sources to dc powers through transistors which reform the dc into a wavy line
between oppositely charged magnetic poles, done by turning the transistor
switches back and forth to reformat current into ac [31] ,[34].

A circuit design consists of the schematic design and the physical layout. The
schematic design represent the electrical properties, while the physical layout
of the components in a geometric view.

2.1.6 Schematic diagram

A schematic diagram consists of symbols used to represent a set of circuit
components. These symbols are unique for a particular device and give an
electrical description of the component. For example, figure 2.2 designed using
the cadence software, consists of three inverters, a resistor and a capacitor, is
part of the low noise amplifier (LNA) circuit displayed in A.1.

Figure 2.2: A schematic design of n = 5 pcells of the low noise amplifier.



7

2.1.7 Physical layout

The layout diagram gives a geometric representation of a set of circuit com-
ponents. The physical layout in figure 2.3 represents the schematic design in
figure 2.2. The physical layout is extracted and a netlist created required for
simulation.

Figure 2.3: The physical layout of 5 pcells of the low noise amplifier.

The individual devices in figure 2.2 represent the layout given in figure 2.3.
The layout of the three inverters with pins (inv1, out1), (inv2, out2) and
(inv3, out3) in figure 2.2 correspond to (inv1, out1), (inv2, out2) and (inv3, out3)
in figure 2.3 respectively, while the layouts of the capacitor with pins (InvIn, betCR)
and the resistor with pins (betCR, out3a) in figure 2.2 correspond to (InvIn, betCR)
and (betCR, out3a) respectively.
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Devices and wires in a circuit design usually introduce parasitic capacitances,
resistance and inductances. Parasitic components are unintended during the
design process. We define parasitics as follows:

• Parasitic capacitance

These are unwanted capacitances that exist between closely connected devices
or wires in a circuit. They are usually not included during the design process
but present due to the structure of the devices and wires [24]. Parasitic
capacitances can be obtained by the set of equations given in (2.1).

• Parasitic resistance

This is the resistance between devices or wires in a circuit. They are formed
because of the structure of devices or pairs or connecting wires. Parasitic
resistances can be computed by the equations given in (2.2)

• Parasitic inductance

This is a form of unwanted inductance usually present in a given circuit usually
not included during the design process. Parasitic inductance can also be
obtained by the equations given in (2.3).

Dynamical system
A circuit can be considered as a dynamical system defined as

x(t)
′
= Ax(t) +Bu(t), y(t) = CTx(t) +Du(t)

where t ∈ R is the time, x(t) ∈ Rn is the state vector, u(t) ∈ Rm is the input,
y(t) ∈ Rp is the output, while A,B,C,D are real matrices with eigenvalues as poles
as discussed in [22]. The poles of some pcells obtained during iteration are given in
chapter 6.



Chapter 3

Circuit Extraction

3.1 Basics of Circuit Extraction

The physical layout of closely connected circuit devices and wires introduces un-
wanted capacitances, resistances and inductances. The computation of these quan-
tities is required for the optimal performance of the entire circuit. This is done
on the layout of the corresponding circuit components. The process of identifying
unwanted quantities which translates the layout into an equivalent circuit is called
extraction. Extraction can be classified into flat mode, full hierarchical extraction
and incremental hierarchical extraction as discussed in [23].

3.1.1 Techniques of extraction

• Flat mode:

This is the default mode for extraction by the cadence software from [23]. It
flattens out all instances of the circuit into geometric elements to create the
netlist. It is time consuming and requires a large amount of space since every
circuit component including parasitic capacitances, resistances or inductances
are recognized [6].

• Full hierarchical extraction:

Consider the geometric layout of a design in figure 3.1 with N cells which
can be extracted in different levels of hierarchy as shown in figure 3.2. The
topmost design denoted by A is the top cell with level 0 while the lower level
cells C,B, F,E are called the leaf cells. The leaf cells denoted by wires w1, w2

connected to device C, or cells B,F E in figure 3.1 are either extracted at
the lowest level of hierarchy in flat mode and continued up the hierarchy until
every cell is extracted or the layout of entire circuit A is extracted, then the
physical layouts D and C including E,F,B are extracted from top to bottom.
[14].

9
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Figure 3.1: A geometric layout of a design with 4 levels.

Figure 3.2: A hierarchy of a circuit design with 4 levels.
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Full hierarchical extraction is characterized by the following:

– run time for extraction is reduced because extractions are done once,

– less disk space is needed since one copy of an extracted pcell is main-
tained,

– objects outside of cells are not taken into account during extraction of
the cell.

• Incremental hierarchical extraction:

This involves extraction of the layout where changes have occurred and pcells
where pins connections have changed. The extraction is performed by ex-
tracting all cells once only. It re-extracts parts of the layout that have been
changed and minimizes the amount of processing.

3.1.2 Types of Extraction

Extraction can be performed either on wires, devices or parasitic devices of a circuit.

• Device extraction:

Device extraction is performed on the layout obtained from the design compo-
nents of a circuit. Device extraction is possible when no overlaps or crossing
between devices connected in a circuit. Layout versus schematic (LVS) checks
whether the schematic design matches that of the layout.

• Electrical connectivity extraction:

This involves extraction of electrical wires used for connection. The wires are
extracted for capacitance, resistance and inductance. Since physical devices
can be connected in different forms including crossovers. This form of ex-
traction is possible when there exist a metal connection between two or more
devices as discussed in [32].

• Parasitic extraction:

The structure of connectivity of circuit devices and wiring on a chip form a
structure that introduces resistive, inductive and capacitive parasitics. This
has impact on delay, energy consumption and other properties of the circuit.
Resistance (R), capacitance (C) and inductance (L) are geometry based. The
resistance is calculated from

R =
ρ

t
.
l

w
, (3.1)

where t, w and l represent the thickness, width and length respectively in [m],
ρ, the resistivity in [Ωm−1]. Meanwhile, the capacitance is calculated from

C = ε0εr
A

d
, (3.2)
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where ε0 is the permeability of vacuum, εr defines the relative permeability
of the material with respect to vacuum. The inductance is calculated from

v = L
di

dt
, (3.3)

where V is the voltage in [V ] and i is the current in [A].

3.2 Extraction Modes

This refers to parasitic extraction of capacitance (C), resistance (R) or inductance
(L) of the layout of interconnects or devices in a circuit design. Some methods
include boundary element method (BEM), finite element method (FEM), square
counting, scanline algorithms or statistical methods. We present a general overview
of some parasitic extraction techniques. A detailed survey of capacitance and resis-
tance extraction will be presented in the chapter 4.

3.2.1 Capacitance extraction

Parasitic capacitance extraction methods can be classified as follows:

• volume discretization,

• boundary element method,

• statistical method.

Consider the parallel plate capacitor given in figure 3.3a) from [40], the parasitic
capacitance in one dimension (1D) is calculated by (2.1). For a single conductor
given by 3.3b) from [40], the capacitance C, is obtained from [40] as follows

C = Carea + Cfringe, Carea =
εw

d
, Cfringe =

2πε

log( d
H

)
(3.4)

where d is the distance between the plates, A the area, and Carea represent the
capacitance between the parallel plate and ground plane, while Cfringe is modeled
by wire of radius H, corresponding to the thickness of the conductor. In figure 3.3c)
from [40], L, F and P denote the lateral, fringing and parallel capacitances which
exist between interconnects in a multi layered system in 1D.
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Figure 3.3: A parallel plate capacitor, b)a conductor above a ground plane and c)
capacitance coupling between wires and devices in a multi-layered system.

Consider the wires and devices connected between from A and B as shown in
figure 3.4 a) b) and c) from [40] corresponding the top view, cross sectional view
of A and cross sectional view of B respectively. We have that while C1, C10, C12
correspond to C1f1, C10 and C1f2 and C21, C20, C22 correspond to C2f1, C20 and
C2f2 respectively.

Figure 3.4: Top view, b)cross section of A c) cross section of B.

Let the wires be given m1 and m2 crossing each other, while A shows a cross
sectional view in the middle, and B gives the cross sectional view to the right. The
parasitic capacitance is calculated from [40] as

CA = C1f1 + C10 + C1f2, CA = C2f1 + C20 + C2f2, (3.5)

where w1, w2 correspond to widths of wires m1 and m2 respectively, C1f1, C2f1, C2f2

represent the fringing capacitance of A, A with respect to B and B respectively.
The capacitance between m1 and m2 in [40] are given by

Cm1,m2 = CA × w1 + (CB − C20)× w2. (3.6)

• Boundary element method

Consider the multiple conductors in figure 3.5, three dimension (3D) parasitic
capacitance extraction is based on solution of the Laplace equation

∇. (ε∇u) = 0, (3.7)
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which governs the potential distribution on the conductor with ε the permit-
tivity constant, with mixed boundary conditions

u = û on Γu, q =
∂u

∂n
on Γq, (3.8)

where Γu,Γq represent the Dirichlet and Neumann boundary conditions re-
spectively denoted by D and N in figure 3.5 from [40].

Figure 3.5: a) A structure with 3 dielectrics and b) a structure with two cross wires.

The discretization of (3.7) and from [13] discussed in detail in chapter 4, we
obtain the linear system

U = Pq,

where P is a coefficient matrix of potentials, q is the vector of potentials and
U are voltages.

• Statistical capacitance extraction

The technique discussed is based on stochastic collocation method from [13].
The parameters of a conductor be described by random variables ξi. The
variational behavior of such conductors are assume to follow the Gaussian
distribution

ρ(ξi) =
1√
2πσ

exp(−
ξ2
j

2σ2
),

where ρ(ξj) is called the probability density function.

A detailed survey of the random walk algorithm is described in the chapter 4 based
on the Monte Carlo technique.

3.2.2 Resistance extraction

Consider a rectangular-shaped conductor with current i and applied voltage V
across two terminals, as shown in figure 3.6 (a) from [40], [38], the resistance is
given by

R =
ρL

W
, (3.9)
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where ρ, l and w represent the resistivity in [Ωm−1] length and width in [m] respec-
tively as shown in figure 3.6 a), b). The square counting technique is used for the
resistance of the conductor in figure 3.6 as discussed in [40], [38]. The conductor is
subdivided into squares each of resistance Rs and the total resistance is calculated
from

R =
RsL

W
, (3.10)

where Rs is the resistance of one square.

Figure 3.6: a) A simple conductor, and b) square counting technique applied to the
simple conductor.

For conductors with corners in figure 3.7 from [38], the parasitic resistance is can
also be calculated from (3.10) and (3.9).

Figure 3.7: a) A conductor with corners where parasitic extraction is performed by
analytical formula.

For resistors with multi-terminal structure shown in figure 3.8 [40], an n by n
dimensional matrix is obtained as discussed in [15].
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Figure 3.8: a) A system of resistors connected together, b) a 2 dimensional view of
the domain.

Parasitic resistance is based on the solution of the laplace equation

∇. (σ∇u) = 0,

where σ is the conductivity constant, with boundary condition n∇.u = 0 as dis-
cussed in chapter 4.



