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ABSTRACT

YET ANOTHER SIMULATION BASED SENSITIVITY
ANALYSIS TOOL FOR ANALOG LAYOUT GENERATION

In this thesis, a high performance and flexible analysis tool is presented for
computing the sensitivities of performance measures of analog integrated circuits to
the parasitic effects that are introduced during layout synthesis and manufacturing.
The proposed sensitivity analyzer YASAv2 is based on YASAv1 developed by Mehmet
Selcuk Atag¢ which makes use of its own circuit simulators for computing values of
performance measures. YASAv2 is a general purpose tool which can analyze any CMOS
circuit provided in SPICE netlist format. YASAv2 supports LEVEL2, LEVEL3, and
BSIM3 mosfet parameters. YASAv2 can carry out simplifications according to the
computed sensitivity values and the performance specifications provided by the user,
to get significant set of parasitic effects which have a critical impact on overall circuit
performance. In YASAv2, a new AC analyzer, new parasitic set models, substrate
coupling model and inductance as a circuit element are added. Like YASAv1, YASAv2
is coded in C++ using object-oriented programming method. A MFC interface is
added for easy usage. It is aimed to integrate YASAv2 into performance driven analog

layout synthesis tools (ALG).



OZET

ANALOG TUMDEVRE SERIM KISITLAMALARI URETIMI
ICIN BENZETIM TABANLI BiR HASSASIYET ANALiZ
ARACI

Bu tezde, analog tiimlesik devre performans degerlerinin, tiimdevre serim, {ire-
tim, ¢alisma agamalar1 sirasinda olugan parazitik etkilere kargi hassasiyetlerinin hesa-
planmasinda kullanilmak {izere tasarlanmis esnek ve yiiksek performansh bir hassasiyet
analiz arac1 geligtirilip sunulmugtur. Sunulmakta olan ve ilk versiyonu Mehmet Sel¢uk
Atac¢ tarafindan geligtirilen hassasiyet analiz aract YASAv2 performans degerlerinin
hesaplanmasinda biinyesinde barindirdigi devre simiilatorlerini kullanmaktadir ve diger
herhangi bir sisteme bagiml degildir. YASAv2 genel amach bir arag olarak tasarlanmig
olup, SPICE devre tanim dosya bi¢imine uygun olarak saglanan herhangi bir CMOS
devre lizerinde hassasiyet analizi yapabilmektedir. Hesaplanan hassasiyet degerleri ve
kullanic1 tarafindan saglanan performans kriterleri dogrultusunda 6nemsiz parazitik
etkileri eleyebilmekte ve performans diigiisiinde kritik 6neme sahip etkileri belirleye-
bilmektedir. YASAv2 de, AC simiilatorii, parazitik kiimeler yenilenip taban kuplaj
modeli ve devre elemani olarak endiiktans modeli eklenmigtir. YASAv2, YASAv1 gibi
C-++ da nesne yonelimli programlama yontemiyle gelistirilmigtir. Kullaniciya kolaylik
saglamasi i¢in MFC araytizii eklenmigtir. Gelecekte YASAv2'nin performans giidimlii

tliimlesik devre serim araclari ile entegre edilmesi hedeflenmektedir.
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1. INTRODUCTION

The main objective of analog CAD engineering is the creation of the method-
ologies and tools for the design automation of analog circuits, helping designers build
functionality while satisfying intended performance specifications. The development
of computer aids for design of electronic systems has been one of the fastest growing
areas of activity. Physical realization of analog electronic circuits has become one of

the largest research areas in this field.

Analog ICs (integrated circuit) have rapidly evolved from the relatively low com-
plexity of the early days to the high sophistication of today [1]. The task of designing an
analog circuit requires extremely large amount of computation so that more advanced

design software has become a necessity.

In analog circuits, the most important challenge comes from performance degra-
dation due to non-idealities like parasitic effects that are caused by the physical imple-
mentation of the circuits or that arise due to the statistical fluctuations of the circuit.
These non-idealities are in-circuit parasitics, process variations, mismatches in devices,

and substrate effects.

The degradation of circuit performances caused by such parasitics are becoming
more critical with decreasing device sizes [2]. To control the non-idealities encountered
during the layout phase is important for obtaining the desired performance specifica-
tions. Named as constraint driven layout synthesis, this approach translates high-level

specifications into a set of physical constraints [3].
1.1. Theoretical Aspects of Constraint - Based Approach
In traditional layout design approach, after the layout is designed, the layout

parasitics are extracted, included in the schematic and the circuit is simulated to check

if performance specifications are met. However, much more parasitics are seen in the



extracted layout according to circuit netlist. Therefore, the circuit may not meet the
performance specification. Besides, it is not obvious who causes which performance
degradation in the layout. Therefore, designers go back to layout, make some changes,
and extract the layout again. This process requires iteration and too much time. In

another way, this technique is not efficient in terms of design time.

A constraint-based approach for analog layout design automation tries to define
the bound of parasitics to prove the desired performance parameters for the designed
circuit. For meeting the performance specifications of a circuit after physical design,
some degradation can always be allowed in the performance functions during layout
design as long as they are below certain thresholds. The performance constraints dur-
ing layout design are the maximum changes allowed in performance functions because
of the layout parasitics. A linear performance model on sensitivity analysis, was first
proposed and formulated by Choudhury [4]. All performance functions can be repre-
sented in a compact and rigorous way as long as they are continuous and sufficiently
regular in an interval around their nominal value. This approach involves computing
performance sensitivities. Performance sensitivities are calculated using deviation of
circuit parameters or parasitic perturbation of circuit. All possible combinations of
parasitics which meet performance constraints define a feasible region in the space de-
scribed by the parasitics. These parasitic constraints can then be used to drive the
layout tools. The aim is to give information to layout design automation how circuit

performances can be obtained after the extraction of circuit.

1.2. Theoretical Aspects of Substrate Coupling

Substrate coupling in integrated circuits has significant degradation on circuit
performance. Continuous technology scaling and high density circuit design cause
challenges on circuit performance. The most important one is substrate interference.
In IC world, CMOS circuits use same substrate. Because analog circuits are noise
sensitive, noise coming from one part of the circuit effects the other part. Therefore,

substrate of the circuit must be modeled well to satisfy the performances of the circuits.



In YASAv1, simple resistive substrate coupling model is used. In YASAv2, this
model is improved to simple resistive-capacitive substrate coupling model. LEVEL2
and LEVEL3 mosfet model parameters have no substrate parameters. Therefore ad-
dition of substrate model parameters is a must for these models. However, BSIM3
mosfet parameters have substrate coupling models which defines mosfet much more
realistically compared to LEVEL2 or LEVEL3 parameters. YASAv2 can take circuits
having BSIM3 model parameters.

1.3. Organization Of The Thesis

The thesis organized as follows. Chapter 2 provides some background required
for a better understanding of this thesis. In this chapter, basic concepts such as per-
formance sensitivities and interconnect parasitics are defined and methods for their
numerical computation described. This part of thesis is based on works of Selguk
Atag [5]. Chapter 3 provides a survey of substrate coupling effects which have im-
portant degradation on circuit performances. Some substrate models are given in this
chapter. Then, a substrate coupling model to be used in YASAv2 is generated. In
chapter 4, generating bounding constraints is presented. Algorithms for generating
parasitic constraints from the performance constraints of the circuit are described. In
chapter 5, analysis types used for performance computation are presented. Efficient
analysis methods are described. Implementation details of YASAv2 are presented in
chapter 6. Some example circuits for desired performances are analyzed also in this
chapter. Chapter 7 summarizes the contribution of this thesis and provides suggestions

for future work.



2. THESIS BACKGROUND

2.1. Constraint Generation

In a constraint-based design or system, performance specifications are enforced
by translating them onto a format that can be handled directly by tools responsible for
the design. The process of format translation is known as constraint-generation prob-
lem. The origin of constraint-based approach dates back to the research of Choudhury
about parasitic-aware channel routing [6]. This typical approach consists of two phases.
First, according to performance criteria, sensitivities of parasitics or parasitic sets are
defined. Then using these sensitivities, parasitic bounds are generated. These bounds
guarantee the satisfaction of all performance specifications degraded by parasitics such

as symmetry problem, capacitive coupling, etc [7].

Performance values are the parameters of a circuit to meet the desired function.
A perturbed circuit parameter in the sensitivity analysis can be any parameter, which
affects circuit performance when its value is shifted from nominal. On the other hand,
the parasitic effects triggered by the layout have to be modeled by adding new compo-
nents that are not included in the original design. A capacitor coming from capacitive
coupling, which result from finite spacing between two different nets of a circuit, can
be given as an example to this parasitic. It has to be modeled and simulated by

introducing a capacitor between the circuit nodes representing those nets.

Besides, there are some parasitic effects like substrate coupling which exist in the
structure of the wafer but not modeled by design software. Parasitic set represents a
set of parasitic effects to be considered and handled together. These parasitic effects
are not modeled in circuit by model parameters. But they exist in the real circuit and
degrade performance. Therefore, the values of the performance specifications deviate
from nominal. All parasitic models have to be added and simulation must be run for
the perturbed circuit. The question is in mind "how can sensitivity be calculated for

parasitic sets?". All added parasitic effects are deviated from nominal value to calculate



performance sequentially and sensitivity values considering the effects on circuit are
calculated. Substrate coupling, for instance, is the one of these parasitic sets. It must
be modeled using circuit elements such as resistors-capacitors. Using substrate model,

values of the new elements (resistors-capacitors) are determined.

2.2. Performance Functions

Performance functions of a circuit are the functions that describe its behavior.
Depending on the defined performance functions, desired performances can be DC or
AC performance functions. Example of a performance function of an opamp circuit is

gain bandwidth product, which is an AC performance function.

The performance of a circuit depends on several parameters of a circuit. Examples
of such parameters are length and width of MOSFETS, process parameters (threshold
voltage and oxide thickness of a MOSFET), biasing voltages.