Chapter 4

Capacitance and Resistance
Extraction

Parasitic extraction in 1D and 2D were discussed in chapter 3. Some techniques for
3D parasitic extraction include finite element methods (FEM), boundary element
method (BEM) [4], statistical (random walk) algorithm as discussed in [2], [9],
[39], [5] and [13]. The choice of a particular method is based on computational
efficiency and accuracy [40]. We present a survey of the boundary element method
for parasitic capacitance and resistance extraction in 3D as discussed in [28] and
[4], including the statistical (random walk algorithm).

4.1 Capacitance Extraction

Consider a parallel-plate capacitor with voltages v1 and v2 and charges Q and
−Q incident on both plates [40]. The capacitance is computed from (2.1), where
V = v1−v2. If the plates of the capacitor are separated by a distance d as displayed
in figure 3.3, the capacitance is calculated from

C =
ε0εrS

d
,

where ε0 is the permeability in [ C2

Nm2 ], εr is the relative permeability and A is the
area of the plates in [m2].
For a coaxial capacitor with radii a and b and charges Q and −Q applied to the
conductors, the capacitance is

C =
2πε0

ln
(
a
b

) , C =
Q

V
, V =

−Q
2πε0l

ln
(a
b

)
, .

For a spherical conductor with radius R in [ m],

C = 4πε0R.

For a system of N conductors as in an integrated circuit, the capacitance matrix
from

Qi =
N∑
j=1

CijUj, i = 1, . . . , N ; (4.1)

17
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where Cij is the mutual capacitance between conductor i and j, Cii the total ca-
pacitance and Uj, the potential.

4.1.1 Parasitic capacitance extraction by BEM

From chapter 3, one and two dimensional parasitic capacitance extraction are com-
puted from (3.4) and (3.5), (3.6) respectively. We present the three dimensional
(3D) parasitic capacitance extraction of a set of conductors like the crossover wires
in figure 3.8 by the BEM as in[40] and [4]. Figure 3.8 forms a system of conductors
with total charge Qi expressed in the form of (4.1.) The potential of conductor i is
set to 0V and others 1 volt in order to compute the total capacitance. The Laplace
equation in (4.2) is solved on the homogeneous boundary dielectric region shown in
figure 3.8 a) [40] to obtain the potentials Uj.

∇. (ε∇u) = 0 in Ωi i = 1, . . . ,M
u = u0 on Γu
q = n.∇u = q0 on Γq

(4.2)

where

∇2u =
δ2u

δx2
+
δ2u

δy2
+
δ2u

δz2
= 0,

with

• ε is assumed to be constant,

• u = ū on Γu, called the Dirichlet boundary condition, and

• the electric field q = n.∇u = q̄ = 0, on Γq, the Neumann boundary. The
entire domain is given by

Ω =
M⋃
i=1

Ωi.

The solution of (4.2) is provided by the boundary integral method in [4]. We
begin with the two dimensional (2D) formulation and extend the procedure to
(3D). Consider the Laplace equation with mixed boundary conditions∫

Ω

∇. (∇u)u∗(ξ, x)dΩ =

∫
Γq

(q(x)− q̄(x)) dΓ(x)−
∫

Γu

(u(x)− ū(x)) dΓ(x), (4.3)

where u∗(ξ, x) is called the weighted function and

q∗(ξ, x) =
∂u∗(ξ, x)

∂n(x)
.

Integrating (4.3) by parts, we get that

−
∫

Ω

∂u(x)

∂xi

∂u∗(ξ, x)

∂xi
dΩ(x) = −

∫
Γu

q(x)u∗(ξ, x)dΓ(x)
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−
∫

Γq

q̄(x)u∗(ξ, x)dΓ(x)−
∫

Γu

(u(x)− ū(x)) q∗(ξ, x)dΓ(x), (4.4)

where i = 1, 2, 3 represents the Einstein’s summation over repeated indices. Again,
integrating (4.4) by parts yields∫

Ω

∇2u∗(ξ, x)u(x)dΩ(x) = −
∫

Γu

u∗(ξ, x)q(x)dΓ(x)−
∫

Γq

¯q(x)u∗(ξ, x)dΓ(x)

+

∫
Γq

q∗(ξ, x)u(x)dΓ(x) +

∫
Γu

¯u(x)q∗(ξ, x)dΓ(x), (4.5)

since Γq
⋃

Γu = Γ, 4.5 becomes∫
Ω

∇2u∗(ξ, x)dΩ(x) = −
∫

Γ

q(x)u∗(ξ, x)dΓ(x) +

∫
Γ

u(x)q∗(ξ, x)dΓ(x). (4.6)

We define the weighted function u∗ as the delta function

∆(ξ, x)u = 0 for ξ 6= x
∆(ξ, x)u =∞ for ξ = x,

while ∫
Ω

∆(ξ, x)dΩ(x) = u(ξ) (4.7)

by the property of the delta function. The fundamental solution u∗(ξ, x) of the
laplace equation in 2D and 3 D given by

u∗ =
1

2π
ln(

1

r
), u∗ =

1

2π

(
1

r

)
and then

∇2u∗(ξ, x) = cs∆(ξ, x), (4.8)

where cs = −2απ, and α = 1 for 2D capacitance extraction and α = 2 for 3D
capacitance extraction. Combining the results obtained from 4.8 and 4.6, we get
that

csus +

∫
Γ

q∗(ξ, x)u(x)dΓ =

∫
Γ

u∗(ξ, x)q(x)dΓ, (4.9)

and us gives the electrical potential at source point, s and cs is constant which
depends on the boundary near the source point. Then 4.9 is called the boundary
integral equation and discretized at selected points where the nodes in the circuit
are non zero by the constant quadrilateral elements [41]

u =
N∑
k=1

αkψk, (4.10)

which represent non-uniform constant discretization. Substituting (4.10) in equa-
tion (4.9) we have that

csus +
N∑
k=1

(∫
Γk

q∗dΓ

)
uk =

N∑
k=1

(∫
Γk

u∗dΓ

)
qk. (4.11)
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If we define

Gij =

∫
Γj

q∗dΓ, H̃ij =

∫
Γj

u∗dΓ,

where H̃ij relates node i with element j where the integral is carried out with smooth
boundary cs = 0.5, equation (4.11) becomes

N∑
k=1

Hijuj =
N∑
k=1

Gijqj, Hij = H̃ij (i 6= j) Hij = 0.5+H̃ij (i = j). (4.12)

Thus, (4.12) gives a system of matrix equation

U = AQ. (4.13)

where for the two dimensional case, the diagonal elements of

Hii =

∫
Γi

q∗dΓ =

∫
Γj

∂u∗

∂r

∂r

∂n
dΓ = 0,

due to orthogonality between the normal and surface of of element at node i, while

Gii =

∫
Γi

u∗dΓ =
1

2π

∫
Γ

ln

(
1

r

)
dΓ.

The off diagonal elements of both H and G are calculated by using Gaussian quadra-
ture rules as follows:

Ĥij =

∫
Γj

q∗dΓ =
lj
2

K∑
k=1

(q∗)kwk

Gij =

∫
Γj

u∗dΓ =
lj
2

K∑
k=1

(u∗)kwk

where lj is the length of the constant element at point k, wk the weight associated
with integration points in 2D. Similarly, in 3D, we calculate the matrices Hij and
Gij from ∫

Γj

q∗dΓ =| J |
∫ 1

0

[∫ 1−η2

1

q∗(η)dη1

]
dη2∫

Γj

u∗dΓ =| J |
∫ 1

0

[∫ 1−η2

1

u∗(η)dη1

]
dη2

where

dΓ =| J | dη1dη2, ηk =
Ak
A
,

gives the transformation from Cartesian coordinate system to intrinsic triangle co-
ordinates, k = 1, 2, 3,, Ak is the area of the intrinsic triangle, A the area of the
reference triangle and J is called the Jacobian. Thus, the off diagonal elements of
the matrices are given by

Hij = 2Ajdij

K∑
k=1

1

r3
ik

,
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Gij = 2Aj

K∑
k=1

1

rik
,

where Aj refer to the element i, dij refer to the perpendicular distance from i to
the plane through i. The diagonal entries of

Gii =

∫ θ1

0

∫ R1(θ)

0

dRdθ +

∫ θ1+θ2

θ1

∫ R2(θ)

0

dRdθ +

∫ 2π

θ1+θ1

∫ R3(θ)

0

dRdθ.

and Hii = 1/2. Equation (4.13) solved to obtain the values of the potential ui, i =
1, . . . , N and the capacitance is calculated from (4.1). The formation of the linear
system given in (4.13) is computationally expensive since it uses a great deal of
time and memory as discussed in [40].

4.1.2 Statistical capacitance extraction

Statistical capacitance extraction by floating random walks method is presented as
discussed in [13], [9] and [2]. The method is based on solution of (4.2) to obtain
a boundary integral from which the integral for electric field and potentials are
obtained at the center of the domain. The integrals are expanded as infinite sum
and evaluated statistically as in [13]. Consider the 2D form of (4.2) given by

∇. (ε∇ψ) = 0, (4.14)

on the square with length, ε is constant, a with Dirichlet boundary conditions

ψ(x(η), y(η)) = ψs(η),

on 0 < η < a and ψ = ψ(x, y), and η is a parameter in [12]. The electric field is
obtained where needed. The circuit component is divided into objects comprising
of electrodes ( electrical connections) and dielectrics. Assume the solution of (4.14)
is given by

ψ(x, y) = X(x)Y (y),

then
∂2ψ

∂x2
=
d2X

dx2
Y (y),

∂2ψ

∂y2
=
d2Y

dx2
X(x), (4.15)

substituting (4.15) into (4.14), we get that

d2X

dx2
Y (y) +

d2Y

dx2
X(x) = 0 ⇒ d2X

dx2

1

X
=
d2Y

dy2

1

Y
= k2, (4.16)

and by separation of variables, we get the ordinary differential equations

d2X

dx2
+ k2X = 0,

d2Y

dy2
− k2Y = 0, (4.17)

with general solutions

X(x) = sin kx, Y (y) = A1 exp(kx) + A2 exp(−kx), (4.18)
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With suitable initial conditions, (4.18) can be written as

X(x) = sin kx, Y (y) = A1 sinh(k(a− y)), k =
πn

a
, a > 0. (4.19)

By superposition, the general solution of (4.14) with the given boundary conditions
becomes

ψ(x, y) =
∞∑
n=1

An sin
(nπx

a

)
sinh

[(nπ
a

)
(a− y)

]
, (4.20)

where An are constants. By evaluating (4.20) at (x(η), y(η)) = (η, 0), we get that

ψ(x, y)s(η) =
∞∑
n=1

An sin
(nπx

a

)
sinh (nπ) , (4.21)

The sum given by (4.21) converges due to piecewise continuity of ψs(η). Multiplying
both sides of (4.21) by sin(mπη/a) and integrating from η = 0 to η = a, we have
that∫ a

0

ψs(η) sin
(πmη

a

)
dη =

∫ a

0

∞∑
n=1

An sin
(nπx

a

)
sinh (nπ) sin

(πmη
a

)
dη. (4.22)

Since the sum given in (4.22) converges, we also have that∫ a

0

ψs(η) sin
(πmη

a

)
dη =

∫ a

0

∞∑
n=1

An sin
(nπx

a

)
sinh (nπ) sin

(πmη
a

)
dη. (4.23)

with m = 1, 2, 3, . . . , An is fixed, and from (4.23), we have that

ψ(x, y) =

∫ a

0

g(x, y|η)dη, (4.24)

where

g(x, y) =
2

a

∞∑
n=1

sinh [(nπ/a)(a− y)]

sinh(nπ)
sin
(nπx

a

)
sin
(ηπx

a

)
. (4.25)

Thus, (4.24) is obtained for the entire boundary by rotating through by π/4 and
centered at x = y = a/2 to construct the solution over the other three sides of the
square domain, S. Consider

ψ(x, y) =

∫ a

0

G(x, y|η)dη, (4.26)

where G(x, y), called the Green’s function, given by

G(x, y) =
2

a

∞∑
n=1

sinh [(nπ/a)(a− y)]

sinh(nπ)
sin
(nπx

a

)
sin
(ηπx

a

)
,

The Green’s function G(x, y), identifies a transition probability that measures the
likelihood of a point ηi−1w inside the surface Si of the square domain, to be connected
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with a point ηi on the boundary of Si by [5]. The entire boundary is translated
with Green’s function G(a|η) and the potential is given by

ψ̃ =

∫
Sa

G(a|η)ψSa(η)dη, (4.27)

where Sa defines a square domain with size a and

G(
1

2
a,

1

2
a|η) = G(a|η).

Differentiating (4.24), the electric field for the x component is given by

Ex = − ∂

∂x
ψ(x, y) = −

∫
S

∂

∂x
G(x, y|η)ψS(η)dη (4.28)

and the y component is given as

Ey = − ∂

∂y
ψ(x, y) = −

∫
S

∂

∂x
G(x, y|η)ψS(η)dη. (4.29)

Also, we have that

Gx(x, y|η) =
∂G(x, y|η)

∂x
, Gy(x, y|η) =

∂G(x, y|η)

∂y
.

The electric field components at the center of a square Sa of length a on the trans-
lated domain is given by

Ex =

∫
Sa

Gx(a|η)ψSa(η)dη, Ey =

∫
Sa

Gy(a|η)ψSa(η)dη. (4.30)

For G and G,

Gx(a|η) = − ∂

∂x
G(

1

2
a,

1

2
a|η)

G̃y(a|η) = − ∂

∂y
G(

1

2
a,

1

2
a|η).

From [2], Cij constitute the off diagonal elements of the capacitance matrix and
defined as

qi =
N∑
j=1

Cij(vi − vj), (4.31)

where i = 1, 2, . . . , N , v1, . . . , vN and q1, . . . , qN denote the corresponding voltages
and charges respectively. Gauss law in [2] defined as the total charge Q stored on a
conductor in a system of conductors, is evaluated by taking the integral of the dot
product of the electric field Ê and the normal vector η̂ on the surface Γ around the
conductor called the Gaussian surface. Thus,

qi = ε

∫
Gi

E(ξ).n̂(ξ)dξ, (4.32)
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where E(ξ).n̂(ξ) = Exnx + Eyny in two dimensions, ε is the electric permittivity
constant, Gi is the boundary and ξ measures the boundary length with electric field
E and outward unit normal n̂. If (4.32) is replaced with E component and their
integral expressed along Sα(ξ). From (4.30) and (4.32), we have that

qi = −ε
∫
Gi

si(ξ)dξ

∫
Sα(ξ)

G[α(ξ)|ξ′ ]ψSα(ξ)
(ξ
′
)w(ξ|ξ′)dξ′ , (4.33)

were the weight is defined at each i = 1, . . . , N , by

w(ξ|ξ′) = −εn̂xGx[α(ξ)|ξ′ ] + n̂yGy[α(ξ)|ξ′ ]
si(ξ)

G[α(ξ)|ξ′ ],

where n̂x and n̂y are components of n̂ and the sampling functions which do not
affect (4.33), si are given by such that∫

Gi

si(ξ)dξ = 1.

Figure 4.1: Each boundary is decomposed in to Sα(ξ,ξ′ ,... ) and Sα(ξ,ξ′ ,... ), e1, e2

and e3 represent ξ
′
∗, ξ

′′
∗ and ξ′′′∗ respectively, while S2, S1, s0, S0 represent

Sα(ξ′′ ), Sα(ξ′ ), Sα(ξ) and Sα(ξ) respectively.

The charges qi are expressed as electrode potentials by splitting the domain into
electrode part Sα(ξ) non electrode part, Sα(ξ) as shown in figure B.3 [13]. Therefore,
(4.33) is written as sum of integrals on both Sα(ξ) and Sα(ξ). We replace ψSα(ξ)

(ξ
′
) by

using (4.27) with a new variable and Sα(ξ′ ) as the new domain of integration. This
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procedure extends the domain and Sα(ξ′ ) is the largest square with no electrodes

centered at any boundary point on Sα(ξ). Thus is continued by splitting Sα(ξ) into
Sα(ξ) and Sα(ξ), while (4.27) is used to replace Sα(ξ), we get that

qi = −
∫
Gi

si(ξ)dξ(

∫
Sα(ξ)

w(ξ|ξ′)G[α(ξ)|ξ′ ]dξ′ψSα(ξ)
(ξ
′
) (4.34)

+

∫
Sα(ξ)

w(ξ|ξ′)G[α(ξ)|ξ′ ]dξ′ ×
∫
S
α(ξ
′
)

G[α(ξ
′
)|ξ′′ ]ψSα(ξ)

(ξ
′′
)dξ

′′
+∫

Sα(ξ)

w(ξ|ξ′)G[α(ξ)|ξ′ ]dξ′

×
∫
S
α(ξ
′
)

G[α(ξ
′
)|ξ′′ ]dξ′′ ×

∫
S
α(ξ
′
)

G[α(ξ
′′
)|ξ′′′ ]dξ′′′ + . . . )

Assume all voltages are set to 0 with the j − th voltage set to vj, the capacitance
matrix is calculated from (4.31) as

Cij = − qi
vj
, (4.35)

where i = 1, . . . , N (i 6= j). Due to linearity of qj in (4.35), the off diagonal
elements Cij independent of electrode voltages are given by

Cij =

∫
Gi

si(ξ)dξ(

∫
Sj
α(ξ)

w(ξ|ξ′)G[α(ξ)|ξ′ ]dξ′ (4.36)

+

∫
Sα(ξ)

w(ξ|ξ′)G[α(ξ)|ξ′ ]dξ′ ×
∫
Sj
α(ξ
′
)

G[α(ξ
′
)|ξ′′ ]dξ′′ +∫

Sα(ξ)

w(ξ|ξ′)G[α(ξ)|ξ′ ]dξ′

×
∫
S
α(ξ
′
)

G[α(ξ
′
)|ξ′′ ]dξ′′ ×

∫
Sj
α(ξ
′
)

G[α(ξ
′′
)|ξ′′′ ]dξ′′′ + . . . )
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Figure 4.2: First, second and third order random walks. e0, e1, e2 and e3 represent
ξ∗, ξ

′
∗, ξ

′′
∗ and ξ′′′∗ respectively

The algorithm in [13] implies a set of random walks Ñi are enumerated starting from
Gi for a given electrode i. For subset of Ñi of first order random walks Ni × Pξ(ξr)
start at ξr while Pξ(ξ|ξ

′
r) end at ξ

′
r on S

′

α(ξr)
. The total from ξ to ξ

′
r is given by

Ni × Pξ(ξr)× Pξ(ξ|ξ
′

r).

Summing over w(ξ|ξ′), from the first order random walk, we have that

C1
ij ≈

W̃ij

Ñi

∑
Gi

Pξ(ξr)
∑
Sj
α(ξr)

w(ξr|ξ
′

r)Pξ(ξr|ξ
′

r) (4.37)

taken over discrete points ξ and ξr on Gi and Sjα(ξr)
. Thus, (4.37) is a good ap-

proximation for large Ni so that Pξ and Pξ′ represent the discrete and conditional
probability distributions defined by

Pξ(ξr) =

∫
∆ξr

si(ξ)dξ, P (ξ∗|ξ
′

r) =

∫
∆ξ′r

G[α(ξ∗)|ξ
′
]dξ

′
(4.38)

Substituting for Pξ and Pξ′ in (4.37), and simplifying further, we get that

C1
ij ≈

∑
Gi

[∫
Gi

si(ξ)dξ

]
×
∫
Sj
α(ξ)

w(ξ|ξ′r)G[α(ξ)|ξ′r]dξ
′
. (4.39)
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which gives the first order approximation of the capacitance matrix. Thus, the
general statistical estimate of n the order off diagonal capacitance matrix is given
by

Cij ≈
∞∑
n=1

Cn
ij =

1

Ni

∞∑
n=1

W n
ij =

Wij

Ni

(4.40)

4.2 Resistance Extraction

4.2.1 Motivation

Several methods exist for 2D and 3D parasitic resistance extraction. We present
the boundary element method (BEM) in two dimensions which is assumed to be
more efficient than other techniques [28]. Thus, (4.2) is transformed to a boundary
integral equation [4] ,[28]. The parasitic resistance of a straight conductor with 2
terminals is obtained 4.27. For a system of N conductors with p > 1 terminals, we
an n× n matrix, while the parasitic resistance extraction is calculated from [15],
[40] numerically.

4.2.2 Parasitic resistance extraction by BEM

Consider the Laplace equation from [16] as

∇. (σ∇u) = 0 ⇒ ∇2u =
∂2u

∂x2
+
∂2u

∂y2
+
∂2u

∂z2
= 0, (4.41)

with boundary conditions where σ is the conductivity of the material is assumed to
be constant. From [16], (4.41) is transformed to a boundary integral equation by
same procedure as in capacitance extraction. The quantities, u and q from (4.41),
are replaced by the residue statement∫

Ω

∇. (∇u)u∗(ξ, x)dΩ =

∫
Γq

(q − q̄) dΓ−
∫

Γu

(u− ū) dΓ (4.42)

where u∗(ξ, x) is called the weight function. From (4.9), (4.10), (4.11), (4.4) and
(4.5), we have that

1

2
ui +

N∑
j=1

∫
Γj

uq∗dΓ =
N∑
j=1

∫
Γj

qu∗dΓ (4.43)

Since ∫
Γj

q∗dΓ, (4.44)

relates node i with a given segment of the boundary where the integral is carried
out, we have that

uj =
N∑
j=1

Hijuj =
N∑
j=1

Gijqj, (4.45)
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where

Hij =

∫
Γj

q∗dΓ, Gij =

∫
Γj

u∗dΓ. (4.46)

Differentiating (4.45) we get that

Ex =
du

dx
=

∂

∂x

(∫
Γj

q∗udΓ +

∫
Γj

u∗qdΓ

)
where Ex is called the internal flux. In two dimension, we have following internal
fluxes

Exl =

∫
Γj

u
∂q∗

∂xl
dΓ +

∫
Γj

q
∂u∗

∂xl
dΓ (4.47)

where l = 1, 2 in two dimensions and l = 1, 2, 3 in three dimensions. From [37], the
equation

csus +

∫
Γ

q∗udΓ =

∫
Γ

u∗qdΓ, (4.48)

where

• cs is a constant which depends on the boundary of the neighborhood point,

• us is the electric potential at point s,

• u∗ fundamental solution of the Laplace equation,

• q∗ = ∂u∗

∂n
, n is called the normal at the boundary.