In YASAv1 and YASAv2, the defined performance functions are power consump-
tion, offset voltage, gain bandwidth product, unity-gain bandwidth, gain and phase

margin.

2.2.1. Power Consumption

Power consumption of a circuit is an important parameter, especially when low
power is desired. It can be measured using DC analyzer. In YASAv1, the overall
power consumption of the target circuit is calculated by calculating the individual
power consumptions of all the resistors and mosfets that exist by using the voltage and

current data that are made available through DC simulation [5].

2.2.2. Offset Voltage

Offset voltage is the second DC performance measure realized in YASAv1. The

entity named offset calculates the offset voltage of the i node in the target circuit



according to:

Vorfi =Vi— Viey (2.1)

The user can define as many offset entities as necessary, by supplying a target

node and an associated reference voltage for each one.

2.2.3. Gain

Gain entity calculates the gain of a given output node o with respect to a given

input node ¢ at a given frequency f, as in Equation 2.2:

Vo(f)

GainQf, #o_#i = ()

7=t (2.2)

In YASAv1, this is achieved by first performing an AC simulation for the given
frequency and then dividing the magnitudes of the node voltages. A variety of gain
calculations can be configured using this entity by setting the node and frequency

parameters accordingly.

2.2.4. Bandwidths and Unity Gain Bandwidths

BW entity searches for the frequency at which gain falls down to 3dB below the
DC gain. UGBW entity searches for the frequency where the gain drops to unity.



2.2.5. Phase Margin

Phase margin is calculated using UGBW frequency. This function is calculated

erroneously in YASAv1 as in Equation 2.3:

PhaseQf, #o_#i = 180 — [ph(f)] =, (2.3)

It is corrected in YASAv2 as in Equation 2.4 if phase margin lower than 0 degree:

PhaseQf, #o_#i =180 + [ph(f)]s=1. (2.4)

2.3. Parasitics

The parasitics are the effects, which are not desired in the circuit. In YASA, all
the parasitic effects are added, simulated, and removed sequentially. Application of
parasitics may involve addition of a new device to the circuit, or modifying the value
of a component or some geometrical, electrical or physical parameter of a device that

already exists in the circuit. The parasitic effect types are explained in this chapter.

2.3.1. Interconnect Parasitics

When placement and routing phases of the circuit are realized in the layout,

parasitics are shown in the form of resistance, capacitance, and inductance.

2.3.1.1. Resistances. Any interconnect in the circuit has a series resistance associated

with it. Also, interconnect vias and bends cause interconnect parasitics resistances. In
YASA, there is no default parasitic resistance calculation. Therefore, the user must give

information about parasitic resistances, like value, nodel, node2 in the configuration

file.



2.3.1.2. Capacitances. Capacitive parasitic is an effect that is caused by the finite

spacing of the nets of a circuit. Capacitive coupling that exists between any two nets
can be modeled by inserting a capacitor that connects those two nets. Insertion of a
capacitor into the circuit is an easier task compared to simulating many of the other
parasitic effects because it does not affect the nodal structure of the circuit. Also, the
cost of analyzing the effects of capacitive coupling is very low because insertion of a
capacitor does not affect the operating point of a circuit, allowing the use of a DC
solution over and over. The user has two different options for configuring capacitive
coupling effects. The first one is to define all the capacitive coupling instances of interest
manually by supplying the all the net pairs of interest individually. The second one is
to allow YASA to automatically create the capacitive coupling entities by inspecting

the circuit and determining all binary combinations of nets.

2.3.1.3. Inductances. Inductance effect was not included in YASAv1l. The inductance

model is added in YASAv2.

2.3.2. Parasitic Technology Parameters

In a typical semiconductor process, there are two kinds of parameter variation or
deviation, which are special for circuit and general for process. A matching effect in
the circuit depends on the geometric placement. Besides, a threshold deviation depend

on process condition.

2.3.2.1. Model Parameters. In YASA, mosfet model parameter deviations can be an-

alyzed using configuration file. For example, oxide thickness differences causes perfor-
mance degradation on circuit. Using YASA how much degradation occurs from the

oxide thickness deviation can be calculated.

2.3.2.2. Geometric Parameters. Geometric parasitic are caused by mismatches in the

geometry of devices. Groups of mosfets having two or more transistors, such as in the

case of differential pairs and current mirrors, may be designed identically or meant to



have properties linked to each other. Non-uniformities of the fabrication process can
cause variations in the properties of these transistors, resulting in mismatch. YASA
provides the parasitic entity, namely mosfet geometry parasitic for flexible analysis of

the effect caused by transistor mismatch.
2.3.3. Automatic Parasitic Generation

YASA supports automatic parasitic generation. Automatic parasitic generation
is realized for capacitive coupling and substrate coupling. A capacitance for each node
pair is added and performance analysis realized. Then, the parasitic is removed from
the circuit. The process is repeated until all of node pairs are analyzed according to
performance criteria. The process for capacitive coupling is realized also for substrate

coupling.
2.4. Performance Sensitivities

Performance specification is defined as the maximum tolerated performance degra-
dation from nominal caused by process variance and the parasitics coming from layout.
Using sensitivities performance measures of concern can be expressed as functions of
parasitic effects, therefore the bound on parasitics can be calculated using these high-

level performance specifications.

At this point, it is necessary that the defined performance measure as in Equa-
tion 2.7 must be continuously differentiable functions of all circuit parameters that can
have an effect of the performance. Using sensitivities is an efficient way of expressing
the dependence of performance measures on circuit parameters, provided that perfor-

mance functions are sufficiently regular in an interval around their nominal values|7].

The array of all circuit parameters affecting performance can be denoted as

p= ( p1 . DN, )T (2.5)
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and the array of their nominal values as

T
0= (40 .. 49) 20

P

where N, represents the number of circuit parameters. The sensitivity of the ' per-

formance function to the j circuit parameter p; can be defined as

- aKi(P)

Sij = o, p© (2.7)
The array of all sensitivities is
S11 S1N,
S = (2.8)
SNy SNN,

2.4.1. Sensitivity Analysis

YASA is a simulation-based sensitivity analysis tool that computes sensitivities
using perturbation method by performing circuit simulation, and determines the phys-

ical constraints.

The sensitivity of the i performance function K; to the j circuit parameter p;
defined in Equation 2.7 can be computed by performing circuit simulations according

to

AK, K- K"
Ap;  p;— p§-°>

Sij (2.9)

where pg-o) and Ki(o) denote the nominal values of the j* layout parameter and the
it" performance measure respectively. To calculate the sensitivities of concern, it is
required to iterate once for each circuit parameter, and calculate performance values

of the each nominal and perturbed circuit for each nominal and introduced parameter,
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respectively.

In the sensitivity calculation process, the parasitic effect and its value are defined.
To calculate sensitivity, a performance value and definition of performance function
is necessary. In YASA, different performance functions and definitions exist. Using
configuration file sensitivities of all parasitic effects for all performance criteria can be

obtained.

Computation of sensitivities does not give enough information about circuit para-
sitic effect importance. Using allowed amount of deviation of performance and parasitic

effects contribution based normalized sensitivity can be defined as follows:

C p(‘max) . (mm)
NE — | P (2.10)
v max min v
K g
where p{™* — pgmm) and K™ — K™ denote the maximum possible amount of

deviation of the j* layout parameter and the i*" performance measure respectively.
This form of normalized sensitivity is an index of the relative criticality of a parasitic

effect in meeting performance specifications [5].

The pseudo-code of sensitivity analysis [8] given in Figure 2.1 is improved in

Figure 2.2 in YASAv1.

In the proposed pseudo-code Figure 2.1 first, nominal performances are calcu-
lated, then a parasitic is added and performance values are calculated. After that, the
parasitic is removed. For each parasitic effect this procedure must be repeated again

and again. This algorithm is first proposed by Charbon [9].

Given in Figure 2.2, the pseudo code written by Selcuk Atag [5] is the base of
YASAv1, and YASAv2. First, the circuit is perturbed using the defined parasitics.
Then, parasitic and nominal performances of the circuit are calculated. Finally, the

parasitic is removed and the circuit is taken back to normal. Using performance and
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tor FEACH Performance do

Performance. ComputeNominalValue();

for FACH Puarasitic do
Parasitic. InfectCirenit():
Performance. ComputeParasiticValue():
Sensitivity (Performance Parasitic)=Performance. Compute-
Sensitivity (Parasitic):
Parasitic. RestoreCircuit():

end for

end for

Figure 2.1. The pseudo-code of sensitivity analysis

parasitic parameters, sensitivity and normalized sensitivity are calculated. All of the

outputs are preserved in matrix sets.
2.4.2. Determining Significant Sets of Sensitivities

Parasitics added manually or automatically to the analysis environment gener-
ally do not cause significant performance degradation. In YASA, there is a mechanism
which eliminates insignificant parasitic effects [5]. All parasitic effects are sorted in-
crementally. Defined cumulative contribution threshold o« < 1 and eliminate first n;
parasitics in each sorted list such that.

%) —

f:N.C. <a (2.11)
j=1

2.5. Circuit Analysis Types

In YASA, there are two types of simulation, DC and AC. All performance mea-

surements are made according to these simulations.
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for FACH ParasiticSetI N AnalysisEnvironment do
ParasiticSet. InitializeClirenit:
if Circutt. HasBeenModi fied = True then
for EACH Per formancel N AnalysisEnvironment do
Performance. NominalValue — Performance. CaleulateValue;
end for
end if
for FACH PuarasiticI N ParasiticSet do
Parasitic. Apply():
tor FAC'H Per formancel N Analysis Environment do
Performance. ParasiticValue — Performance, CalculateValue;
SensitivityValue = Performance. DeltaPerformance /| Parasitic. Deltaparasitic:
ParasiticSet. Sensitivity Data. Sensitivity (Performance,Parasitic) — Sensitivi-
tyValue;
ParasiticSet.Sensitivity Data. NormalizedSensitivity ( Performance, Parasitic)
Parasitic.MaxDeviation /| Performance MaxAllowedDeviation * Sensitivity-
Value:
end forParasiticRemove
end for

end for

Figure 2.2. The pseudo code of YASA

2.5.1. Nonlinear DC Analysis
Nonlinear DC analysis module of YASA was realized by Ismet Bayraktaroglu [10].

In 2003, the module was inserted by Mehmet Selguk Atag into YASA [5]. The simulator

uses Newton Raphson method to find the DC solution of the given circuit.