From [29], we substitute the boundary conditions

u = u0, q =
∂u

∂n
= q0,

in (4.48) to get
Ax = f,

where x is a column vector of potentials with N unknowns. Also, [37] implies the
vector x also contain the values of both u and q and thus the resistance is computed
from

1

Rjk

=

∫
Γuk

σ
∂u

∂n
dΓ =

∫
Γuk

σqdΓ.

with k = 1, 2, . . . , j − 1, j + 1, . . . , P. Consider the network of P terminals given in
figure 3.8, the resistance can be calculated by BEM derived in (4.42) by substituting
the fundamental solution,

u∗ =
1

2π
ln

(
1

r

)
, (4.49)

and q∗ = ∂u∗/∂n, where

r =
√

(x− xs)2 + (y − ys),

where (xs, ys) are the coordinates of the source points defined on the boundary of
the conductor.



Chapter 5

Partial Extraction and Problem
Formulation

5.1 The Optimization Algorithm

We describe the simulation of the pcells displayed in figure 2.3 using the opti-
mization loop. The process denoted by flowcharts, involves creation of the object,
optimizer and the evaluate object functions. The evaluate object constitutes the
detailed implementation at the lowest level of the design.

5.1.1 The flowchart of the schematic low noise amplifier
(LNA)

The flowchart symbols in figure 5.1 are used to describe steps involved in the ex-
traction of the LNA. The symbols described as follows:

• the oval shape denoted by a in figure 5.1 is used to initialize a given process,

• the arrow denoted by b is used as a connector between steps in a flowchart
diagram,

• the rectangular shape denoted by c is used to describe an action or a process,

• the diamond symbol denoted by d is used for processing or whether decision.

Figure 5.1: Flowchart symbols used to denote the steps in simulation of pcells.

29
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Figure 5.2 shows the object function at the top-most level of the simulation of
the circuit in figure A.1. The object function is created with input arguments
including the optimizer function which generates the layout of individual pcells. The
arguments passed to the optimizer function consist of the evaluate object function.

Figure 5.2: Flowchart of the object function.

From figure 5.3, the object function given in figure 5.2 generates the physical layout
for placement of pcells for extraction. The optimizer function contains the lowest
level function called the evaluate object function used to extract the generated
layout, create the netlist and perform simulation. For a given input pcell parameter,
some desired output is obtained else arguments are changed if the required output is
not obtained. If the desired output, say, simulation results is obtained, the iteration
is terminated else the whole process is repeated as indicated in figure 5.3.
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Figure 5.3: Flowchart of the optimizer function.

The flowchart in figure 5.6 represents the lowest level of the whole process which
corresponds to the evaluate object function called by the optimizer. The optimiza-
tion loop is called in several iterations with the parameter of a given pcell changed
at each iteration until the required simulation is performed. The arrows in figure
5.6 indicate the whole process is terminated if the desired simulation is reached else
the process is continued. The process discussed is implemented on the individual
pcells of the schematic diagram in figure 2.2. The steps involved in simulation of
the low noise amplifier example include:

• the creation of the object function for the inverter

• generation of the physical layout,
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Figure 5.4: Layout of the inverter.

• The next step involves the extraction of the entire layout. For example, the
inverter layout in figure 5.4 is extracted for capacitance by [23] in figure 5.5.

Figure 5.5: A capacitance (C) extracted layout of the inverter.
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• a netlist is created by changing one of the input parameters of the inverter.
An example of the structure of the whole netlist is displayed in appendix B.

• The final step involves the simulation of the inverter.

The flowcharts in figure 5.6 represent the steps at the lowest level. The evaluate
object function is shown by the diamond symbol indicating a processing action.

Figure 5.6: Flowchart of the evaluate object function.

5.2 The Problem Formulation

Let the block, G of the entire circuit layout be made up of n pcells P1, . . . , Pn as
shown in figure 5.7. With parameters k1, . . . , km defined on each pcell, the full
extraction E(x) on the whole of G is given by

E(x) = E1,...,n.

where x = (x1, x2, . . . , xn) denote the number of parameters. At each iteration i,
a full extraction is performed on the layout with a change in parameter ki, i =
1, . . . ,m of the pcell.



34

Figure 5.7: Full extraction of n = 2 blocks of circuit with m pcells.

Similarly, partial extraction can be performed on each block as shown in figure 5.8.
Let the blocks Gs and G

′
s be made up of m1 and m2 pcells respectively. If the

partial extraction on Gs and G
′
s are denoted by E1,...,m1 and E1,...,m2 respectively

(denoted by extract 1 and extract 2 on the figure), the partial extraction is given
by

Ẽ(x) = E1,...,m1 + E1,...,m2 .

For each iteration, the value of the parameter is changed and Ẽ1,...,m determined.
We assume the following points:

• the connection of pcells are limited to the schematic level, though not visible,
connections are also available on the layout,

• the number of pcells in a circuit block and their arrangement does not affect
the value of Ẽ obtained.

The following arrangements are equivalent for any m pcells:

P1 and P2 . . . Pm : 2 blocks,

P1P2P3 and P4 . . . Pm : 2 blocks,

P1, P2, P3 and P4 . . . Pm : 4 blocks,

P1, P2, . . . Pk, and Pk+1 . . . Pm : k + 1 blocks.

For example, the schematic LNA in figure A.1 can be divided into two blocks as
shown in figure 5.8, each consisting of a number of pcells.
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Figure 5.8: Partial extraction of n = 2 blocks of circuit with m pcells.

Let the corresponding netlist and simulation from the layout by full extraction be
denoted by N(x) and S(x), while Ñ(x) and S̃(x) represent those obtained by partial
extraction respectively. It is suggested that using Ẽ(x) rather than E(x) for simu-
lation is less accurate since blocks are extracted instead of the entire layout though
Ẽ(x) is faster to obtain. First, we consider the case where each pcell is represented
in one block and partial extraction is performed on each block as described above.

Example 5.2.1. For example, partial extraction is implemented on 5 pcells, P1,
P2 , P3, P4, P5 which form part of the low noise amplifier. Assuming an arbitrary
arrangement of the number of pcells extracted, the partial extraction problem involves
breakdown of the entire circuit into smaller blocks of sub-circuits.

• Let the full extraction performed on the block of circuit with m = 5 pcells in
figure 5.9 be given by

E(x) = E12345.



36

Figure 5.9: Full extraction of a block of circuit with m = 5 pcells.

• Let the partial extraction Ẽ(x) performed on the block of circuit with m = 5
pcells in figure 5.10 be given by

Ẽ(x) =
5∑
i=1

Ei.

The following options are also possible arrangement of pcells in different blocks
of the LNA:

P1 and P2P3P4P5

P1 , P2 and P3P4P5

P1 , P2 , P3 and P4P5

P1 , P2 , P3 , P4 and P5

P1P2 and P3P4P5

P1 , P2P3 and P4P5

But only option

P1 , P2 , P3 , P4 and P5

is considered in the figure 5.10 for partial extraction by changing a finite num-
ber of parameters per pcell.
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Figure 5.10: Partial extraction of a block of circuit with m = 5 pcells.

The above process can be viewed as solving an approximate extraction problem for
the function E(x) which depends on x = (x1, . . . , xm). Hence, we wish to know

• how accurate does Ẽ(x) approximates E(x)?

• how to control the error ||Ẽ(x)− Ẽ(x)|| (know when to perform full or partial
extraction)?

• how accurate does the netlist Ñ(x) approximates N(x)?

• ||S(x)− S̃(x)|| since E(x) and S(x) are correlated.

• the relationship between Ẽ(x) and E(x), S(x) and S(x)?

The flowchart for both the full and partial extraction are shown in figure 5.11. The
dotted lines denote partial extraction performed at each level. The value of partial
extraction is compared to determine when it is suitable to perform full extraction.
Thus, the approximate netlist ˜N(x) and partial extraction ˜E(x) correspond to the
dotted connector lines in the flowchart of figure 5.11, while S(x), N(x) and S(x)
are represented by the solid connectors in figure 5.11.
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Figure 5.11: Simulation steps by full and partial extraction compared.

5.3 Timing Results for Partial and Full Extrac-

tion

The results displayed in table 5.1 show the time obtained by full extraction of the
pcells in figure 2.2, The entire layout is extracted irrespective of the parameter
changed.
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Table 5.1: Timing results obtained by full extraction

.

Iterations Layout Extraction Netlist Simulate Total time

0 22.82 28.36 0.35 4.957133 56.50
1 21.63 27.08 0.35 5.81 54.88
2 21.45 27.41 0.32 6.78 55.97
3 21.65 31.81 0.39 7.31 61.18
4 21.78 27.04 0.35 7.92 57.10
5 21.30 28.57 0.58 8.27 58.73
6 23.98 29.88 0.42 8.25 62.55
7 21.91 28.27 0.47 7.15 57.81
8 21.73 30.37 0.72 5.83 58.66
9 22.71 28.80 0.41 8.10 60.04
10 23.22 29.40 0.38 7.44 60.45
11 23.26 30.42 0.48 8.69 62.86
12 23.52 30.99 0.40 6.62 61.56
13 23.24 31.68 0.53 8.25 63.72
14 22.26 33.93 0.36 8.56 65.12
15 22.38 30.66 0.57 7.59 61.23
16 22.59 30.69 0.55 8.33 62.17
17 22.31 30.49 0.41 7.54 60.77
18 27.59 34.44 0.47 8.65 71.17

The timing results in table 5.2 were obtained by partial extraction of the layout in
figure 2.2 by defining input parameter values for pcells.
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Table 5.2: Timing results of partial extraction with defined values

.

Iterations Layout1 Extract1 Layout2 Extract2 Layout3 Extract3

0 0.22 39.90 0.14 24.08 0.20 24.30
1 — — — — 0.27 24.30
2 — — — — 0.24 22.09
3 — — 0.68 21.60 — —
4 — — 0.83 22.88 — —
5 — — 0.98 30.24 — —
6 — — 1.31 25.57 — —
7 — — 0.22 23.21 — —
8 1.67 32.26 — — — —
9 1.84 30.73 — — — —
10 1.90 31.80 — — — —
11 3.44 32.35 — — — —
12 1.80 33.23 — — — —
13 1.93 32.38 — — — —
14 2.50 34.41 — — — —
15 2.27 38.09 — — — —
16 2.52 41.42 — — — —
17 2.22 31.15 — — — —
18 2.83 39.06 — — — —
19 0.22 38.49 — — — —

The timing results given in table 5.3 of partial extraction obtained by varying input
parameters using the optimization loop.
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Table 5.3: Timing results obtained by partial extraction

.

Iterations Layout1 Extract1 Layout2 Extract2 Layout3 Extract3

0 0.24 12.60 0.16 20.10 0.26 17.81
1 — — — — 0.16 17.62
2 — — — — 0.18 17.89
3 — — 0.17 19.58 0.14 17.87
4 — — 0.15 19.32 — —
5 — — 0.17 20.87 — —
6 — — 0.16 22.29 — —
7 — — 0.18 19.54 — —
8 0.15 12.64 — — — —
9 0.20 12.25 — — — —
10 0.19 12.21 — — — —
11 0.19 11.73 — — — —
12 0.15 12.18 — — — —
13 0.14 12.35 — — — —
14 0.14 13.32 — — — —
15 0.15 13.74 — — — —
16 1.67 13.87 — — — —
17 0.15 13.43 — — — —
18 0.13 14.39 — — — —
19 0.15 12.18 — — — —
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The timing results in table 5.1 for full extraction were obtained by varying the input
parameters of the pcells given in figure 2.2 using the optimization loop. The results
in table 5.2 for partial extraction were obtained by assigning values to some input
parameters of pcells in figure 2.2 in steps of 1.01pi0, 1.02pi0 . . . , 1.20pi0, i = 1, 2, 3,
where p1

0 represent the initial resistance, p2
0 the initial width of capacitor and p3

0 the
initial widthN2 of the inverter. The timing results in table 5.3 for partial extraction
were obtained by varying the input parameters (resistance, width of capacitor, and
widthN2 of the inverter) using the optimization loop. From the results in tables
5.1, 5.2 and 5.3, we deduce the following

• partial extraction of the layout results in a reduction in simulation time using
designer recommended values for input parameters,

• observe the timing results in table 5.2 obtained by partial extraction are
slightly higher than timing for full extraction on the entire layout in table
5.1 due to choice of the values for the input parameters,

• the times marked in red in tables 5.1 and 5.2 indicate the physical layout of the
widthN2 of the inverter generates a layout with more parasitic capacitances,

• partial extraction is most suited for reduction in the time required to generate
the layouts irrespective of the values of input parameters as seen from tables
5.2 and 5.3 compared to table 5.1,

• designer recommended values are required to speed up extraction using partial
extraction.



Chapter 6

Experimental Results

6.1 Numerical results of the Low Noise Amplifier

The relationship between parameters of the pcells in figure 2.3 and the parasitic
capacitances obtained in the netlist created during k = 100 iterations are dis-
cussed. The usual procedure of netlist creation involves automatic change in the
parameters by the optimization loop which makes it difficult to observe their ef-
fects. In contrast to this, parameters will be varied in steps of 1%, 2% . . . , 100%, or
2 ∗ i, i = 2, 3, . . . , 101, but values recommended by the circuit designers are more
suitable. Models that can be used to predict the netlist will be determined and
the absolute error between the model and netlist values computed. The circuit can
be regarded as a dynamical system so that stability analysis can be discussed us-
ing poles obtained during simulation. The poles appear in conjugate pairs (α,±β)
where α, β are real numbers, but (α,−β) are plotted for each parameter due to
symmetry.

Table 6.1: Classification of input parameters
Values Effects Name Description

p11 Resistor resistance resistance
p21 Capacitor width of capacitor changes in width of capacitor.
p22 Capacitor number of fingers number of fingers of capacitor.
p31 Inverters NumbOfX number of transistors in x-direction.
p32 Inverters widthN2 width of inverter in n MOS transistor.
p33 Inverters widthP2 width of inverter in p MOS transistor.
p34 Inverters widthNom2 transistor width of the inverter.
p35 Inverters NumbOfYp no. of transistors in vertical direction.
p36 Inverters NumbOfYn no. of transistors in horizontal direction.

43
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6.2 The Modeling Technique

The models used for netlist prediction are polynomials with real coefficients. The
method involves fitting the netlist values obtained with suitable interpolating poly-
nomials. The accuracy of the model will be obtained from the absolute and relative
errors between the fitted polynomial and extracted netlist values.

• Let the modeling function for the netlist will be defined as

fi : R→ R i = 1, . . . , N

where
fi(x) = P i

n[x], N, P i, x ∈ R, n ∈ N,

and

– N is a proper subset of natural numbers,

– N is the number of values obtained in the netlist,

– x is the input parameter of the pcell

– P i
n[x] is a polynomial with coefficients, P i

n ∈ R

– Fi(x) are the values in the netlist.

• From fi(x) and Fi(x), the relative rel and absolute err errors are computed
from

err =| Fi(x)− fi(x) |, rel =
Fi(x)− fi(x)

Fi(x)
, i = 1, . . . , N. (6.1)

The models used for interpolation are polynomials obtained numerically in matlab
using the polyfit command. The syntax in matlab is given by

p = POLYFIT(x,Y,n), (6.2)

where p is a row vector containing the coefficients of the interpolating polynomial
p(x), in descending powers as

p(x) = p1x
n + p2x

n−1 + ...+ pnx+ pn+1, (6.3)

of degree n, that fits the data Y in the least squares sense. The polynomial is
evaluated at N points using the polyval defined by

Y = POLYVAL(p,X), (6.4)

which returns a vector of length n+ 1 for the polynomial given by (6.3).
Formulation:
The idea of interpolation is based on fitting the polynomial

p(x) = p0 + p1x+ p2x
2 + · · ·+ pnx

n, (6.5)
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with the set of data points (Yi, xi), i = 1, 2, 3, . . . ,m. Note that in deriving the
models, that values of xi correspond to the change in input parameters of pcells and
Yi represent the values obtained in the netlists. Define the basis functions, fj(x)
such that

fj(x) = xj−1, Aij = xj−1
i j = 1, . . . , n+ 1, (6.6)

where A, called the polynomial evaluator matrix given by

A =


1 x1 . . . xn1
1 x2 . . . xn2
...

... . . .
...

1 xn . . . xnm

,

 (6.7)

maps coefficients of (6.5) ,
[p0, p1, . . . , pn] ,

to the values of p(x) evaluated at points

[p(x1), p(x2), . . . , p(xm)] .

If we assume that m ≥ n, the A has full row rank, while p(x) vanishes at x =
1, . . . ,m points and contains n zeros as discussed in [22]. The data obtained from
the netlist is minimized by

min =
m∑
i=1

[pi − p0 + p1xi + · · ·+ pnx
n
i ]2 . (6.8)

Remark 6.2.1. The interpolation p(x) is stable with respect to the function if there
exist δ > 0, ε > 0 such that

max|f(xkn| ≤ δ, sup||p(x)|| ≤ ε, (6.9)

as discussed in [8].

Example 6.2.2. Consider the nonlinear function defined as

f(x) =
4x

(1 + 10x2)
(6.10)

we find the polynomials, p(x), q(x) which can be used to interpolate f(x) using 100
points between x = 0 and x = 1. Let the 2nd, and 3rd degree polynomials be defined
as

p(x) = p0 + p1x+ p2x
2, q(x) = q0 + q1x+ q2.x

2 + q3x
3, (6.11)

that fits the points, f(x) in (6.10). The coefficients of p(x), q(x) are computed in
matlab using the syntax given in (6.2) as

p = polyfit(x,y, 2), to get p = [−1.47, 1.483, 0.227]. (6.12)

q = polyfit(x,y, 3), to get q = [3.68,−6.96, 3.68, 0.05]. (6.13)
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Substituting p and q from (6.12) and (6.13) into the (6.11), we get the polynomial
the suitable interpolating polynomials

p(x) = −1.47 + 1.483x+ 0.227x2, q(x) = 3.68− 9.69x+ 3.68x2 + 0.05x3. (6.14)

The polynomial is evaluated at the 100 data points of x using the polyval from (6.4).
which returns a vector of length 100 for p(x) in (6.14). where (fitt4) can be used
to interpolate y in (6.10).
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6.2.1 Parameter of the resistor

Change in resistance
The relationship between resistance and netlist be defined by

f : R −→ R3, R ∈ R,

where
- R, the resistance is the input parameter
- R is the set of real numbers
- c = (c1, c2, c3) ∈ R3, are parasitic capacitances in the netlist.
For k = 1, . . . , 100 iterations, we have that

f(Rk) = (ck1, c
k
2, c

k
3), Rk = R0 × (1 + 0.01k), (6.15)

where R0 = 1108.97Ω is the initial resistance. The values of fi(Rk), k = 1, . . . , 100
are plotted against cki , i = 1, 2, 3. The graphs (fi(Rk), c

k
i )|Rk ∈ R is interpolated by

the model function
F i(R) = P i

n[R], P i
n ∈ R (6.16)

where P i
n[R] are polynomials in R, as shown in figure 6.1. The absolute err1 and

relative rel errors between each fi(Rk) and F i(Rk) are computed from

err1 =| fi(Rk)− F i(Rk) |, rel =
fi(Rk)− F i(Rk)

fi(Rk)
, k = 1, . . . , 100. (6.17)

and the outputs displayed in figures 6.3 and 6.2. The coefficients of the interpolating
polynomials are listed in table 6.2. The model fitted to the extracted values in figure
6.2 is a linear polynomial, with degree n = 1 given by

P 1
n = P 1

0 + P 1
1 x, P 2

n = P 2
0 + P 2

1 x, P 3
n = P 3

0 + P 3
1 x

where P 1
0 , P

1
1 , P

2
0 , P

2
1 , P

3
0 , P

3
1 ∈ R, are coefficients, (see table 6.2) and x is the input

parameter, R.

Table 6.2: Coefficients of polynomial model for resistance
Coefficients Values

P 1
0 −1.39× 10−4

P 1
1 0.45

P 2
0 6.36× 10−5

P 2
1 0.24

P 3
0 6.37× 10−5

P 3
1 0.24
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Figure 6.1: Resistance against parasitic capacitances c1 , c2 and c3 obtained during
100 iterations.

Figure 6.2: Resistance of the resistor against absolute error between models and
netlist values.
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Figure 6.3: The relative error obtained between the netlist values and the model
for resistance.