2.5.2. AC Analysis

In YASA, AC performance functions are calculated using AC simulator module.

The realized AC simulator in YASAv1, modified nodal analyzer, does not converge
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and give wrong information about circuit performance. In YASAv2, AC simulator is

renewed.

2.6. Summary

General terms and information about YASA are given in this chapter. Per-
formance functions, parasitic perturbed sensitivity calculation method are explained.
Other modules of YASA such as automatic parasitic generator and performance ana-

lyzers, nonlinear DC and AC are studied.
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3. SUBSTRATE COUPLING

This chapter presents an overview and comparison of several prevalent techniques
for substrate noise coupling in integrated circuits. A brief review of the literature on
substrate noise and its effects is provided to show the importance of the techniques
for substrate noise coupling. The earliest technique, finite mesh method is presented.
Other current techniques are also analyzed. Eventually, the simple resistive and ca-

pacitive technique is presented.

As the complexity of analog designs increases, and the area of the current tech-
nologies decreases, substrate noise coupling in integrated circuits becomes a significant
consideration in the analog design [11]. Since the substrate coupling between on-chip
analog circuits can corrupt low-level signals, it can impair the performance of signals in
the integrated circuit. In order to determine the amount of coupling between the sen-
sitive nodes and noisy nodes, modeling techniques for substrate noise coupling should
be generated. During the last decade, several substrate noise-coupling techniques have
been developed. There is no perfect modeling technique existing for this problem.

Therefore, it is in order to analyze the models in the literature, and present the model

used in YASAv2.

3.1. Substrate Noise Fundamentals

3.1.1. Parasitic Effect of Substrate

The inner structure of a substrate influences the behavior of a circuit. For ex-
ample, bulk structure of the substrate causes late signal transmissions. The current
flowing to the ground through the substrate causes a voltage drop, which affects the
device operation. In addition, the substrate is not a perfect isolator between devices,
leading to unwanted "cross-talk" in integrated circuits. As illustrated in Figure 3.1, a
parasitic RLC circuit on a capacitor is introduced when the substrate is connected with

bonding wires. This affects integrated devices in the circuit. For instance, a typical
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bonding inductance of 4nH together with 10pF capacitance has a resonant frequency

of 800MHz, which is a source of instabilities and oscillations [12].

Physical Structure Equivalent RCL Model

i Bonding Wi
_, Polrsilicon l_-m‘q?

- =

Diffusion
(Substrate Cordact)

Substrate

L

Figure 3.1. Parasitic effect on a capacitor made of two polysilicon

In the common silicon substrate, the phenomenon of cross talk occurs if a sensitive
circuit portion of the integrated circuits is presented along this parasitic path. It is
perturbed by the noisy signal, so that the substrate is used as a parasitic return path for
signals carrying relevant information shown in Figure 3.2. Also, the cross-talk problem
arises in any substrate coupled regions such as the drain of an n-channel mosfet or a

bonding pad changes.

Furthermore, the substrate can also give AC noise to the ground when the least
resistive path is followed and noise flow is determined by the distribution of substrate
contacts to ground. In Figure 3.3, the presence of a backside contact produces a vertical
current. Besides this, there are numerous parasitic capacitances exist at every node in

a circuit. Cy is the capacitance between the substrate and a well, which can provide

Ozide -1 Forarard sigral path Dletal
| 2ol
= o
Sigral - REeceiver
Somrce
Parge iic Fetam Path -
Sub strate

Figure 3.2. Substrate as a parasitic return path
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Figure 3.3. Substrate as a parasitic path to AC ground

a channel for noise to go into the substrate. Consequently, the substrate behaves as a

noise vehicle and channel.

3.2. Modeling Techniques for Substrate Noise Coupling

Considerable research efforts have been invested for modeling the substrate.
There are four main methods for substrate coupling, mesh-based extraction, boundary-

based extraction, preprocessing, and macromodeling [12].

3.2.1. Finite Difference Mesh Method

The finite difference mesh method is the earliest technique developed for sub-
strate noise coupling. It employs the discretization technique to model the substrate
as layers of uniformly doped semiconductor of varying doping density outside the dif-
fusion regions. As illustrated in Figure 3.4, using a finite difference operator, nodes are

defined across the entire substrate volume [13].

The electric field vector between adjacent nodes is also approximated. Discretiz-
ing on the substrate volume results in a mesh circuit consisting of nodes interconnected
by branches of capacitors and resistors in parallel, shown in Figure 3.5, the values of
which are determined from process parameters - dielectric constant, sheet resistivity

or doping density. Ignoring magnetic fields and using the identity V - (V x a) = 0,
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Figure 3.4. A control volume in the box
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Figure 3.5. Capacitances and Resistances
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Maxwell’s equations can be written as:

oD
J — =0 3.1
VIV (3.1)
where D = eF; and J = %E; and it gives,

Yv.py+elv. By =0 (3.2)

p ot N '

ViV,

E;; = J (3.3)

where p is the sheet resistivity, ¢ is the dielectric constant, and FE is the electric field
intensity vector. In this stage, a simple box integration technique should be utilized to
solve the above equation, since the substrate is spatially discretized. From Gauss’ law,

it gives
V-E=k (3.4)
and k = %/ where p' is the charge density of the material. From the divergence theorem,
. EdS = k:dA (3.5)

where S7 is the surface area of the cube and A; is the volume of the cube shown in

Figure 3.4. The left hand side of the Equation 3.5 can be approximated as
Si , -
j j
Modifying Equations 3.4 and 3.5,

V . - A’L Z wz] i (37)
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Substituting Equation 3.7 and 3.3 into 3.2, it results

0 0
2_GH(Vi= Vi) + Cy(5 Vi = 5

J

V)] =0 (3.8)

where G;; = (wghﬂ and Cj; = E(U)Z;LiXd”) as modeled with RC circuit elements shown
1] )

in Figure 3.5. The above result shows that the areas of contact and diffusion are

represented as equipotential regions in the resulting three-dimensional RC mesh and

treated as ports in the multiport network [14].

The accuracy of the Finite Difference Mesh Method’s solution depends highly
on the resolution of discretization. In addition, it is necessary to use fine grids to
accurately approximate the non-linearity of the electric field intensity. Consequently,
the size of the resulting finite difference mesh matrix, with an increasing number of
ports and fine grids, becomes too large to solve. To reduce the size of RC model

network there are two types of methods:

1. use coarse grids to reduce the overall number of grids,
2. ignore substrate capacitances, and consider the substrate as a purely resistive

mesh.

Even though the above methods may reduce RC matrix, the finite difference method
generally has a huge sparse matrix because it consists of discretizing the entire substrate
and applying different equations at each node, due to the usage of a purely numerical
calculation technique. Consequently, the Finite Difference Mesh method can be utilized

to determine reduced order substrate models.
3.2.2. Boundary Element Methods
Gharpurey and Meyer have developed Boundary Element Methods using Green’s

function [15], [16] for efficient calculation of substrate macromodels in the last decade.

The macromodels can be included in circuit simulators such as SPICE, in order to



21

predict the effects of substrate noise coupling and to allow optimization of the layout

to minimize these effects [16].

In the substrate medium, Poisson’s equation holds under the quasi-static assump-

tion

Vi =— (3.9)

M D

A Green’s function, G(xo, Yo, 20, %, Y, ), is defined as the potential induced at po-
sition (z,y, z) in the medium due to a unit charge source located at position (zg, yo, 20)-
Green’s function can be expressed analytically for stratified, layered substrates [16].
With the introduction of Green’s function, the solution to Equation 3.9 can be deter-

mined by

(;5:/ p(wl,y,,z,)G(xl,y,,z,,a:,y, z)d:p,dy/dz/ (3.10)
1%

The volume integral above can be discretized assuming a uniform potential and

uniform charge density on the substrate contact:

(@] = [P][Q] (3.11)

Q] = [][®] (3.12)

where [®] and [Q)] are the contact potential and charge vectors and [P] is the potential

coefficient matrix with its entries determined by

1 / ! ! ! / ’
Dij = VV] /V[/V G(r,y,z,z,y,2)dr dy dz |dxdydz (3.13)
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Figure 3.6. Two points substrate impedance ports separated by distance,d

Finally, the capacitance matrix is determined by
[C] =[P (3.14)

The method using Green’s function discussed above can be found in [16], [17], [18].
This method is enhanced in [19], [20], [21], and [22], resulting in reduced matrix size
and improved computation efficiency. A mixed Finite Element Method (FEM) and
Boundary Element Method (BEM) approach was presented in [23], allowing a combi-
nation between a 2-D FEM method for the layout-dependent doping patterns and a
3-D BEM method for the bulk substrate. To overcome the large matrix size problem
in the conventional Green’s function-based methods due to the uniform current distri-
bution requirement, an analytical formulation of the nonuniform current distribution,
mainly as a function of contact size and shape, was proposed in [23|, where a speed up

of orders of magnitude was reported.
3.2.3. Preprocessing Analytical Method

The previous two substrate coupling techniques, the Finite Difference Mesh Method
and Boundary Element Method can only be utilized after layout extraction and do not
provide a priori insight to the designer. The following three methods, the Preprocessing
Analytical Method, Simple Resistive Method, and Simple Resistive-Capacitive Method
can provide some insights to circuit designers in the early stage of design [14]. In a

pre-processing stage, precomputed z parameters are used to develop a preprocessing
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analytical method for substrate noise coupling. This approach is then used in an ex-
traction stage to find out point-to-point impedance. First of all, three assumptions
are made. Current density across ports is uniform, ports are equipotential, and the
effects of chip edge are ignored. As derived in Figure 3.6, two square ports are on top
of the substrate separated by a distance, d. Characterizing the electrical interaction,

the matrix equation between two ports is given as follows:

Zii  Rij U Ui
= (3.15)

Zji Zjj
where z;; is the potential observed at point i when a unit current is injected into point
i, while point j is floating due to zero current. z;; is the potential at point j due to
a unit current injected at point j. z;; = z;; is the potential at one point when a unit
current is injected at the other. z;; and z;; are constant because of ignoring the effects
of the edges in the lateral plane. z;; is a function of only the distance d between the

two points. As z;; is inversely proportional to d, it gives:

2i5(d) :ko—l—ljil—l—f;Jr ...... +§Z (3.16)
2 = K, (3.17)
2 = I (3.18)
Zij = Zj; (3.19)

where the constants, K, K», k;, and the polynomial order, m can be determined by
first precomputing the actual parameters using curve fitting techniques on data points
obtained by a 3-D numerical simulator. For multiple ports on the surface, large ports

should be discretized into smaller ports, illustrated in Figure 3.6, due to the assumption
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Figure 3.7. Determining resistive coupling between ports using point-to-point

impedance

of uniform current density across the port. Using the above preprocessing analytical

model, an admittance and impedance matrix can be formed. The impedances for the

ports I, IT and III shown in Figure 3.7 can be calculated as follows:

Y11 Y12 Y13 Y14 211 12 213 14
Y21 Y22 Y23 Y24 _ Zo1 R22 223 224 ( 39 O)
Y31 Y32 Y33 Y34 231 232 233 234
Ya1 Ya2 Ya3 Yaa 241 R42 243 244
Rr 1= (y13 + y23)_1; Rir—rir = (y34)_1; Ri_rir = (yia + y24)_1 (3.21)

The preprocessing analytical method is the simple substrate noise coupling technique

that can be developed in preprocessing stage.

It is used in the extraction process

to evaluate point-to-point impedances rapidly. The coefficients need to be computed

only once for a given process because the resulting data can be stored in libraries and

then used in the real-extraction of different integrated circuit again. On the other

hand, only the ports that connect the substrate to the wells, contacts, or devices have

to be discretized so that the resulting matrix in the network is much smaller. The

computation of this approach is faster than the Finite Difference Mesh Method and

Boundary Element Method. The trade-off of this approach is that the accuracy is

relatively low.
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3.2.4. Simple Resistive Macromodel Method

Recently, a similar idea of a scalable macromodel for substrate noise coupling in
heavily doped substrates is explored [24]. It is called the Simple Resistive Macromodel
method. Based on a physical understanding of the current flow paths, this approach
requires only three parameters which can be extracted from simulations or measure-
ments. The Simple Resistive Macromodel method is a simple but not accurate method,
and can provide a clear picture about the substrate noise coupling to IC designers in the
early stages of the design. This method is also used by Selcuk Atag in YASAv1. The
drawback in YASAv1 is that the component values are taken as constants. Therefore,

the results are independent of the characteristics of the substrate and highly inaccurate.

According to current flow lines between a source point and a sensor point from
a device simulator, a typical heavily doped substrate can be modeled as a resistive
network as depicted in Figure 3.8 [25]. In this circuit, Go(= 1/R,) is the cross
coupling conductance, while Gya(= 1/Ry14) and G15(= 1/R1p) are conductances from
the source and the sensor, respectively. From the experimental results, Ry decreases as
the separations between the source and the sensor decreases; otherwise, Ry increases
rapidly for larger separations. R4 and R;p are independent of the separation and
remain constant. Note that the back plane is either grounded, connected to ground

through an impedance, or left floating.

Qv | SOHCE . SETL0E v
P+

=
32
+— W AN =T

Gla %GIB

v Back plane = GND

Figure 3.8. Macromodel for the substrate when the backplane is ground
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In order to obtain a Y-parameter matrix for the equivalent circuit of the heavily
doped substrate, an AC voltage is applied at one port and the currents are measured
with the other port connected to ground. Assume that sizes and shapes of the contacts
are the same, then it gives: Gy = G14 = G1. The following two-port Y-parameters

for the substrate macromodel is shown:

Gi+G -G
v — Y11 Y12 _ 1 2 2 (3'22)

Y21 Y22 -Gy Gp+ Gy

In order to determine GGy and G5, a Z-parameter matrix is used, and it gives:

211 212

7 _yl 1 G1+ G G

- (3.23)
291 222 GT +2G1 Gy Go G1+ Gy

Let A = (G242G1G3) be the determinant of the Y-parameter matrix. z1; is a constant
& because it is the impedance of contact one to the substrate, with all other contacts

flowing. Thus, the constant £ can be extracted from simulations. This gives

G1 + G2 1
Rearranging the above equation,
Gi() = = — o) + /1 1 4€2G3(x) (3.25)
1) = % 2\T 2% 2\ :

where GG; and G5 can be determined from simulators and measurements, and they
are dependent of the separations between the source and sensors. Based on the linear
dependence on the semi-plot of G, it provides a relationship between G5 and the

separation = [14].

Go() = ae™?* (3.26)

where o and (3 are constants determined from simulations and measured data.
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Figure 3.9. Simple Parasitic and Capacitive Substrate Coupling

Consequently, there are only two contact points required to obtain relatively
accurate results, so the accuracy of a and # can be improved with more data and a
nonlinear least-square fit. The main shortcoming of this method is that it can only be
used on the heavily doped substrate [11]. Moreover, the operating frequency must be
below 2-3 GHz because the substrate can only be modeled as the equivalent circuit as
illustrated in Figure 3.8. In general, the Simple Resistive Macromodels Method is a
simple technique and provide fairly accurate results. Significantly, it can provide good
insights regarding the substrate noise coupling to IC designers in the early stages of

the design.

3.2.5. Simple Resistive and Capacitive Macromodel Method

This model is similar to the simple resistive model, and is novel to the best of
our knowledge. The substrate is modeled using resistive and capacitive parasitics. It
is a simple but approximate model. In YASA, the aim is to calculate the parasitic
effects, and not to extract the exact model for substrate modeling. The model given

in Figure 3.9 is used for all substrate types. R, and R models are given below [24]:
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K,
Ry = LT 3.27
K, - Area; + Ko - Perimeter; + Ks ( )

K, Ky, K3 are empirical parameters. K, and K, are also empirical parameters which

is defined for nwell or pwell.
Rg;; model [12] is
Raij = Q- @ - In(dij + 1) - (si + ;) - (pi + p;)™] (3.28)
where €2/,,,, is a resistance having unit [ohms/micrometer|, ¢, ai, as,as, are empirical
fitting parameters, d;; is the minimum technology space between mosfets, s; is the area

of mosfet;, p; is the perimeter of the mosfet;.

The capacitance model of substrate is given below:

Csz' = (AD + AS + w - L) : Osilicon . B (329)
Csilicon = @ (330)
lsi

where AD is the area of drain, AS is the area of source, W is the width of mosfet, L

is the length of mosfet, § is a empirical fitting parameter.

The most important stage after deciding of the model is the calculation of model
parameters. There are not many programs or simulators calculating substrate cou-
pling. These tools extract substrate parasitics after the layout phase. The most known
is Cadence SubstrateStorm which is a commercial product. Another known tool is
SPACE which is an accurate and efficient layout-to-circuit extractor for deep submi-

cron technologies being actively developed at Delft University of Technology [26].

For the generation of TSMCO0.18 process parameters, inverter gate layouts are



used. The circuits given their schematic in Figure 3.10 are drawn in MAGIC layout
tool and exported to .gds files. Then, using Space substrate extractor tool which takes

.gds layout file, substrate coupling elements are generated. These generated values and
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Figure 3.10. Inverter Circuit

geometric information of the circuit are given in Table 3.1.

Table 3.1. Space Extracted and Calculated Resistor Values

Wn | Wp Ri R R3 RY R} R}
inv2a | 0.72u | 1.68u | 451k | 341k | 1.5meg | 452k | 452k | 1.535meg
invda | 1.44u | 3.36u | 394k | 262k | 1meg | 421k | 421k | 1.116meg
invba | 2.16u | 5.04u | 326k | 243k | 823k | 394k | 394k 900k
inv8a | 2.88u | 6.72u | 286k | 215k | 695k | 370k | 370k 765k

invl0a | 3.6u | 8.4u | 260k | 193k | 613k | 349k | 349k 671k

Using Space the capacitor model of substrate is tried to be extracted. But the tool
extracts only, drain-source, drain-gate, gate-source capacitors of a mosfet. Therefore,
the parameters for the calculation of the capacitor parasitic sets are defined based on

our knowledge. Besides, in YASA user can define his/her special process parameter in

the configuration file and take the desired outputs.




Table 3.2. Parameter Values For TSMC 0.18 in YASA

Parameter Name | Value | Parameter Name | Value
K, 25 d;j 0.1-10°¢
K, 37.5 o 10-106
K 5.1-10° Qo -1/12
K5 1 Q3 -0.6
K 50-107° tsi 10-1076
Qum - @ 105 I} 1

3.3. Summary

30

In this chapter, substrate coupling effect and models are explained. Because Fi-

nite Difference Mesh Method, Boundary Element Method, Preprocessing Analytical

Method are used after the layout, they are not appropriate for pre-layout simula-

tion. The simple resistive macromodel only includes resistive parasitics and is used

in YASAv1. The simple resistive-capacitive macromodel is derived in this thesis. The

model parameter is process dependent and extracted for TSMC 0.18um in SPACE

extractor. Using these parameters, substrate analysis can be made. Also, users can

define specific process parameters in a configuration file.
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4. BOUNDING CONSTRAINTS ON PARASITICS

In general, the parasitic constraint generation problem seems to be extremely
difficult, as the amount of parasitics is not decided or not known. In this chapter a

methodology for parasitics constraint generation using sensitivity analysis is presented.