Figure 6.4: Poles of the resistance, R obtained during 100 iterations.
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Observation
The following are observed from the plots displayed in figures 6.1, 6.2,6.4 and 6.3:

• from the upper graph in figure 6.1, we deduce that the most accurate pre-
diction for the netlist is obtained between 35 − 45 iterations, and equal at
n = 15, 60 where the values of the resistance are R = 1200Ω, 1400Ω respec-
tively,

• for the two lower graphs in figure 6.1, we have that

- the netlist can be predicted during the entire iteration partial extraction
required at n = 20, 31 iterations,

- the netlist predicted is much accurate for both the lower graphs since the
model gives a lower relative error,

• from figures 6.2 and 6.3,

-the maximum absolute errors are given by 5.216×10−19F for the upper graph,
2.23× 10−18F for the lower left graph and 2.217× 10−18F for the lower right
graph respectively,

-the maximum relative errors for the upper graph is 0.0204, and 0.0034 for
lower graphs which implies the netlist prediction is more accurate for the two
lower graphs in figure 6.3,

• the poles plotted in 6.4 are required to determine the sensitivity of the netlists
obtained by the predicted model with input parameters, Rk.

• the sensitivity between poles of the extracted netlist in figure 6.4 will be
compared with poles obtained using prediction.

6.2.2 Change in parameter of the capacitor

Number of fingers of the capacitor
Let the model of the netlist of the number of fingers be defined by

fl : N −→ R3, C ∈ N, l = 1, 2, 3 (6.18)

while the values obtained in the netlist be defined by the function

Fl : N −→ R3, c ∈ R3, l = 1, 2, 3, (6.19)

where
- C, the number of fingers of capacitor is the input parameter
- N, the set of natural numbers
- c = (c1, c2, c3) ∈ R3, are parasitic capacitances in the netlist. For k = 1, . . . , 100
iterations, we have that

f(Ck) = (ck1, c
k
2, c

k
3), Ck = 2 ∗ i, i = 2, . . . , 101 (6.20)
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where C1 = 2 is the initial value. The values of each fl(Ck), k = 1, . . . , 100 are
plotted against ckl , l = 1, 2, 3. The graphs

(fl(Ck), c
k
l )|Ck ∈ N

are interpolated as shown in figure 6.5 by the model function

F l(C) = P 1
n [C], P 1

n ∈ R (6.21)

where P l
n[C] is a polynomial in R. The absolute err and relative rel errors displayed

in figures 6.6 and 6.7, are computed from

err1 =| fl(Ck)− F l(Ck) |, rel =
fl(Ck)− F l(Ck)

fl
l = 1, 2, 3., (6.22)

respectively. The coefficients of the linear polynomials used for the number of fingers
of the capacitor are given in table 6.3

Table 6.3: Coefficients of polynomial model for the number of fingers of capacitor
Coefficient Values

P 1
0 0.114

P 1
1 −0.053

P 2
0 0.0391

P 2
1 −0.138

P 3
0 0.0328

P 3
1 0.680

Remark 6.2.3. The choice of the model used to interpolate the points in figure
6.5 can be justified by (2.1) used to compute the capacitance of a capacitor.
Since an increase in the number of fingers results in an increase in area A,
from (2.1), define

f(C) =
εA

d
, (6.23)

where f(C) varies linearly with C, the number of fingers.
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Figure 6.5: The predicted models, Fi, i = 1, 2, 3, the number of fingers of capacitor
against parasitic capacitances c1 , c2 and c3.

Figure 6.6: The error obtained between the netlist values and the model for number
of fingers of the capacitor.
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Figure 6.7: The relative error obtained between the netlist values and the model
for number of fingers of the capacitor.

Figure 6.8: Poles for number of fingers obtained during 100 iterations.
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Observation: Number of fingers of the capacitor
The following results are obtained from the relationship displayed in figures 6.5, 6.6
and 6.8.

• the choice of the linear model Fi(Ck) justifies the relationship obtained from
the theoretical formula for capacitance given in 6.23,

• observe from the lower graph in figure 6.5 that the parasitic capacitance, c2

drops from 2.548e − 014 to 1.35 × 10−14 at the 30th iteration, but increases
from 1.35× 10−14 to 2.54× 10−14 after 15 iterations, while for the right lower
graph in figure 6.5, the value of c3 jumps from 1.354× 10−14 to 2.548× 10−14

due to the choice of input values for the number of fingers of the capacitor
Ck,

• the netlist can be predicted for the number of fingers except at n = 30 and
n = 45 where partial extractions are needed,

The following results are observed from the absolute and relative errors in figures
6.6 and 6.7:

• the error in the upper graph in figure 6.6 shows a high level accuracy for
the model for first n = 45 iterations with highest accuracy obtained at 47th

iteration, where the absolute error is zero,

• for the remaining iterations, the absolute error oscillates between [0.00, 4.15×
10−16] probably due to the choice of input values for Ck, while the absolute
errors are constant for the first n = 30 which gives the most accurate predic-
tion,

• the absolute error increases from 2.60× 10−15 to 1.01× 10−14 for 15 iterations
and drops to 2.6 × 10−15, with maximum value 1.072 × 10−14, hence partial
extraction is required at the 30th and 45th iterations

• the maximum relative errors are 8.76× 10−4, 0.93 and 1.06 respectively which
implies the model is more accurate for the upper graph when compared to
the two lower graphs.

From the poles for the number of fingers in figure 6.8, we obtain the have that

• the sensitivity of the poles with respect to change in the values of Ck is higher
compared to the resistance Rk as seen from their locations,

• the high sensitivity of poles will affect the structure of the netlist predicted.
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6.2.3 Parameter of the inverter

Changes in widthN2 of the inverter

• Let the netlist and widthN2 of the inverter be related by

f : R −→ R5, w ∈ R, c = f(w), c ∈ R5, (6.24)

and the model for the parasitic capacitances obtained in the netlist be defined
by

Fl : R −→ R, w ∈ R, l = 1, 2, 3, 4, 5 (6.25)

where

- w, the widthN2 of the inverter is the input parameter

- R is the set of real numbers

- c = (c1, c2, c3, c4, c5) ∈ R5, are parasitic capacitances obtained in the netlist.

• for k = 1, . . . , 100 iterations, we have that

f(wk) = (ck1, c
k
2, c

k
3, c

k
4, c

k
5), wk = w0(1 + 0.01k), (6.26)

where w0 = 1.82293 is the initial value for widthN2.

The values of f(wk), k = 1, . . . , 100 are plotted against ck1 as shown in figure 6.9. It
is observed that the values of both ck4and ck5 are constant throughout the iteration.
The graphs of (fl(wk), c

k
l )|wk ∈ R , l = 1, 2, 3 are interpolated by the model function

F l(w) = P l
n[w], P l

n ∈ R, l = 1, 2, 3,

where P l
n[w] are polynomials in R. The polynomials P i

n is obtained numerically
using the polyfit in matlab. The relative rel and absolute error err, displayed in
figures 6.11 and 6.10, are computed from

err =| fl(wk)− F l(wk) | rel =
fl(Ck)− F l(Ck)

fl
l = 1, 2, 3.

The netlist values are fitted n = 1, 2, 3 degree polynomials with coefficients displayed
in table 6.4. The coefficients of the polynomials obtained numerically with degree
n = 1, 2, 3 for the model of withN2 are given in table 6.4.
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Table 6.4: Coefficients of polynomial model for widthN2.
Coefficient degree, n = 1 degree, n = 2 degree, n = 3

P 1
0 0.078 0.005 -0.002

P 1
1 0.67 0.052 0.015

P 2
2 −−− 0.71 -0.032

P 2
3 −−− — 0.102

P 2
0 0.009 0.0021 -0.002

P 2
1 0.45 -0.002 0.017

P 2
2 −−− 0.47 -0.043

P 2
3 −−− — 0.50

P 3
0 −0.017 -0.035 0.019

P 3
1 0.62 0.17 -0.19

P 3
2 −−− 0.38 0.56

P 2
3 −−− — 0.046
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Figure 6.9: Models Fi, i = 1, 2, 3 and widthN2 of inverter against parasitic capaci-
tances c1, c2, c3.

Figure 6.10: Absolute error between the model and parasitic capacitances of
widthN2 of the inverter.
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Figure 6.11: The relative error between the predicted model and the parasitic ca-
pacitances of widthN2 of the inverter.

Figure 6.12: Poles of widthN2 of the inverter obtained during 100 iterations.
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Observation: widthN2 of the inverter
From figure 6.9, we observe

• a piecewise linear relationship is obtained in the upper graph with jumps
observed at n = 5, 45, 52, 57, 65 iterations due to the technical property of the
widthN2 parameter making it difficult to predict the netlist,

• a piecewise linear relationship is observed for the lower left graph with jumps
visible at points n = 6, 30, 52, 58, 73 iterations, which can be attributed to the
choice of input values for the widthN2 parameter,

• the graph in the lower right shows a sudden drop in the value of c3 from
5.946× 10−14 to 5.426× 10−14, hence it is difficult to predict the netlist.

From the absolute and relative errors against widthN2 in figures 6.10 and 6.11 note
that:

• the peaks in figure 6.10 are reflected by the jumps in figure 6.9, while the
values of the absolute errors are much higher compared to those obtained for
resistance and the number of fingers of the capacitor,

• the maximum absolute errors are given by 2.061 × 10−16, 1.646 × 10−16 and
2.663×10−16, respectively, while the maximum relative errors from figure 6.11
are 0.0236, 0.047 and 0.0463, which shows an error of 4%.

The poles in figure 6.12 we note the following

• highly sensitive observed with a change in the value widthN2,

• this implies a small change in the value of widthN2 can affect the netlist
obtained,

• high sensitivity with respect to widthN2 implies difficulty in predicting the
netlist.
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6.3 Comparison between Predicted and Extracted

Netlists

Comparison is made between the poles obtained by simulating the predicted netlists
and extracted netlists for resistance, number of fingers of the capacitor. This is re-
quired in order to determine how changes in the values of the input parameters affect
the netlists predicted. The predicted netlist is obtained by substituting the value
of the predicted models evaluated at the j− th coordinate Fi(xj), i = 1, 2, . . . , N to
the corresponding value in the extracted netlist at the j − th iteration. For a given
input parameter x, we determine the sensitivity[

∂S(x)

∂xi

]
x0

, (6.27)

where S(x) is the output function evaluated at fixed point, x0, and x is the input
parameter. Let the set of netlists obtained from the predicted models be denoted by
Ñetlist, while Netlist represents the set of extracted netlists simulated by spectre
as discussed in [23] to obtain poles in figures 6.12, 6.8 and 6.4 which are denoted by
P̃oles and Poles respectively. We define the simulation function (spectre), S by

S : Netlist −→ Poles, S(x) = p, x ∈ Netlists, p ∈ Poles,

for the extracted netlists, where S is used to simulated the set of extracted netlists,
Netlist. For the predicted netlists, we define the corresponding simulation function
by

S : Ñetlist −→ P̃ oles, S(x̃) = p̃, x̃ ∈ Ñetlists, p̃ ∈ P̃oles, (6.28)

where x̃ is the predicted netlist and p̃ are the poles for x̃. For x ∈ Netlist, x̃ ∈
Ñetlist and p ∈ Poles, p̃ ∈ P̃ oles, we get the relationship

x̃ = x+ ε p̃ = p+ ε̃, (6.29)

for small ε̃, ε > 0, hence

||x− x̃|| = ε, ||p− p̃|| = ε̃,

where ε, ε̃, are used to determine sensitivity to changes in netlist Netlist ⊂ Netlist,
with change in values of the input parameters. The sensitivity will be obtained by
comparing the poles for both the predicted and extracted netlists in figures 6.13,
6.14 and 6.15 for the resistance, number of fingers of capacitor and the widthN2 of
the inverter.
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Figure 6.13: Poles of the predicted netlist for the resistance compared to those
obtained from the extracted netlist.
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Figure 6.14: Poles of the predicted netlist for the number of fingers of the capacitor
compared to those of the extracted netlist.

Figure 6.15: Some poles of the widthN2 obtained from the simulated netlists of the
extracted values and predicted model.
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Observation: comparison between predicted and extracted netlists

• changes in resistance

-poles coincide for both cases at most points,

- a change in the netlist is less sensitive,

- the linear model proposed can be used for prediction,

• changes in number of fingers

- poles coincide at some points ,

- small changes more sensitive than resistance,

- the model can be used for prediction with less accuracy,

• changes in widthN2 of inverter

- high sensitivity between the poles,

- change in netlist is significant,

- most values of the poles do not coincide,

- difficult to predict the netlist .



Chapter 7

Conclusion and Recommendation

7.1 Conclusion

The partial extraction of the physical layout of pcells in a circuit design was dis-
cussed and the times obtained from full and partial extraction compared. It was
observed that some amount of time was gained by using partial extraction. From
the timing results in table 5.1 and 5.2, the overall simulation time was reduced dur-
ing partial extraction. The time obtained for the inverter in row 1 of table 5.2 was
much higher compared to the average timings in table 5.1. This can be attributed
to the layout of the inverter generated and also on the number of processes begin
executed by the computer.
Models that can be used to predict the netlist were discussed in chapter 6. The
idea is based on investigating the relationships between parameters of pcells and
the structure of the netlist created. From the pcells of the LNA, we conclude the
following:

• the netlist for the resistance can be predicted with higher accuracy using the
linear model,

• the netlist for the number of fingers of the capacitor can also be predicted
with a less accurate linear model

• time is gained at the expense of accuracy using prediction,

• the netlist values by prediction is fast since the values of function needs to be
evaluated for input parameters,

• partial extraction is needed when no model can be used, for example the
widthN2 parameter,

• the absolute error obtained between the predicted and extracted values for
resistance is small compared to that for the number of fingers.

Further research can be made by studying the number of devices created during
iteration. This can also increase the accuracy of the predicted models. It is appro-
priate to investigate the effects of other parameters with plots given in appendix
B.
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7.2 Recommendation

The following points need to be considered to improve on the accuracy:

• The values used to generate the numerical results can be obtained from the
circuit designers which can be used to obtain results applicable in practice.

• The use of polynomials with high degree n > 4 can be investigated.

• The method of partial extraction on the layout using cadence software can be
investigated further since the timing results show large results for the inverter
in table 5.2 compared to full extraction in table 5.1.

This procedure can also be extended to circuit designs with more pcells and suitable
models obtained which can predict the netlists.



Appendix A

A

A.1 Tools Used in the cadence software.

The following tools were used in cadence to obtain the numerical results.

• Layout editor is used to create the required layout of the low noise amplifier.

• schematic editor is used to design the required schematic diagram.

• Spectre is used for simulation of the extracted layout.

An example of the netlist created from the layout of the inverter in cadence is given
below

%// View name: Cextracted

// Inherited view list: spectre cmos_sch cmos.sch schematic veriloga ahdl

subckt inv2 Vdd Vss in out

avD811_1 (out in Vss Vss) mm4yn wnom=1.82 lnom=4

avD811_2 (out in Vss Vss) mm4yn wnom=1.82 lnom=4

avD811_3 (out in Vss Vss) mm4yn wnom=1.82 lnom=4

avD811_4 (out in Vss Vss) mm4yn wnom=1.82 lnom=4

avD811_5 (Vss in out Vss) mm4yn wnom=1.82 lnom=4

avD811_6 (Vss in out Vss) mm4yn wnom=1.82 lnom=4

avD811_7 (Vss in out Vss) mm4yn wnom=1.82 lnom=4

avD811_8 (Vss in out Vss) mm4yn wnom=1.82 lnom=4

avD811_9 (out in Vss Vss) mm4yn wnom=1.82 lnom=4

avD811_10 (out in Vss Vss) mm4yn wnom=1.82 lnom=4

avD811_11 (out in Vss Vss) mm4yn wnom=1.82 lnom=4

avD811_12 (out in Vss Vss) mm4yn wnom=1.82 lnom=4

avD811_13 (Vss in out Vss) mm4yn wnom=1.82 lnom=4

avD811_14 (Vss in out Vss) mm4yn wnom=1.82 lnom=4

avD811_15 (Vss in out Vss) mm4yn wnom=1.82 lnom=4

avD811_16 (Vss in out Vss) mm4yn wnom=1.82 lnom=4

avD824_1 (Vdd in out Vdd) mm4yp wnom=1.924 lnom=4

avD824_2 (out in Vdd Vdd) mm4yp wnom=1.924 lnom=4

avD824_3 (Vdd in out Vdd) mm4yp wnom=1.924 lnom=4
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avD824_4 (out in Vdd Vdd) mm4yp wnom=1.924 lnom=4

avD824_5 (Vdd in out Vdd) mm4yp wnom=1.924 lnom=4

avD824_6 (out in Vdd Vdd) mm4yp wnom=1.924 lnom=4

avD824_7 (Vdd in out Vdd) mm4yp wnom=1.924 lnom=4

avD824_8 (out in Vdd Vdd) mm4yp wnom=1.924 lnom=4

avD824_9 (Vdd in out Vdd) mm4yp wnom=1.924 lnom=4

avD824_10 (out in Vdd Vdd) mm4yp wnom=1.924 lnom=4

avD824_11 (Vdd in out Vdd) mm4yp wnom=1.924 lnom=4

avD824_12 (out in Vdd Vdd) mm4yp wnom=1.924 lnom=4

avD824_13 (Vdd in out Vdd) mm4yp wnom=1.924 lnom=4

avD824_14 (out in Vdd Vdd) mm4yp wnom=1.924 lnom=4

avD824_15 (Vdd in out Vdd) mm4yp wnom=1.924 lnom=4

avD824_16 (out in Vdd Vdd) mm4yp wnom=1.924 lnom=4

avD1068_1 (Vdd Vss) jm4yw diffarea=573.415 locosedge=97.148

avD1415_4 (out Vdd) jm4yp diffarea=1.30832 gateedge=3.848 \

locosedge=1.36

avD1415_6 (out Vdd) jm4yp diffarea=1.30832 gateedge=3.848 \

locosedge=1.36

avD1415_8 (out Vdd) jm4yp diffarea=1.30832 gateedge=3.848 \

locosedge=1.36

avD1415_10 (out Vdd) jm4yp diffarea=1.30832 gateedge=3.848 \

locosedge=1.36

avD1415_14 (out Vdd) jm4yp diffarea=1.30832 gateedge=3.848 \

locosedge=1.36

avD1415_16 (out Vdd) jm4yp diffarea=1.30832 gateedge=3.848 \

locosedge=1.36

avD1415_18 (out Vdd) jm4yp diffarea=1.30832 gateedge=3.848 \

locosedge=1.36

avD1415_20 (out Vdd) jm4yp diffarea=1.30832 gateedge=3.848 \

locosedge=1.36

avD1427_3 (out Vss) jm4yn diffarea=1.2376 gateedge=3.64 locosedge=1.36

avD1427_4 (out Vss) jm4yn diffarea=1.2376 gateedge=3.64 locosedge=1.36

avD1427_7 (out Vss) jm4yn diffarea=1.2376 gateedge=3.64 locosedge=1.36

avD1427_8 (out Vss) jm4yn diffarea=1.2376 gateedge=3.64 locosedge=1.36

avD1427_13 (out Vss) jm4yn diffarea=1.2376 gateedge=3.64 \

locosedge=1.36

avD1427_14 (out Vss) jm4yn diffarea=1.2376 gateedge=3.64 \

locosedge=1.36

avD1427_17 (out Vss) jm4yn diffarea=1.2376 gateedge=3.64 \

locosedge=1.36

avD1427_18 (out Vss) jm4yn diffarea=1.2376 gateedge=3.64 \

locosedge=1.36

c1 (in Vdd) capacitor c=3.981e-14

c2 (out Vdd) capacitor c=3.664e-15

c3 (out in) capacitor c=8.055e-15
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c4 (in Vss) capacitor c=4.715e-14

c5 (out Vss) capacitor c=5.733e-15,

ends inv2

where c1, c2, c3, c4, and c5 denote the parasitic capacitances, the other sections of the
output represent the devices which are transistors and their electrical properties.

A.2 The Circuit Extraction Software

The circuit extraction software used in this project is called Assura QRC from
cadence design systems. It is used for device level and full-chip parasitic extraction.
As discussed in [20], qrc is used to extract the optimal layout so that performance is
obtained by use of an integral silicon analysis function. The default mode is set to
flat extraction but other forms of extraction techniques are possible. The method
of extraction implemented on the low noise amplifier is based on partial extraction
of individual cells in the layout. The software also enables one to choose from
various extraction modes thereby reducing the netlist required for simulation. It
also contains 3 dimensional field solvers for capacitance extraction, self and mutual
inductance extraction for a wide range of designs. Other packages of the extraction
software include the following:

• Assura RCX for parasitic R and C extraction,

• Assura RCX-FS for capacitance extraction,

• Assura RCX-PL for self and mutual inductance extraction,

• Assura RCX-HF used to capture displacement currents.

The software uses a pattern matching approach and interpolation from look-up
tables to calculate capacitance as discussed in [21]. This involves making lines by
slides of the design which searches through a database by matching pattern using
an interpolation procedure. For example, in capacitance extraction, the pattern
assigns a match for the value of C, the capacitance. This is done by searching
a large database through the whole design. For resistance extraction, a table of
heat resistances are compared. The netlist generated from extraction specifies the
location of a circuit node and label, parasitic resistance, capacitance or any other
required mode [24].
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Figure A.1: A schematic design of the low noise amplifier.



Appendix B

B

B.0.1 Parameter of the resistor

Some values of the parasitic capacitances c1, c2, c3 obtained from the netlist and the
resistance, varied in steps of 1%, 2% . . . , 100%, are displayed in table B.1.