4.1. Limits For Parasitics

In sensitivity analysis, some of the sensitivities may be positive and some neg-
ative. However, when the layout is not available, one can not take advantage of the
possible cancelation effects while generating bounds on the various parasitics. Hence,
for modeling the constraints on a performance function in positive (negative) direc-
tion, only the parasitics which have positive (negative) sensitivities with respect to

that performance function are considered.

Approximations to performance constraints can thus be modeled by the following

inequalities:

Ky
Y Sip < AKS VEieK* (4.1)
j=1
KP
Y S;pi <AK, VKK~ (4.2)
j=1

In YASA, while generating sensitivities, maximum value of bound for each para-
sitic is also calculated for each sensitivity. These limits mean that when the maximum

value of a parasitic is added to circuit, performance degradation reaches its bound.



The pseudo code of bound generation is given in Figure 4.1:

for EAC'H Performances do
for FACH Parasitics do
Sensitivity = CaleulateSensitivity():
it Sensitivity = 0 then
formanceValue) | Sensitivity:

else

formanceValue) / Sensitivity:
end if
end for
end for
for FEAC'H Per formance. Parasitic. Bound do
if Parasitic. Bound > Performance. Parasitic. Bound then
Parasitic. Bound — Performance, Parasitic. Bound;

end if

end for

Performance. Parasitics. Bound — (MaximumPerformanceValue - ParasiticPer-

Performance. Parasitics. Bound — (ParasiticPerformanceValue - MinimumnPer-

Figure 4.1. The Pseudo Code of Bound Generation

4.2. Normalization Data
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YASA generates not only sensitivity data, but it also calculates normalized sensi-

tivity data. The pseudo code of normalized sensitivity generation is given in Figure 4.2.

4.3. Principal Component Analysis

In YASA, the output data sets are huge. Therefore, the idea to analyze the data

sets in relationships between the individual points in that data set is a good way. In

statistics, PCA is a way of identifying patterns in data, and express the data in such
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for FACH Performance do
for FACH Parasitic do
Performance, Parasitic.Sensitivity — (Performance. Parasitic. Sensitivity - Perfor-
mance.MeanSensitivity) /| Performance. StandardDeviation;
end for

end for

Figure 4.2. The Pseudo Code of Normalized Sensitivity Generation

a way as to highlight their similarities and differences. The main advantage of PCA is
that once you find these patterns in the data, and you compress the data by reducing
the number of dimensions, with considerably low loss of information. The steps of PCA

process;

e Get sensitivity data

e Subtract the mean

e (Calculate covariance matrix

e (Calculate the eigenvectors and eigenvalues of the covariance matrix
e Choose components and forms a feature vector

e Derive the new data set

The PCA module of YASA is added using the code of F. Murtagh [27].
4.4. Summary
The method of bound parasitics calculation and generation of normalize sensitiv-

ity set was explained. Beside this, benefits of the PCA into sensitivity set and steps of
the analysis are mentioned. All of these data sets are given as output files by YASA.
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5. CIRCUIT ANALYSIS FUNCTIONS

The aim of this chapter is to give information about circuit analysis simulators and
functions, such as AC simulator and frequency search algorithm. First, AC simulator
is presented. Then general information about BSIM3 parameters is given. Third, a

faster frequency search algorithm method is presented.

5.1. AC Simulator

As mentioned in Section 2.5.2, YASA uses an AC analyzer module. In YASAvI,
the AC analyzer written by Selguk Ata¢ has some drawbacks, like not having ability
to solve modified nodal matrix or not converge the results. The AC module of YASA
is upgraded to AC analyzer written by Ozsun Sénmez. First, linear parameters of
mosfets are calculated. These parameters are gus, gmb, Gmbss tds, Cgss Cgd, Cgp, Cap, Csp. In
AC analyzer, area and perimeter of source-drain is calculated according to technology
description In YASAv1, these parameters are given in the circuit file. Modifial nodal
matrix is solved after linear parameters are generated. This solution gives the gain

response of the circuit for the definite frequency.

5.1.1. Frequency Search Algorithm

In AC module, frequency search is realized using Newton-Raphson method. Fre-
quency search process is run until acquiring the desired gain with a acceptable tolerance.
The frequency search process can continue indefinitely. Therefore, it is necessary to
define an iteration limit. Also, in frequency search algorithm it is required to define
the left and right boundary of the frequency limit. The algorithm given in Figure 5.1

is used for frequency search:

In this algorithm, it is assumed that gain always decreases as the frequency in-
creases. Therefore this algorithm gives wrong results for a positive tendency gain as

the frequency increases. The user should pay attention to this method.
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Frq = (Frqleft + FrqRight);
Gain — Magnitude(AC(Devices, IN, OUT, Frq));
lteration— (;
while Absolute(Gain — GainWanted) /GainWanted > Tolerance do
it GainWanted > Gain then
Frq = (Frq + Frqleft) / 2;
else if GainWanted < Gain then
Frq = (Frq + FrqlUp) / 2;
end if
lteration+ -+
it Tteration > [teration Mar then
return 1;
end if
Gain = Magnitude(AC(Devices, IN, OUT, Frq));
end while

return Fre:

Figure 5.1. The Pseudo Code of Frequency Search Algorithm

5.1.2. Bandwidth Calculation

As mentioned before, YASA is a tool that finds sensitivities about designed cir-
cuit. It makes this decision by running many simulations and utilizing the results.
Therefore, if simulation run faster, the results can be taken in less time. Bandwidth
calculation algorithm given in Table 5.2 provides performance the YASA when finding
the bandwidth of the circuit. First, for the nominal circuit bandwidth is found in a
wide frequency space defined by the user. Then, bandwidth sensitivity process is run
in a narrow frequency space which is also defined by the user. The pseudo-code of

algorithm is given in Figure 5.2.

Similar algorithm is realized for unity gain-bandwith calculation process.
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Frq = (FrqLeft + FrqRight);
Gain — Magnitude(AC(Devices, IN, OUT, Frq));
lteration— (;
while Absolutel Gain — GainWanted) /GainWanted > Tolerance do
it GainWanted > Gain then
Frq = (Frq + Frqleft) / 2;
else if GainWanted < Gain then
Frq = (Frq + FrqlUp) / 2;
end if
lteration+ -+
it Tteration > [teration Mar then
return 1;
end if
Gain = Magnitude(AC(Devices, IN, OUT, Frq));
end while

return Fre:

Figure 5.2. The Pseudo Code of Bandwidth Search Algorithm

5.2. BSIM3 MOSFET Model Parameters

In YASA, supported mosfet models are Level2, Level3, BSIM3. YASAv1 supports
only Level2 and Level3 parameters. BSIM3 parameters are inserted in YASAv2.

BSIMS3 is a physical mosfet model with extensive built-in dependencies of im-
portant dimensional and processing parameters such as channel length, width, gate
oxide thickness, junction depth, substrate doping concentration, and so on [28]. It al-
lows users to accurately model mosfet behavior over a wide range of channel lengths for
present and future technologies. Using a coherent pseudo 2D formulation, major short-
channel effects and high field effects such as threshold voltage roll-off, non-uniform dop-
ing effect, mobility reduction due to vertical field, carrier velocity saturation, channel-
length modulation, drain induced barrier lowering, substrate current-induced body

effect, subthreshold conduction, parasitic resistance effect, quantum effects, and LDD
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effect are included [28|. BSIM3 parameters achieves a high level of model accuracy and
computational efficiency. The effects of variations in these parameters on the device
AC and DC characteristics are built into the model. More information can be found
official source of BSIM3 [28]. It is not aimed to give detailed information about BSIM3

parameters in there.

The most important effect of addition of BSIM3 parameters into YASA is that
trusted substrate coupling effect is inserted into tool. Because BSIM3 parameters
makes much more realistic substrate model according to LEVEL2 or LEVEL3 parame-

ters, much more realistic circuit can be simulated using mosfets modeled with BSIMS3.

5.3. Summary

The new AC simulator gives trusted results for sensitivity analysis and constraint
generation. In addition, consumed time for analysis is reduced using efficient algo-
rithms. Using BSIM3 mosfet models, the physical characteristics of a mosfet are mod-
eled better than that of Level3 or Level2. The simple but efficient frequency search

algorithm provides more speed the simulator.
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6. YASAV2

YASAv2 is written in C++ using object-oriented methodology. A MFC interface
is used for easy usage. In this section, some results of YASA are presented using circuit

examples.

6.1. Program Input

YASAv2 like YASAv] needs a circuit netlist and a configuration file. The circuit
netlist can include, MOSFETS, resistors, inductances, capacitors, voltage and current
sources, sub-circuits, mosfet-model parameters. The circuit is put in a structure in
YASA, and analysis steps are realized according to defined parameters such as band-

width, phase margin, substrate coupling analysis, etc.

A configuration file contains performance and parasitic parameters, model defini-
tion parameters for substrate coupling. The commands for configuration file are given

in Appendix A.
6.2. Program Output
For each parasitic two files are generated, one is a non-parasitic (nominal) per-
formance criterion; the other one is parasitic sensitivity file. Besides this, normalized
sensitivity and PCA lists are generated for each parasitic set. Also, using constraint
algorithm bound definition file is generated for each parasitic.

6.2.1. Symmetric Operational Transconductance Amplifier (OTA)

The Symmetric OTA structure tested in YASA is given in Figure 6.1. The netlist

of the circuit is given in Appendix D.

The circuit includes matched differential inputs, a current source path, and sym-
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Figure 6.1. OTA

metric gain stages. The performance measure in the analysis file and nominal values

for these measures generated by YASA are presented in Table 6.1.

Table 6.1. Nominal Performance Values of OTA

Performance Measure | Nominal Value

Power Consumption 20.15 mW
Output Offset Voltage 0.942 V
Low Frequency Gain 598 V/V
Gain at 100MHz 4.48 V/V
3dB Bandwidth 112.8 MHz
Unity-Gain Bandwidth 647.5 MHz
Phase Margin 84°

The results presented below are that of several different sensitivity analysis for

various performance measures-parasitic effects couples. In the first analysis, the effects

of capacitive coupling on bandwidth, unitygain bandwidth, gain and phase margin

is analyzed and sorted individually using YASA. Tables 6.2 and 6.3 contain the first

eighteen node pairs that the corresponding performance measures are most sensitive
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to. Normalized sensitivities, PCA outputs, generated bounds are presented in Ta-

ble 6.4, 6.5, 6.6, respectively. Threshold value is chosen as 0.1.

Normalized sensitivity results give much simpler outputs according to sensitivity
results. Beside this, generated PCA results is much more simple and usable to finf the

sensitive parameters. The bounds of parasitics are the other usable results of YASA.

Table 6.2. Capacitive Sensitivities-1 of Symmetric OTA

Parasitics | Gain@100MHz [(V/V)/pf] | BW [Hz/pf]
Co-13 —76.0-1073 0
Ci-13 —76.0-1073 0
Ca-13 —~76.0-1073 0
Cii-13 —~76.0-1073 0
Cii-14 —6.2 —352.5-107°
Cia-16 —112.6-1073 0
Cia-13 —72.9-1073 0
Cha-14 -6.3 —352.5-107°
Cs_¢ —164.5-1073 0
Cs 15 ~122.2.10°% 0
Ci_g —186.7-1073 0
Ci_13 —151.3-1073 0
Co—_s —382.5-107° 0
Co_14 -9.74 —528.7- 1076
Cs_13 —262.2-107° 0
Cs-14 -5.2 —281.9 - 106
Clz-14 -9.3 —493.5- 106
Clia—10 -7.2 —3.85- 1076
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Table 6.3. Capacitive Sensitivities-2 of Symmetric OTA

Parasitics | UGBW [Hz/pf| | PM [degree/pf]
Co1s _404.6 - 1076 -167.4
Ch1s —404.6 - 10+ -167.4
Co_13 —404.6 - 107 -167.4
Cii_13 —404.6 - 107¢ -167.4
Cii14 —1.92-10%° 45.8
Cla_16 —606.9 - 107° -214.2
Clo 13 404.7 - 106 _9247.9
Cho1a 2.42-10%9 9232.8

Cs_¢ 910.5 - 1076 139.9
C5_13 —606.9 - 107° 189.9
Cyg —1.01-10%° 162.3
Cy_13 —708.2-107¢ 214.9
Ce_s —1.82-10% 338.1
Co-14 —3.84-10™ 312.7
Cs_13 —1.32-10%° 417.3
Cs_14 —1.72-10%° 371.8
Cl3-14 —2.63-10™° -ATT
Cla—10 —2.33-10%° 138.8

After the capacitive coupling analysis, substrate degradation effects are included
in YASA and their analysis results are given in Table 6.7, 6.10, 6.11, 6.12, 6.13, respec-
tively. Sensitivity threshold is chosen as 0 which means that all of parasitic results are
calculated. Mismatch parasitic analysis results between mosfet N1 and N2 are given in
Table 6.8. Process variation parasitic analysis results between mosfet N1 and N2 are

given in Table 6.9.



42

Table 6.4. Normalized Capacitive Sensitivities of Symmetric OTA

Parasitics | Gain@100MHz BW UGBW PM
Co_13 0.36183 0.37656 | 0.10513 | -1.06982
Ci13 0.36183 0.37656 | 0.10513 | -1.06982
Cs_13 0.36183 0.37656 | 0.10513 | -1.06982
Chii-13 0.36183 0.37656 | 0.10513 | -1.06982
Cli-14 -2.22530 -2.33688 | -1.82659 | 0.29305
Cla—16 0.34639 0.37656 | -0.15244 | -1.36890
Cla—13 0.36312 0.37656 | 0.10513 | -1.58459
Cla_14 -2.26239 -2.33688 | -2.47050 | 1.48760

Cs_¢ 0.32445 0.37656 | -0.53878 | -0.89451
Cs_13 0.34230 0.37656 | -0.15244 | -1.21362
Cys 0.31509 0.37656 | -0.66756 | -1.03767
Cy13 0.33004 0.37656 | -0.28122 | -1.37333
Ce—s 0.23239 0.37656 | -1.69781 | -2.16112
Co-14 -3.71996 -3.69360 | -4.27344 | -1.99898
Cs_13 0.28317 0.37656 | -1.05391 | -2.66712
Cs-14 -1.80887 -1.79419 | -1.56903 | 2.37591
Ciz-14 -3.52675 -3.42225 | -2.72806 | -3.04805
Cra-10 -2.65351 -2.60822 | -2.34172 | 0.88718

6.3. ALG&YASA Interface

The constraint-driven analog layout generator is aimed to consist of three separate
modules. The first module, which is circuit generator, produces the corresponding
netlist based on the given specifications. The second module called YASA generates
the sensitivity and boundaries of circuit parameters. The third module, ALG, realizes

the physical implementation of the circuit from the given netlist.

The circuit generator module has been improved by Ozsun Sénmez. The mod-
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Table 6.5. PCAs of Capacitive Coupling of Symmetric OTA

Parasitics | PCAO

Co-13 -0.095253
Ci-13 -0.095253
Ca-13 -0.095253
Cii-13 -0.095253
Cii-14 0.141632
Cia-16 -0.093839
Cia-13 -0.095371
Cio_14 0.145028
Cs_¢ -0.091831
Cs_13 -0.093465
Cig -0.090973
Cy_13 -0.092342
Co_s -0.083402
Co_14 0.278487
Cs_13 -0.088051
Cs_14 0.103502
Cis—14 0.260797
Cra—10 0.180840

ule implemented by him creates a netlist from the performance parameters. Then,
YASA takes the netlist and iterates to find sensitive parameters using sensitivity anal-
ysis results. Finally, ALG generates the layout synchronously with YASA. It makes
placement and routing of the connections between modules. YASA can generate capac-
itive coupling, substrate coupling, transistor mismatches sensitivities, and their bound
limits. YASA gives the proper information to ALG about modules (transistors or sub-
circuits) which must be far from each other. This will be realized by substrate coupling,
and transistor mismatches analysis results. Using substrate coupling, the placement is

realized by taking into consideration minimum coupling degradation. In addition to



Table 6.6. Bounds of Significant Capacitive Coupling of Symmetric OTA

Parasitics | Maximum Value
Co-13 489 fF
Ci-13 489 fF
Cy_13 489 fF
Cii-13 489 fF
Cii-14 275 fF
Cia-16 380 tF
Cia-13 327 fF
Cio-14 215 fF
Cs_¢ 587 tF
Cs_13 430 fF
Cig 505 tF
Ca_13 379 tF
Co_s 237 tF
Co—14 132 tF
Cs_13 190 tF
Cs_14 168 tF
Ci3—14 165 {F
Cia—10 225 tF
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Table 6.7. Nominal Performance Values of OTA including Substrate Coupling Model

Performance Measure | Nominal Value
Power Consumption 20.15 mW
Output Offset Voltage 0.942 V
Low Frequency Gain 598 V/V
3dB Bandwidth 82.76 MHz
Unity-Gain Bandwidth 491.2 MHz




Table 6.8. Geometric Mismatch Sensitivity Results of OTA
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Sensitivity Performance of My, — My, Width

Sensitivity Value

Power Consumption

0.70 - 1073[W att / um]

Output Offset Voltage

34.6 - 1073[V/um)|

Low Frequency Gain

—398.6 - 10-3[V/V/ ]

Gain at 100MHz

—176.875 - 10-3[V/V/ um]

3dB Bandwidth

O[H z/pm]

Unity-Gain Bandwidth

O[Hz/pm]

Phase Margin

587.5 - 10~3[degree/um)|

this, transistor mismatch analysis results give information about which modules must

be near to each other. Then, ALG makes placement of modules. After placement

of modules, it is required to route connections between modules. Capacitive coupling

results give information about routing of wires. Highly coupled wires must be as far as

possible to satisfy the desired performance values. Then, ALG routes the connections

taking into consideration capacitive coupling analysis outputs of YASA. Finally, ALG

produces extracted netlist and YASA makes analysis to verify if the generated layout

satisfies the performance criteria, or not.

Table 6.9. Process Mismatch Sensitivity Results of OTA

Sensitivity Performance of My, — My, Tox

Sensitivity Value

Power Consumption

—673.2 - 1078 [Watt/um)|

Output Offset Voltage

—712.208 - 10718[V/ um)

Low Frequency Gain

305.7 - 10715[V/V/um]

Gain at 100MHz

132.7 - 107 1[V/V/um)|

3dB Bandwidth

O[Hz/pm]

Unity-Gain Bandwidth

O[Hz/pm]

Phase Margin

—545.9 - 10~ [degree/ pm]




Table 6.10. Sensitivities-1 of Substrate coupling of Symmetric OTA

Parasitics | PWR[W]/[pF,ohm| | Offset [V]/[pF, ohm]
Rbsynt 256.371° —6.8712
Rbs 2 203.071 7.2712
Rbsyns —635.61° 177.2715
Rbsyna 3.071° 293.571°
Rbspns 37710 —679.9715
Rbsnrne 44.971 —303.371

Rbbyrn1-2 24472 2.7718

Rbbyrn1—3 —45.6718 —202.7718

Rbbyrn1—4 —152.9718 5.8715

Rbbyrn1-5 —147.971% —887.7°18

Rbbarni-6 —468.971° —283.5718

RbbyNo—3 —40.3718 21.8718

Rbbyrno—_4 —127.2718 —2.0715

Rbbyrno—s —122.4718 —8.7°1

Rbbarn2-6 —471.6718 —999.7-18

Rbbyrn3—4 71.7°18 210.6718

Rbbpns—5 78.5718 —9.2715

Rbbyrns—6 —988.9°18 —1.67%

RbbyrNa—s 77.47H —8.0718

Rbbyrna—6 —618.071% 5.671°

Rbbyns—6 —610.871% —5.171°
Cbsprnt 0 0
Cbsyna 0 0
Cbsnins 0 0
Cbsprna 0 0
Cbsnns 0 0
Cbsnne 0 0
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Table 6.11. Sensitivities-2 of Substrate coupling of Symmetric OTA