Table B.1: Resistance and parasitic capacitances obtained from the netlist.
Resistances Capacitance, c1 Capacitance, c2 Capacitance, c3

r0 2.873e-17 3.093e-16 3.092e-16
1.01r0 2.862e-17 3.107e-16 3.099e-16
1.02r0 2.852e-17 3.114e-16 3.106e-16
1.03r0 2.842e-17 3.122e-16 3.113e-16

1.04 ∗ r0 2.829e-17 3.129e-16 3.121e-16
1.05 ∗ r0 2.819e-17 3.137e-16 3.128e-16
1.06 ∗ r0 2.807e-17 3.145e-16 3.136e-16
1.07 ∗ r0 2.795e-17 3.153e-16 3.143e-16
1.08 ∗ r0 2.779e-17 3.16e-16 3.152e-16
1.09 ∗ r0 2.765e-17 3.168e-16 3.159e-16
1.10 ∗ r0 2.749e-17 3.175e-16 3.167e-16
1.11 ∗ r0 2.735e-17 3.153e-16 3.174e-16
1.12 ∗ r0 2.722e-17 3.182e-16 3.181e-16
1.13 ∗ r0 2.706e-17 3.19e-16 3.189e-16
1.14 ∗ r0 2.693e-17 3.197e-16 3.196e-16
1.15 ∗ r0 2.677e-17 3.205e-16 3.204e-16
1.16 ∗ r0 2.664e-17 3.212e-16 3.211e-16
1.17 ∗ r0 2.649e-17 3.221e-16 3.219e-16
1.18 ∗ r0 2.636e-17 3.228e-16 3.226e-16
1.19 ∗ r0 2.621e-17 3.236e-16 3.235e-16
1.20 ∗ r0 2.608e-17 3.243e-16 3.242e-16
1.21 ∗ r0 2.58e-17 3.258e-16 3.249e-16

where r0 = 1108.197Ω is the initial value of the resistance. The graphs in figure
B.0.1 show the relationship between p11 and the electrical property lb, c1, c2, c3,
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during n = 100 iterations.

The figures in figure B.1 show the relationship between the poles obtained during
iteration by changing the values of the resistance. In figure B.2, parts of the graph
plotted in figure B.1 is zoomed to observe the concentration of the poles.
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Figure B.1: A graph of the poles obtained during iterations by for different values
of the resistance.

Figure B.2: A graph of resistance against the lb parameter of the resistor in the
netlist.
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B.0.2 Parameters of the Capacitor

The capacitor consists of the number of fingers p21 and the width p22 described
in table 6.1. Some values of the parasitic capacitances c1, c2, c3 obtained from the
netlist by varying the width p21 during n = 100 iterations are shown in table B.2.

Table B.2: Width of capacitor and parasitic capacitances, c1, c2, c3.
Width, w Capacitance, c1 Capacitance, c2 Capacitance, c3

1.01r0 4.082e-14 2.801e-15 2.464e-15
0.02 ∗ c0 + c0 4.137e-14 2.828e-15 2.487e-15
0.03 ∗ c0 + c0 4.191e-14 2.855e-15 2.51e-15
0.04 ∗ c0 + c0 4.246e-14 2.882e-15 2.533e-15
0.05 ∗ c0 + c0 4.301e-14 2.908e-15 2.556e-15
0.06 ∗ c0 + c0 4.356e-14 2.934e-15 2.58e-15
0.07 ∗ c0 + c0 4.41e-14 2.961e-15 2.603e-15
0.08 ∗ c0 + c0 4.465e-14 2.988e-15 2.626e-15
0.09 ∗ c0 + c0 4.52e-14 3.014e-15 2.649e-15
0.10 ∗ c0 + c0 4.574e-14 3.041e-15 2.672e-15
0.11 ∗ c0 + c0 4.629e-14 3.068e-15 2.696e-15
0.12 ∗ c0 + c0 4.684e-14 3.09e-15 2.719e-15
0.13 ∗ c0 + c0 4.739e-14 3.121e-15 2.742e-15
0.14 ∗ c0 + c0 4.793e-14 3.148e-15 2.765e-15
0.15 ∗ c0 + c0 4.848e-14 3.175e-15 2.789e-15
0.16 ∗ c0 + c0 4.903e-14 3.201e-15 2.812e-15
0.17 ∗ c0 + c0 4.958e-14 3.228e-15 2.835e-15
0.18 ∗ c0 + c0 5.012e-14 3.254e-15 2.858e-15
0.19 ∗ c0 + c0 5.067e-14 3.281e-15 2.882e-15
0.20 ∗ c0 + c0 5.122e-14 3.307e-15 2.905e-15
0.21 ∗ c0 + c0 5.177e-14 3.334e-15 2.928e-15
0.22 ∗ c0 + c0 5.231e-14 3.361e-15 2.951e-15
0.23 ∗ c0 + c0 5.286e-14 3.387e-15 2.975e-15
0.24 ∗ c0 + c0 5.341e-14 3.414e-15 2.998e-15
0.25 ∗ c0 + c0 5.395e-14 3.441e-15 3.021e-15
0.26 ∗ c0 + c0 5.45e-14 3.468e-15 3.044e-15
0.27 ∗ c0 + c0 5.505e-14 3.494e-15 3.068e-15
0.28 ∗ c0 + c0 5.56e-14 3.521e-15 3.091e-15
0.29 ∗ c0 + c0 5.614e-14 3.547e-15 3.114e-15
0.30 ∗ c0 + c0 5.669e-14 3.574e-15 3.137e-15

where c0 = 24.49261 is the initial width. The graph in figure B.3 shows the re-
lationship between p22 and c1, c2, c3. The graphs are obtained for the width of the
capacitor as described in (mdlc1), (mdlc01), (mdlc12) and (mdlc3), and (mdlcerr1).
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Figure B.3: A graph of width against parasitic capacitances c1, c2, c3.

The relationship between the electrical properties of the devices obtained in the
netlist against width of the capacitor is shown in figure B.4.

Figure B.4: A graph of width against the device properties locosedge, diffarea
obtained in the netlist.

The graphs in figures B.5 and B.6 show the poles obtained during 100 iterations
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by varying the width of the capacitor. The graph of B.5 zoomed in figure B.6 to
observe the location of poles.

Figure B.5: A graph of poles obtained during 100 iterations by changing the width
of capacitor.

Figure B.6: Parts of the graph of poles obtained during 100 iterations.
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Some values of the parasitic capacitances c1, c2, c3 obtained from the netlist by
varying the number of fingers of the capacitor are presented in table B.3.

Table B.3: Number of fingers and parasitic capacitances c1, c2, c3 obtained from the
netlist.

Width, w Capacitance, c1 Capacitance, c2 Capacitance, c3

6 6.307e-14 3.558e-15 3.181e-15
8 8.587e-14 4.341e-15 3.92e-15
10 1.087e-13 5.123e-15 4.659e-15
12 1.315e-13 5.906e-15 5.399e-15
14 1.543e-13 6.689e-15 6.139e-15
16 1.771e-13 7.471e-15 6.878e-15
18 1.999e-13 8.255e-15 7.619e-15
20 2.226e-13 9.038e-15 8.359e-15
22 2.454e-13 9.82e-15 9.098e-15
24 2.682e-13 1.06e-14 9.838e-15
26 2.91e-13 1.139e-14 1.058e-14
28 3.138e-13 1.217e-14 1.132e-14
30 3.366e-13 1.295e-14 1.206e-14
32 3.594e-13 1.373e-14 1.28e-14
34 3.822e-13 1.452e-14 1.354e-14
36 4.05e-13 1.53e-14 1.428e-14
38 4.278e-13 1.608e-14 1.502e-14
40 4.506e-13 1.686e-14 1.576e-14
42 4.734e-13 1.765e-14 1.65e-14
44 4.962e-13 1.843e-14 1.724e-14
46 5.19e-13 1.921e-14 1.798e-14
48 5.418e-13 2e-14 1.871e-14
50 5.646e-13 2.078e-14 1.945e-14
52 5.874e-13 2.156e-14 2.02e-14
54 6.102e-13 2.234e-14 2.093e-14
56 6.33e-13 2.313e-14 2.167e-14
58 6.558e-13 2.391e-14 2.241e-14
60 6.786e-13 2.469e-14 2.315e-14
62 7.014e-13 2.548e-14 2.389e-14
64 7.242e-13 2.626e-14 2.463e-14

The relationship between the number of fingers and the device properties obtained
in the netlist is shown in figure B.7.
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Figure B.7: Number of fingers against the electrical properties of devices in the
netlist.

The poles obtained during 100 iterations by varying the number of fingers are
presented in figures B.8 and B.9. Figure B.9 shows the concentration of poles along
the line y = 0.



78

Figure B.8: The poles obtained by varying the number of fingers of the capacitor
during 100 iterations.

Figure B.9: Part of the poles obtained by varying the number of fingers of capacitor
during 100 iterations.
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B.1 Some parameters of the inverter

The relationship between parameters of the inverter p31, p32, p33, p34, p35, p36 defined
in table 6.1 and the electrical properties of devices and parasitic capacitances
c1, c2, c3, c4, c5 obtained in the netlist during 100 iterations. The variation of the
parameters are done in a similar way as described in subsection 6.2.3.

• Changes in widthNom2 The relationship between extracted and predicted
values for the widthNom2 by are displayed in figure B.10. The predicted
model consists of a polynomial of degree n = 2 for figure B.10. The graphs
obtained and polynomials used for interpolation are similar to the methods
described in (6.24), (6.25) and (6.26).

Figure B.10: The widthNom2 of the inverter against c1, c2, c3.
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Figure B.11: The absolute error between model and parasitic capacitances against
widthNom2 for the inverter.

• The WidthP2 of the inverter The graphs of the widthP2 parameter against
parasitic capacitances c1, c2, c3, c4, c4 are displayed in figures B.12 and B.13.

Figure B.12: A graph of widthP2 against parasitic capacitances, C1, c2, c3, c4 .
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Figure B.13: widthP2 of inverter against parasitic capacitance, C4, and electrical
parameters wnom, diffarea, locosedge, .

The graphs in figure B.13 b)c) represent the relationship between the electrical
devices and widthP2.

Figure B.14: WidthP2 of the inverter against capacitance, C4, and electrical pa-
rameters diffarea, diffedge.

• The NumbOfY n2 of the inverter The graphs in figure B.15 shows the
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relationship obtained by plotting the NumbOfY n2 against parasitic capaci-
tances, c1, c2, c3. The poles obtained during 100 iterations is displayed in figure
B.15.

Figure B.15: A graph of NumbOfY n2 against parasitic capacitances c1, c2, c3.

The poles obtained during 100 iterations is displayed in figure B.16

Figure B.16: Plots of the poles obtained by varying NumbOfY n2.
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• The NumbOfY p2 of the inverter

The relationship betweenNumbOfY p2 and the parasitic capacitances c1, c2, c3

obtained the netlist are shown in figures B.17 and B.18.

Figure B.17: NumbOfY p2 against parasitic capacitances c1, c2, c3.

Figure B.18: NumbOfY p2 against parasitic capacitances c4, c5.

The poles obtained during 100 iterations are displayed in figure B.17
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Figure B.19: A plot of the poles obtained by varying NumbOfY p2.

Figure B.20: Parts of the poles enlarged to identify their location.

• The NumbOfX2 of the inverter

The graphs given in figure B.21 show the relationship between the parasitic
capacitances c1, c2, c3, c4, c5 and NumbOfX2 parameter.
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Figure B.21: A graph of NumbOfY p2 against parasitic capacitances c1, c2, c3.
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