Parasitics | UGBW [Hz|/[pF,ohm] | PM [degree]/[pF, ohm)]
Rbsyrnt 305.3712 81.87¢
Rbspne 305.3712 64.77°
Rbsyns 159.9712 —2.876
Rbsyng 43.571 1.47¢
Rbsyns 43.5712 1.47¢
Rbsyne 87.2712 —32.47°

Rbbyni—2 3.6712 40.17°

Rbbyni—3 3.8712 17.97°

Rbbyni -4 4.2712 57.67°

Rbbyni—5 4.2712 —12.07°

Rbbasvie 4012 4.479

Rbbyno—3 3.8712 5.07°

Rbbyno—4 4.2712 —310.8712

Rbbyno—s5 417712 53.47°

Rbbyno—6 4.0712 18.17°

Rbbyns—4 4.9712 9.579

Rbbyns—s5 4.9712 9.579

RbbyN3—6 4.6712 —4.879

Rbbyrna—s 6.2712 127.979

Rbbyna—6 5.5712 35.779

Rbbyns—6 5.5712 20.17°
Cbsyrnt 268.976 34.9
Cbsprne 268.976 9.8
Cbspyins 537.976 —7.5
Cbsprng 2.773 50.0
Cbsyns 2.773 —89.2
Cbsyrne 1.173 170.973




Table 6.12. Normalized Sensitivities of Substrate coupling of Symmetric OTA

Parasitics | Power | Offset | UGBW | PM
Rbsprnt 1.86 —3.49 —0.38 0
Rbs o 1.48 3.70 —0.38 0
Rbsyns —4.49 0.09 —0.38 0
Rbs v 0.06 0.15 —0.38 0
Rbs s 0.06 —0.35 —0.38 0
Rbs e 0.35 —0.15 —0.38 0

Rbbyn1—2 0.03 0 —0.38 0

Rbbyn1-—3 0.03 0 —0.38 0

Rbbyn1—4 0.03 0 —0.38 0

Rbbyn1—5 0.03 0 —0.38 0

Rbbyn1—6 0.03 0 —0.38 0

Rbbyno—3 0.03 0 —0.38 0

Rbbyrno—4 0.03 0 —0.38 0

Rbbyrna—s 0.03 0 —0.38 0

Rbbyrna—6 0.03 0 —0.38 0

Rbbyrns—4 0.03 0 —0.38 0

Rbbyns—s 0.04 0 —0.38 0

Rbbyns—6 0.03 0 —0.38 0

Rbbyrna—s 0.03 0 —0.38 0

Rbbyrva—g 0.03 0 —0.38 0

Rbbyns—6 0.03 0 —0.38 0
Cbsyrnt 0.03 0 -0.01 1.64
Cbsprne 0.03 0 -0.01 0.46
Cbsprns 0.03 0 0.35 -0.35
Cbspyrng 0.03 0 3.29 2.35
Cbsarns 0.03 0 3.29 -4.18
Cbsarne 0.03 0 1.09 0
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Table 6.13. PCMO of Sensitivities of Substrate coupling of Symmetric OTA

Parasitics PCMO
Rbs vt 2.1-1073
Rbs e 1.7-1073
Rbsyns —5.09-1073
Rbs g 0.06 - 1073
Rbs s 0.07-1073
Rbs e 0.4-1073

Rbbyry1—2 | 0.04-1073

Rbbyrni—z | 0.04-1073

Rbbyrni—a | 0.04-1073

Rbbyrnios | 0.04-1073

Rbbyrni—g | 0.04-1073

Rbbarna—z | 0.04-1073

Rbbyrno—s | 0.04-1073

Rbbyrna—s | 0.04-1073

Rbbyrna—g | 0.04-1073

Rbbyrns—s | 0.04-1073

Rbbyrns—s | 0.04-1073

Rbbyns—g | 0.04-1073

Rbbynas | 0.04-1073

Rbbynag | 0.03-1073

Rbbyns—g | 0.03-1073
Cbsyrnt 0.04-1073
Cbsprne 0.04-1073
Cbsyrns 0.04-1073
Chsyna | 0.04-1073
Cbsyins 0.04-1073
Cbsyrne 0.04-1073
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6.4. Summary

In this chapter, an example OTA circuit is analyzed using YASA. Using config-
uration commands, desired analysis results are acquired. PCA outputs of analysis are
presented to decide the important parasitic set in an easy way. Finally, ALG&YASA

association is presented.
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7. CONCLUSIONS

In this thesis, a performance oriented analysis tool is presented. It gives informa-
tion about how much the analyzed circuit is affected by the parasitics, which are either
introduced during layout synthesis or the manufacturing process, on the performance

of analog circuits.

The tool helps circuit designers by giving information about the most critical
points in the circuits. The aim of this work is to prepare YASA to integrate with ALG.
Then, a constraint-driven analog layout synthesizer can be built. Because the tool is
written in a object-oriented way, it can be accessed and improved easily. Also, con-
figurable structure of YASA provides easy access to the supported functions. Another
important property of YASA is that, it can be used in different environment. Although
this version is based on WINDOWS operating systems, by changing of only a few lines,
it can be used in LINUX or other operating systems.

Because BSIM3 mosfet model is much more near the real behavior of the mosfet,
designers want to work with BSIM3 models. Addition of BSIM3 mosfet parameter into
YASA provides much more realistic results. In the future, BSIM4 parameter can be

added to YASA.

Another important issue in a circuit is the substrate coupling problem. It causes
different results between modeled and realized circuits. YASA adds simple capacitive

and resistive substrate coupling effect into analyzed circuit.

In YASA, supported performance functions only DC and AC. In the future, tran-

sient analysis module can be added.
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APPENDIX A: Analysis Configration Commands

The user can define or configure desired output parameters of YASA. The syntax

of the commands are given below:

COMMAND Parameterl, Parameter2, ... , Parameter|N]

The set of commands provided below can be used to tailor the analysis setup to

fit the requirements of any analog circuit.

FRQ L

FRQ H

FRQ MAX

POWER

OFFSET

GAIN

Value
The left coefficient to search the frequency for the perturbated

circuit

Value
The right coefficient to search the frequency for the pertur-

bated circuit

Value

Maximum value of the frequency used in analysis

MinVal, MaxVal

OffsetNode, V,cr, MinVal, MaxVal
Creates an instance of Performance-Offset for calculating the

offset at OffsetNode with respect to the reference voltage V...

NodeOut, Nodeln, Freq, Min Val, Max Val
Creates an instance of Performance-GainAtFreq for calculat-
ing the magnitude of the transfer function from Nodeln to

NodeOut evaluated at the frequency Freg.



BW

UGBW

PM

CC-AUTO

CC

SC-AUTO

SC

NodeOut, Nodeln, Min Val, Max Val

Creates an instance of Performance-BW for calculating the -
3dB bandwidth of the transfer function from Nodeln to Node-
Out.

NodeOut, Nodeln, Min Val, MaxVal
Creates an instance of Performance-UGBW for calculating the
unity-gain bandwidth of the transfer function from Nodeln to

NodeOut

NodeOut, Nodeln, MinVal, MaxVal
Creates an instance of Performance-PM for calculating the

phase margin of the transfer function from Nodeln to Node-

Out.

Automatically creates instances of parasitic-
CapacitiveCoupling for all pairs of nets that exist in

the circuit.

MinVal,MaxVal,Nodel,Node2
Creates an instance of parasitic-CapacitiveCoupling for the
nets defined by Nodel and Node2 with minimum and maxi-

mum values MinVal and MaxVal.

Automatically creates instances of substrate coupling para-

sitic sets for all the wells containing two or more mosfets.

SubstrateNode
Creates an instance of substrate coupling parasitic set for the

well defined by SubstrateNode.

23



SC-CoefIN

SC-CoeffP

SC-Distance

SC-Coefll

SC-Coett2

SC-Coeft3

SC-Coefl4

SC-GammaN

SC-GammaP

SC-Alfal

o4

Value

Substrate coupling coefficient K,.

Value

Substrate coupling coefficient K,.

Value
d;; is the minimum technology space unit in meter between

mosfets.

Value
Defines the K, for the substrate.

Value
Defines the K5 for the substrate.

Value
Defines the K3 for the substrate.

Value
Defines the [ for substrate coupling.

Value
Q/um¢ Defines the unit resistance per micrometers of the sub-

strate and ¢ product for N-Type.

Ohms
Qum Defines the unit resistance per micrometers of the sub-

strate and ¢ product for P-Type.

Value



SC-Alfa2

SC-Alfa3

SiThickness

WELL

TSMCO0.18

PR
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Defines the «a; for the substrate coupling.

Value

Defines the a; for the substrate coupling.

Value

Defines the a; for the substrate coupling.

Value

Defines the thickness of Si for substrate coupling.

WellType
Chosen well type for substrate coupling (default is Nwell).

TSMCO0.18 specific process parameter defined in YASA for

substrate coupling

ResistorIndex, MaxDeuviation
Creates an instance of parasitic-Resistance for the resistor de-

fined by ResistorIndezx.

GEOMISMATCH-AUTO

MGP

MMP

Automatically perturbes all transistor pairs in the same well

in the circuit.

MOS1,MOS2,ParamliIndex, MaxDeviation

Creates an instance of parasitic-PMGP for the geometry pa-
rameters defined by ParamiIndez of the pair of mosfets MOS1
and MOS2.

MOS1,MOS2, ParamIndex, MaxDeviation



GND

SMGP

SMMP

MGPF

MMPF

STH

Creates an instance of parasitic-PMMP for the model param-
eters defined by Paramindez of the pair of mosfets MOS1 and
MOS2.

GroundNode
Defines the ground node of the circuit. (Overrides the default

value of 0)

MOS1,ParamIndex, MaxDeviation
Creates an instance of parasitic-SMGP for the geometry pa-

rameters defined by ParamliIndex of the mosfet MOS1.

MOS1,ParamiIndex, MaxDeviation
Creates an instance of parasitic-SMMP for the model param-

eters defined by Paramlindez of the mosfet MOS1.

Factor
Overrides the default value 0.0005 of the factor used for cal-
culating the perturbation amount of mosfet geometry param-

eters.

Factor
Overrides the default value 0.0005 of the factor used for calcu-

lating the perturbation amount of mosfet model parameters.

Threshold
Overrides the default value 0.001 of the simplification thresh-

old used for eliminating insignificant parasitic effects.
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APPENDIX B: Level3 mosfet model parameters

Table B.1: Level-3 model parameters of mosfets

Index | Parameter Description
1 VTO Zero-bias threshold voltage
2 KP Transconductance parameter
3 GAMMA Body-effect parameter
4 PHI Surface inversion potential
5 LAMBDA Channel-length modulation
6 RD Drain ohmic resistance
7 RS Source ohmic resistance
8 CBD ,
9 CBS ,
10 IS Bulk-junction saturation current
11 PB Bulk-junction potential
12 CGSO Gate-source overlap capacitance per meter
13 CGDO Gate-drain overlap capacitance per meter
14 CGBO Gate-bulk overlap capacitance per meter
15 RSH Source and drain sheet resistance
16 CJ Zero-bias bulk capacitance per square-meter
17 MJ Bulk-junction grading coefficient
18 CJSW Zero-bias perimeter capacitance per square meter
19 MJSW Perimeter capacitance grading coefficient
20 JS Bulk-junction saturation current per meter-square
21 TOX Thin oxide thickness
22 NSUB Substrate doping
23 NSS Surface state density
24 NFS Surface-fast state density
25 TPG Type of gate material

Continued on next page




Table B.1. — continued from previous page

Index | Parameter Description
26 XJ Metallurgical junction depth
27 LD Literal diffusion
28 Uuo Surface mobility
29 UCRIT Critical electric field for mobility
30 UEXP Exponential coefficient for mobility
31 UTRA Transverse field coefficient
32 VMAX Maximum drift velocity of carriers
33 NEFF Total channel charge coefficient
34 XQC Coefficient of channel charge share
35 KF Flicker-noise coefficient
36 AF Flicker-noise exponent
37 FC Bulk-junction forward bias coefficient
38 DELTA Width effect on threshold voltage
39 THETA Mobility modulation
40 ETA Static feedback on threshold voltage
41 KAPPA -

o8
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APPENDIX C: BSIM3 mosfet model parameters

It is not given all of the BSIM3 parameters and their description. Only added

parameters for sensitivity analysis are presented in Table C.1.

Table C.1. BSIM3 model parameters of mosfet

Index | Parameter Description
1 VTHO Threshold voltage @Vbs=0
2 K1 First order body effect coefficient
3 K2 Second order body effect coefficient
4 GAMMAT1 | Body-effect coefficient near the surface
5 GAMMA?2 Body-effect coefficient in the bulk
6 TOX Gate oxide thickness
7 NSUB Substrate doping concentration
8 NLX Lateral non-uniform doping parameter
9 uo Mobility at Temp = TNOM




APPENDIX D: Netlist of OTA

kst sk kol sk Rk sk ki sk sk skok skofok skokokosk sk skok skokokosk sk skokoskorokoskokokoskoskoskokoskorokskok

vdd 1025

vss 2 0-2.5

vinp 11 0 AC 1

vinn 12 0 DC 0

mP1 3 3 11 pfet w=14.8u 1=0.5u
mP2 4 4 3 1 pfet w=15.2u 1=0.5u
mP2 4 4 3 1 pfet w=15.2u 1=0.5u
mP3 6 8 1 1 pfet w=20u 1=0.5u
mP4 9 8 1 1 pfet w=20u 1=0.5u
mP5 13 13 1 1 pfet w=20u 1=0.5u
mP6 14 13 1 1 pfet w=20u 1=0.5u
mN1 9 11 10 2 nfet w=140u 1=0.8u
mN2 13 12 10 2 nfet w=140u 1=0.8u
mN3 10 5 2 2 nfet w=20u 1=0.5u
mN4 6 7 2 2 nfet w=12u 1=0.5u
mN5 14 6 2 2 nfet w=12u 1=0.5u
mN6 4 5 2 2 nfet w=10u 1=0.5u
C14 14 0 300f
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.MODEL nfet NMOS ( LEVEL = 8 +VERSION = 3.1 TNOM = 27 TOX = 3.11E-8
+XJ = 3E-7 NCH = 7.5E16 VTHO = 0.5226871 +K1 = 0.9213463 K2 = -0.0814952
K3 = 4.1421676 +K3B = -1.9875411 W0 = 1.685077E-6 NLX = 1E-8 +DVTOW = 0
DVTIW = 0DVT2W = 0 +DVTO0 = 0.8910709 DVT1 = 0.2700411 DVT2 = -0.2009103
+U0 = 669.3870114 UA = 1.764533E-9 UB = 1.085708E-18 +UC = 3.829457E-11
VSAT = 1.10563E5 A0 = 0.5636702 +AGS = 0.1074063 BO = 2.428059E-6 B1 = 5E-6
+KETA = -4.173792E-3 A1 = 0 A2 = 1 +RDSW = 2.954897E3 PRWG = -0.0608257
PRWB = -0.0397134 +WR = 1 WINT = 6.852624E-7 LINT = 2.190496E-7 +XL =
0 XW = 0 DWG = -2.146929E-8 +DWB = 4.267813E-8 VOFF = 0 NFACTOR =
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0.6186703 +CIT = 0 CDSC = 0 CDSCD = 0 +CDSCB = 5.3651E-6 ETA0 = -1
ETAB = -0.5327237 +DSUB = 1 PCLM = 1.3190106 PDIBLC1 = 0.0129789 +PDI-
BLC2 = 3.783518E-3 PDIBLCB = -0.1 DROUT = 0.0907944 +PSCBE1 = 5.501192E9
PSCBE2 = 1.260724E-9 PVAG = 0.2557599 +DELTA = 0.01 RSH = 53.2 MOBMOD
=1 +PRT = 0 UTE = -1.5 KT1 = -0.11 +KT1L = 0 KT2 = 0.022 UA1 = 4.31E-
9 +UB1 = -7.61E-18 UC1 = -5.6E-11 AT = 3.3E4 +WL = 0 WLN =1 WW =0
+WWN =1WWL =0LL =0+LLN =1LW = 0LWN =1 +LWL = 0 CAPMOD
= 2 XPART = 0.5 +CGDO = 1.79E-10 CGSO = 1.79E-10 CGBO = 1E-9 +CJ =
2.633758E-4 PB = 0.9823017 MJ = 0.5653097 +CJSW = 1.569584E-10 PBSW = 0.99
MJSW = 0.1 +CJSWG = 6.4E-11 PBSWG = 0.99 MJSWG = 0.1 +CF = 0)
.MODEL pfet PMOS ( LEVEL = 8 +VERSION = 3.1 TNOM = 27 TOX = 3.11E-8
+XJ = 3E-7 NCH = 2.4E16 VTHO = -0.8476404 +K1 — 0.4513608 K2 = 2.379699E-
5 K3 = 13.3278347 +K3B = -2.2238332 W0 = 9.577236E-7 NLX = 7.534987E-7
+DVTOW = 0 DVTIW = 0 DVT2W = 0 +DVTO0 = 1.1623904 DVT1 = 0.3238803
DVT2 = -0.0499006 +U0 = 236.8923827 UA = 3.833306E-9 UB = 1.487688E-21
+UC = -1.08562E-10 VSAT = 1.844017E5 A0 = 0.2402221 +AGS = 0.1463634 BO
= 3.616274E-6 Bl = 5E-6 +KETA = -1.069813E-3 A1 = 0 A2 = 0.364 +RDSW =
1.928149E3 PRWG = 0.1775431 PRWB = -0.1874418 +WR = 1 WINT = 7.565065E-7
LINT = 8.486462E-8 +XL = 0 XW = 0 DWG = -2.13917E-8 +DWB = 3.857544E-8
VOFF =-0.0877184 NFACTOR = 0.2508342 +CIT = 0 CDSC = 2.924806E-5 CDSCD
= 1.497572E-4 +CDSCB = 1.091488E-4 ETAO = 0.26103 ETAB = -0.0163174 +DSUB
= 0.2873 PCLM = 0.015015 PDIBLC1 = 1.001279E-3 +PDIBLC2 = 1E-3 PDIBLCB
= -1E-3 DROUT = 0.0237243 +PSCBE1 = 3.353579E9 PSCBE2 = 5.021337E-10
PVAG = 14.984985 +DELTA = 0.01 RSH = 77.9 MOBMOD =1 +PRT = 0 UTE =
-1.5 KT1 = -0.11 +KT1L = 0 KT2 = 0.022 UA1 = 4.31E-9 +UB1 = -7.61E-18 UC1
= -5.6E-11 AT = 3.3E4 +WL =0 WLN =1 WW =0 +WWN =1 WWL = 0 LL =
0 +LLN =1LW = 0 LWN =1 +LWL = 0 CAPMOD = 2 XPART = 0.5 +CGDO =
2.33E-10 CGSO = 2.33E-10 CGBO = 1E-9 +CJ = 3.035635E-4 PB = 0.7392918 MJ
= 0.4278001 +CJSW = 1.82197E-10 PBSW = 0.99 MJSW = 0.1406384 +CJSWG =
3.9E-11 PBSWG = 0.99 MJSWG = 0.1406384 +CF = 0 ) .END
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